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The energetic costs of salt turnover were measured in Common Eiders
Somateria mollissima by respirometry. Rates of salt intake in the field were
estimated from salt content of their chief prey, the mussel Mytilus edulis.
Metabolic rate in Eiders increases in response to salt intake and may double
for a short time following a load of 5 g NaCl. With a load of 2.5 g and 5 g
NaCl the metabolic rate remains elevated for about one h. Overall costs of
salt turnover are estimated at 1.3 kJ g-l NaCl. From the proportion of water
content to flesh content of mussels collected in the Wadden Sea, the costs of
salt turnover are calculated at 2.0-2.4% of metabolizable energy intake. In
the field, salt intake per foraging bout reaches 4.3 g and salt excretion, as
infered from the frequency of head shaking, continues for over one h. The
direct salt intake in wintering Eiders reaches about 50 g per day leading to
a mass-specific salt intake of 24 mg g-l body mass. However, total intake is
somewhat higher as Eiders drink some water after swallowing a mussel.
The mass-specific salt intake is higher than reported for other marine birds.
The maximum rate of salt excretion in Eiders, as calculated from published
data, hardly matches the rate of salt intake of feeding Eiders. It is concluded
that the capacity for salt excretion may limit the rate of food intake in birds
feeding on whole-shelled bivalves in times of high food demands and low
flesh contents of the bivalves.

INTRODUCTION

All animals which are not isosmotic to their envi
ronment must actively regulate the ionic concen
trations of their body fluids. In birds, evaporative
water loss generally exceeds metabolic water pro
duction (Skadhauge 1981; Dawson 1982) and up
take of water through food or drinking is required.
The problems of keeping body water and solute
concentrations constant vary with the environ
ment and the life style of the animal. Seabirds are
hypoosmotic to their environment but have gener
ally no access to fresh water. Relatively high salt

loads are expected in warm climates where evap
orative water losses are high (Klaassen & Ens
1990). Seabirds are adapted to cope with salt loads,
having larger kidneys than landbirds (Hughes
1970) and nasal salt glands, which may excrete a
fluid of more than twice the salt concentration of
seawater (peaker & Linzell 1975; Skadhauge
1981). The concentration of the nasal fluid is hig
her in species facing high salt loads (Schmidt
Nielsen 1960; Staaland 1967) and salt gland size
increases with salt intake in birds (Peaker & Lin
zell 1975; McArthur & Gorman 1978; Cornelius
1983). However, the abilities to adapt to salt in-
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take are apparently limited. Many species of ma
rine birds provide their chicks with low saline
food (Erasmus et al. 1988) or breed inland
(Nystrom & Pehrsson 1988), probably as a conse
quence of the inability of their offspring to cope
with salt loads. In addition, behavioural strategies
may be adopted to minimize salt intake rather
than building up larger salt glands, which is most
pronounced in species that live in hypersaline en
vironments (Mahoney & Jehl1985a, b).The trade
offs asociated with salt adaptation and acclimati
zaton are not known, however, the costs of salt
turnover can be measured. The active transport of
ions is an energy demanding process and the
transport of Na+ and K+ requires a significant pro
portion of the energy expenditure in animal tis
sues (e.g. Milligan & McBride 1985). The uptake
of salt with either water or food entails absorption
ofthe ions in the gut, transport to the excreting or
gans by the circulatory system and finally the ex
cretion in nasal glands and kidneys. The energetic
costs of salt turnover thus comprise more than
just those for salt excretion. In addition, the tim
ing of these processes may be of great signifi
cance. As too high osmotic values of body fluids
might impair the normal functioning of the organ
ism, the response of the animal to salt intake
should be immediate. When salt is ingested with
the food, an excretion rate slower than the (salt-)
ingestion rate would constrain food intake and
salt intake would limit the rate of energy aquisi
tion. The excretory abilities of an animal should
thus adapt towards the instantaneous rate of salt
intake rather than towards the mean daily salt
load. In species that prey on isosmotic marine in
vertebrates, food intake invariably entails salt in
take. This is most pronounced in seaducks feed
ing on bivalves that contain, in addition to the salt
in their isosmotic tissues, large amounts of salt
water. Salt load is expected to be a burden espe
cially for smaller species with a high mass-spe
cific food and salt intake (Nystrom & Pehrsson
1988). I studied the timing and energetic costs of
salt excretion in Common Eiders Somateria mol
lissima in captivity, and food intake and duration
of salt excretion in the field. Eiders are large sea-

ducks (2.2 kg) that feed on marine invertebrates,
mainly bivalves, which are swallowed intact and
crushed in the stomach (Bauer & Glutz von Blotz
heim 1969). The aim of this study is to quantify
the contribution of salt intake to the energy meta
bolism of Eiders and to analyse the implications
of a salt rich diet for the foraging behaviour of a
marine bird with limited options to minimize salt
intake.

METHODS

Oxygen consumption of salt-acclimated captive
Eiders was measured by respirometry. Hand rai
sed birds in their second year were kept in an out
door aviary where they had access to a pool
(2x4m) filled with salt water (2%). No fresh water
was provided and the ducks were fed with pro
tein-rich pellets (Royal Canin). Each bird was ac
customed to the experimental procedure by sev
eral mock trials with isotonic water in the days
before the experiments.

Five birds were used for the experiments and
only one experiment was carried out per day with
each bird. Dried air was pumped through a 48-1
respiration chamber at a rate of 7.5 1 min-I. The
oxygen content of a dried effluent subsample was
measured in a Servomex 1100 oxygen analyser
and recorded online as means per min and cor
rected to STPD conditions. Energy expenditure
was calculated using a caloric equivalent of 20.63
kJ P 02' Experiments consisted of three phases.
At the start of each experiment the birds were ac
customed to the system for one to two hours. Af
ter this, a control experiment was carried out by
administrating 50 ml isotonic water (40°C) by
means of a syringe and a silicon tube into the oe
sophagus. After oxygen consumption had fallen
back to resting level an experiment with a higher
salt administration (1.25, 2.5 or 5 g salt in 50 ml
water) was carried out. The metabolic response
was defined as elevated metabolic rate from the
start of the experiment until it fell back to the pre
vious resting level (Fig. 1). Some experiments
were interrupted because of technical problems so
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Fig. 1. Example of an experimental trial. Changes in the metabolic rate of an Eider following the ingestion of 50
ml isotonic solution (control) and 2.5 g salt in 50 ml water.

the number of control experiments is not equal to
the sum of experiments with higher salt loads.

The duration of salt excretion following a
meal was studied in the field by recording the
head-shaking activity of Eiders. A salt-excreting
Eider periodically shakes its head to remove
drops of the hypersaline fluid running down the
bill from the nasal salt glands. This was recorded
in Eiders, which returned to a roost in the Wadden
Sea near the island of Sylt after terminating a
meal.

Mussels Mytilus edulis are the main food of
Eiders in the study area (Nehls 1995). Water con
tent of the mussels, which were kept in seawater,
was measured as the weight loss after drying to
constant weight at SO°e. Salt content of the mus
sels was calculated from water content using the
mean salinity of the seawater in the area (3%;
Reise 1985). Measuring total water of a mussel gi
ves a more realistic estimate of its salt content
than just measuring the amount of free water loc
ked between the valves (e.g. Nystrom & Pehrsson
1988), because the flesh of the mussels contains
salt at the same concentration as seawater. The
flesh content of the mussels was determined as
ash-free dry weight (AFDW), which is the weight
loss of dried mussels after combustion for 6 hours
in a furnace at 500°e.

RESULTS

The intake of salt caused an immediate response
and the metabolic rate of eiders increased in some
cases to double that of the resting level for a short
time following a high salt administration. The
metabolic response to salt intake is described by
the maximum metabolic rate (Mmax), the dura
tion of elevated metabolic rate (~t) and the
amount of energy expended during this time
(I,~E) (Fig. 2). Mmax was reached within the
first 15 min subsequent to salt intake (see Fig. 1).
Mmax, Lit and I,LiEe were significantly related to
salt load (ANOVA, P< 0.001 in all cases). The ,
response to a salt load of 1.25 g, given in 50 ml
water could not be distinguished from controls
(Tukey test, N.S.). With the two higher salt loads
Lit almost doubled as compared to the control
reaching 64 and 65 min for salt loads of 2.5 g and
5 g respectively. The results are significantly dif
ferent from control experiments (Tukey test P<
0.001 in both cases). Lit and Mmax were not dif
ferent for salt loads of 2.5 g and 5 g (Tukey test,
n.s.) However, I,LiE was significantly higher for
salt loads of 5 g than it was for salt loads of 2.5 g
(Tukey test, P= 0.006). This difference is due to a
longer period of a metabolic rate near Mmax. If
calculated as linear regression the metabolic rate
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increases by 1.3 kJ g-l salt (R2= 0.69, P= 0.0001,
n= 35).

The feeding behaviour of Eiders in the Wad
den Sea is characterized by foraging bouts during

Fig. 2. Metabolic response in Eiders following the
uptake of different salt loads. (A) duration of elevated
metabolic rate (ilt); (B) maximum metabolic rate ex
pressed as percentage of resting metabolic rate
(Mmax); (C) energy expenditure due to salt turnover
(I,ilE). All data are given as mean with standard error
bars. Controls refer to experiments with isotonic solu
tion. Sample sizes are indicated.
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which 15 to 20 mussels are swallowed and each
bout is followed by a resting period of 20 to 50
min (Nehls 1995). Head shaking behaviour of Ei
ders could be recorded in six birds, that had just
terminated a foraging bout and returned to a roost.
Head shaking started while the birds were still
foraging and progressed as the birds were at rest.
Maximum head-shaking activity was reached
about 15 min after the birds had stopped foraging
(Fig. 3). After 40 min the frequency fell to a low
level of <2 min-l where it remained for another 20
to 40 min before it ceased. The results indicate
that salt excretion following a meal takes more
than one h, though most of the salt is probably ex
creted in the first 30 to 40 min.

The water content of mussels increased expo
nentially with mussel length and fits to the equa
tion lnwater= 2.703 Inlength-8.503 (R2= 0.99, P<
0.001). The flesh content of mussels is subject to
spatial, seasonal and annual variations. Mussels
from the Konigshafen showed either a positive or
an insignificant relation of condition (flesh weight
versus total weight) to length. Relative salt con
tent (g salt per g AFDW) decreases with length
(Fig. 4). Eiders consume mainly mussels with a
length of 35 to 50 mm in the study area, with larg-

Fig. 3. Head-shaking intensity of Eiders, representing
the time course of salt excretion, following a meal of
mussels in the Wadden Sea (see text). Data from six in
dividuals (Mean ± SD).

7

5.00

94

1.25 2.50
salt load (9)

control
o

200

100

§ 8
x

5: 6
w
~ 4

2

10

12

C? 180
::::E

~ 160
o

>!<
~ 140

ell
E

::::E 120

90

80

70

C 60
I
<i 50

40

30

20



Nehls: SALT TURNOVER IN COMMON EIDERS 27

0.1

0.0~~~~~~5~~

est mussels taken in winter and smallest in early
summer (Nehls 1995). According to the respective
flesh contents of the mussels, the mean salt intake
is about 0.3 g salt per g AFDW in winter and
about 0.25 g salt per g AFDW in summer. The en
ergy content of mussel meat is about 21.55 kJ g-!
AFDW (Swennen 1976). Assuming an assimila
tion efficiency of 75% (Castro et ai. 1989), the en
ergy expenditure due to salt intake would amount
to 2.4% and 2.0% of the metabolizable energy in
take in winter and summer, respectively.
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Fig. 4. Relative salt content (g salt/g AFDW) in rela
tion to length for mussels from the Wadden Sea. Flesh
content is expressed as ash-free-dry-weight. The salt
content was calculated from measured water content of
the mussels.
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DISCUSSION

Eiders ingest large amounts of salt with their
food. In addition, after swallowing a mussel, Ei
ders drink some sea water, probably to clean
mOl\th and oesophagus from the mud sticking to
the mussel (pers. obs.). In the study area food
consumption by Eiders reached 176 g AFDW in
winter (Nehls 1995). According to the flesh and
water contents of the mussels (Fig. 4) the daily
salt intake thus amounts to about 50 g, however, it
will total a little higher due to additional drinking
and water swallowed while the birds are handling
the mussels. The daily mass specific salt intake of
an Eider is approximately 24 mg salt g-! body
weight depending on its weight and energy needs
as well as mussel length and quality. Salt turnover
in Eiders is thus considerably higher than in most
pelagic seabirds that feed on fish or crustaceans.
For example in penguins, daily salt turnover was
estimated at only 0.8 mg g-! to 4 mg g-! (Green &
Gales 1990).

The cost of salt excretion was estimated by
Peaker & Linzell (1975) at 0.5 kJ g-! for ion trans
port in the salt glands only. Based on calculations
on oxygen consumption of the secretory cells, to
tal costs for salt excretion were estimated to reach
3 to 4 kJ g-! (Peaker & Linzell 1975). However,
the present study shows that the energetic cost of
salt turnover in eiders only reach approximately
half of this value. The secretory mechanism in the
salt glands - if estimated correctly by Peaker &
Linzell (1975) - accounts for a third of the overall
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costs. The low costs of salt turnover are contras
ted by the high instantaneous metabolic response
following the uptake of salt (Fig. 2). It indicates
the importance of a rapid excretion of the in
gested salt.

An average meal of an Eider in winter com
prising 18 mussels of 47 mm length (Nehls 1995)

results in a salt intake of 3.6 g. The data from the
experiments as well as those from the field show
that it takes slightly longer than one hour to ex
crete this salt load. However, the time course of
the metabolic response, which is characterized by
a fast increase in the metabolic rate and slow de
crease to resting level, indicates that salt excretion
does not continue at a maximum rate until all salt
is removed. The measurements of the metabolic
response as well as field observations are in
agreement with the results of McArthur & Gor
man (1978). They infused salt-acclimated Eiders a
2.5 g salt load and found that 90% of the salt ex
creted via the salt glands was excreted in the first
25 min after infusion. They noticed, however, that
excretion continued for up to two hours after in
gestion. Salt acclimated Eiders apparently excrete
salt faster than gulls (Larus sp.). In an experiment
with a gull, the highest excretion rate was reached
100 min after the start of the experiment (Schmidt
Nielsen 1960). Staaland (1967) likewise noted for
other Charadriiformes that salt excretion started
20-30 min after administration of salt or could be
delayed up to 1.5-2 h, whereas in Eiders salt ex
cretion starts within the first 10 min (McArthur &
Gorman 1978; this paper, Fig. 3). The maximum
concentration of the nasal fluids of gulls and Ei
ders both reaches 900 mmol Na+l-I (McArthur &
Gorman 1978; Schmidt-Nielsen 1990). Thus dif
ferences in absolute excretory ability are most
likely due to the relatively larger size of the salt
glands in Eiders. The mass of the salt glands of
salt-acclimated Eiders from the western North
Sea reaches 3.2 g (McArthur & Gorman 1978),
corresponding to 1.4 mg salt gland per g body
mass, which is higher than the ratios found for ot
her marine birds (Staaland 1967). The fact that a
reduction in salt gland size does not affect their
concentrating ability (McArthur & Gorman 1978)

and numerous observations that salt gland size
quickly adapts to salt intake in marine birds
(McArthur & Gorman 1978; Cornelius 1983; Bur
ger & Gochfeld 1984), underlines the significance
of salt gland size as a key factor for salt acclima
tion.

The rate of salt excretion in Eiders does not
match their rate of food intake in the field. With
an average intake rate of 1 mussel min-I, it takes
18 min to complete a meal (Nehls 1995), but
about four times longer to excrete all salt ingested
with it. However, as salt excretion does not persist
on maximum level this does not necessarily imply
that salt excretion limits food intake rate. With a
maximum secretion rate of 36 rnl h-I per g salt
gland (Schmidt-Nielsen 1960), a fluid concentra
tion of 900 mmol Na+ 1-1 (McArthur & Gorman
1978) and a salt gland weight of 3.2 g in salt accli
mated Eiders (McArthur & Gorman 1978), the
maximum excretion rate of Eiders reaches 0.1 g
salt min-I. The salt ingested with a meal of 18
mussels of 47 mm could thus be excreted in 36
min. As the minimal food passage time in Eiders
is about 1 h (Swennen 1976) it is unlikely that salt
intake limits the foraging speed in Eiders. The
resting period following each foraging bout (20
50 min; Nehls 1995) is thus rather determined by
the time required to crush shells and digest meat,
than by that to excrete salt. Even in winter when
the feeding rate at low tide is very high, a forag
ing bout of 18 min is followed by a rest of the
same length (Nehls 1995) and this foraging speed
may continue for several hours. The time avail
able to excrete the salt intake of a meal is 36 min,
which is identical to the time requirement calcu
lated above. At high food intake rates, salt excre
tion thus has to be maintained over a period of
several hours at the excretory capacity of the Ei
ders. With an excretion rate of 0.1 g salt min- I the
possible daily excretion rate reaches 144 g, which
is two to three times the daily salt intake. The ap
parent 'overcapacity' in excretory ability might
be important in periods of high food intake.

The amount of energy expended in salt turn
over is low compared to other costs associated
with foraging. An Eider feeding on mussels with a
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length of 47 mm expends about 30% of the
metabolizable energy intake for internal process
ing of the food (shell crushing, heating the food,
salt excretion, digestion) and another 10% for
locomotory activities to obtain the food (Nehls
1995). Although Eiders might reduce salt intake
by selecting large mussels (Fig. 4), it seems to be
unlikely that dietary salt content is an important
criterion for size selection. However, in times of
high food demands, the salt content might be
come more important. The relative salt content of
bivalves varies in relation to their flesh content
which changes seasonally. In winter or due to
spawning, bivalves may loose half of the flesh
(e.g. Zwarts 1991; Pulfrich 1995) which in tum
would double the relative salt content. Unless Ei
ders would be able to increase their excretion rate,
they would have to adapt their foraging speed or
'switch to prey containing less salt.
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SAMENVATTING

Aan vijf in gevangenschap en op zout drinkwater (2%)
gehouden Eidereenden werden de kosten van zoutex
cretie gemeten. De verandering in zuurstofconsumptie
na orale toediening van 50 ml van een isotonische zou
toplossing werd vergeleken met de verandering in
zuurstofconsumptie na toediening van een oplossing
van 1.25,2.5 of 5 g zout in 50 ml water. Toediening van
2.5 en 5 g zout had een duidelijk effect op het zuurstof
verbruik waarvan soms zelfs een verdubbeling werd
geconstateerd. De kosten van zoutexcretie werden op
deze wijze geschat op 1.3 kJ g-! zout. De tijd die Eide
reenden nodig hebben om na een maaltijd het overtol
lige zout uit te scheiden werd door middel van gedrag-

sobservaties aan vrijlevende Eidereenden bij het eiland
Sylt in de Duitse Waddenzee bepaald. Doorgaans eten
de Eidereenden daar 15 tot 20 mosselen waama een
rustperiode van 20 tot 50 min wordt ingelast. Nog tij
dens het fourageren beginnen de Eidereenden op karak
teristieke wijze met hun kop te schudden om de gecon
centreerde zoutdruppels, die uit de zoutklieren aan de
basis van hun snavel komen, te verwijderen. Op basis
van dit schudgedrag werd vastgesteld dat zoutexcretie
na een maaltijd doorgaans meerdan een uur duurt, of
schoon het meeste zout waarschijnlijk al binnen 30 tot
40 min is uitgescheiden. Voor in de Duitse Waddenzee
levende Eidereenden worden de kosten van zoutexcre
tie geschat op 2% van de netto energieopname gedu
rende de zomer en 2.4% in de winter. Verder is vast ko
men te staan dat de voedselopnamesnelheid doorgaans
niet wordt beperkt door de excretiesnelheid van zout.

(Marcel Klaassen)
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