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ABSTRACT Analyses of terrestrial sources of sodium
and estimates of the sodium requirement of moose (Alces
alces) on Isle Royale, Lake Superior, suggest that avail-
ability of the element controls the moose population.
The terrestrial vegetation is very poor in the element, but,
as elsewhere, submerged and floating leaved water-plants
are relatively rich. Consumption of such plants in summer
would provide an adequate source, if the animal can store
the element. The fairly high sodium contents of freshwater
vegetation have been little appreciated. In general, sodium
concentration in water-plants, unlike that of potassium,
is not correlated with chloride but the latter is ordinarily
in excess of the sodium, so that uptake of the latter im-
plies an equivalent supply of NaCl.

For mammals, sodium is a major constituent, comprising
about 0.1% of their live body weight. In contrast, few terres-
trial green plants are known to require sodium, and such plants
need only trace amounts (1, 2). Except for halophytes, ter-
restrial green plants do not concentrate sodium; therefore one
might expect that herbivores in regions of low soil sodium or
far removed from marine aerosols might be limited by an in-
ability to maintain a positive sodium balance. Only a few
reports, however, have dealt with this important possibility
(3-7).
In Isle Royale National Park, Lake Superior, a north tem-

perate wilderness essentially undisturbed by man, wolves
(Canis lupus) and moose (Alces alces) exist in apparent
equilibrium, although both are relatively new to the island.
The moose were first observed there about 65 years ago and
the wolves about 25 years ago (8). Before the appearance of
the wolves, the forage demands of this population exceeded
the productive capacity of available vegetation, and mortality
in the moose was widespread (9, 10).

Studies are being made of the flow of minerals and energy
through the soil-vegetation-moose-wolf system at Isle
Royale. Analyses have been made by atomic absorption
spectrophotometry by use of special techniques to avoid con-
tamination (11); values compare favorably with estimated
standards (Dominski, A. S. & Lowendorf, H. S., unpublished).
The data obtained indicate that the required amounts of
sodium are not easily available to moose. Four other elements
of key nutritional importance, N, K, Ca, and Mg, appear to
be present in adequate concentrations in the vegetation eaten
by moose, though the availability of phosphorus may be
marginal. This study apparently provides the most complete
inventory of sodium reported for a single ecosystem, including

terrestrial and aquatic components in the same watershed
(Table 1).
The estimated 1000-1200 population (prepartum) of moose

(Jordan, P. A. & Wolfe, M. L., unpublished) within the 550-
km2 wilderness archipelago of Isle Royale is one of the most
dense populations of moose known. The animals are produc-
tive and show no gross symptoms of sodium deficiency. For
domestic ruminants, it is recommended that sodium comprise
0.1% or more (dry weight) of intake (12-14). Moose have a
diet consisting of browse-current leaves and twigs of woody
plants with occasional bark-taken year round and supple-
mented by some herbaceous plants in spring and some aquatic
plants in mid-summer (15). Browse, comprising about 90% of
annual intake by moose, has an average sodium concentration
of 10 ppm at Isle Royale, 1% of the level recommended for
livestock.
An estimate of the annual sodium requirement for the Isle

Royale moose population was made by adding the amount of
sodium associated with all new tissues grown during the year
to that needed to balance all urine and feces losses. Data were
derived from previous calculations of secondary production
(16) and from sodium values given here; this rough calculation
indicates the population requires 243 kg/year. Preliminary
measurements of the annual production of available browse
(just those species eaten by moose) in representative forests
indicate this food source, at 10 ppm, contains 170 kg of so-
dium. This represents 70% of the population's need, but it is
not all available because the bulk of all browse far exceeds
the consumptive capacity of the moose population. While
the moose have a marked impact on forest vegetation at
Isle Royale, preliminary measurements (Belovsky, G. E.,
Jordan, P. A. & Botkin, D. B., unpublished) indicate they
remove but 10-20% of annual browse production; this would
provide but 7-14% of their estimated annual sodium require-
ment. The small but unknown portion of herbaceous plants
added to the annual diet would not alter the sodium intake
appreciably because concentrations in these plants are similar
to those in woody plants.
The moose use natural mud licks on the island. However,

long-term observations suggest that only some animals use
the licks regularly. Furthermore, sodium concentrations in
the mud and water at licks, averaging 24 ppm, are not so
much greater than in terrestrial plants that one would assume
these animals are being attracted by sodium.
During 8 weeks or so in summer, moose of this region feed

extensively on aquatic macrophytes (17, 18). A series of anal-
yses made on the common plants of the area (Table 1) show
the sodium content of submerged and floating aquatics to be
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TABLE 1. Isle Royale sodium concentrato (ppm)

Material Mean SD n Mean SD n

Leaves Twigs
A. Terrestrial woody plants
Abies balsameas 2.8 3.1 26
Acer spicatumb 9.3 6.3 22 8.7 10.7 31
Alnus rugosa 13.7 15.7 5 28.1 35.5 2
Betula alleghaniensisb 19.5 4.5 5 24.0 20.3 5
Betula papyriferab 15.8 17.1 31 10.7 9.8 45
Corylus cornutab 4.4 6.2 8 9.1 3.9 7
Populus tremuloidesb 7.0 4.9 14 6.4 5.2 20
Myrica gale 28.1 35.5 2 10.5 1
Sorbusamericanab 7.5 4.6 35 5.6 4.9 49

Material Mean SD n Material Mean SD n

Leaves Leaves
B. Aquatic vegeta- C. Moose tissues

tion Boned 2983 1329 10
1. Typically emergent or rooted along shore Liverd 712 1

Calamagrostis Muscled 791 1
canadensis 2 _ 1 Skin & Haird 1573 1

Callz palustris 1713 - 1 Winter feces
Carex aquatilisc 378 459 2 (from snow)e 112 15.1 5
Carex rostratac 246 290 4 Winter feces (in
Carex scabratac 222 1 rectum)e 1013 - 1
Carex sp.0 714 1 Summer fecesf 89 56.9 23
Eleocharis smallii 1440 1
Iris versicolor 28 13 3
Juncus gerardii 44 1 D. Substrate and
Menyanthes

trifoliata 892 - 2 water
Polygonum sp. 575 63 2 Raing 0.2 0.4 7
Potentilla palustris 300 51 2 Surface waterh 1.6 1.4 15

Alluvium 9.4 3.6 3
2. Typically submerged or floating Pond bottom,

Callitriche sp. 3532 2392 2 mainly inorganic 41.8 26.5 7
Chara s'P 1023 717 5 Pond bottom,
Equisetum mainly organic 302 335 4

fluviatilec 1574 1 Pond bottom,
Myriophyllum inorganic &

tenellum 4750 1 organic 136 222 11
Nuphar sp. 9375 1 Mud lick H20 24.0 17.7 9
Potamogeton Mud lick soil 24.0 10.1 4

gramineus0 6202 2536 6
Potamogeton

richardsoniic 7227 1
Utricularia

vulgariac 8048 785 3

aSample includes leaves and twigs; this species is taken extensively by the moose only in winter. b Important summer and winter
food for moose. c Observed to be taken by moose at Isle Royale. d Live-weight basis; all tissues from one adult male autopsied in
winter. e Dry-weight basis. f Dry-weight basis; collected within 24 hr, no precipitation intervening. i Six of seven were equivalent
to that of glass-distilled water, one value was 1.1 ppm, which we suspect was due to contamination. h Collected from ponds, harbors,
and streams.

about 500-fold and of emergent aquatics and hygrophytes
about 50-fold greater than the terrestrial plants of the region.
Enrichment of sodium in freshwater angiosperms is apparent
in the analyses published by various workers (19-22) using
modern techniques; none of these investigators appears to

have realized the interest of their finding. The analyses from

Isle Royale, however, are particularly startling because, while

the mean sodium content of fully aquatic species. is normal for
freshwater vegetation, the content of the terrestrial plants is
extremely low; Bowen (23) gives a mean of 0.12%, which sug-
gests that more usually the enrichment in water plants is by a

factor of five rather than 500.
The considerable body of data published by Riemer and

Toth (19) for the water plants of New Jersey and their habitats
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permit some statistical analysis. There is no indication of any
significant correlation between the sodium and either the
potassium or chloride contents of the plants, nor are the so-
dium contents significantly related to the sodium concentra-
tions of the ambient water. The most important determinant
of the sodium content of a plant appears to be its taxonomic
identity. Cabomba caroliniana is always rich in the element,
while the closely allied Brasenia schreberi is always much
poorer. Similarly, different species of Myriophyllum appear to
have characteristic sodium contents. Since the chlorine con-
tent of.aquatic angiosperms is nearly always in stoichiometric
excess of the sodium, any animal depending on water plants
for the latter element would ordinarily obtain a more than
sufficient amount of chloride. Parenthetically it may be noted
that the chlorine contents both in Riemer and Toth's water
plants and in the long series of terrestrial plants studied by
Robinson, Steinkoenig, and Miller (24) are significantly cor-
related with the potassium contents.
Measurements of production of aquatic macrophytes at

Isle Royale are inadequate. If net annual production is taken
as 0.5% of the annual incoming radiation, or half the value
reasonably expected for agricultural crops or forests (25),
aquatic production would be 5 X 105 kg/km2-year, essentially
all of which is available to moose. The average concentration
in the Isle Royale aquatics is 546 ppm dry weight for the
hygrophytes and emergent species and 5216 ppm dry weight
for the submerged and floating leaved species. Members of
the former group tend to predominate, a fact that may reflect
selective influence of moose. The lowest reasonable minimum
estimate of the sodium content might be taken as 500 ppm.
The total area of shallow water in which aquatic plants grow
at Isle Royale was roughly estimated from maps as 30 km2.
Since the production given above as 5 X 106 kg/km2-year may
be an overestimate, the area colonized is here taken as 10 km2
giving an annual production of 5 X 106 kg. This will contain,
at a concentration of 500 ppm, 2500 kg of sodium, some 10-
times the calculated requirement of the moose herd.

Organic matter in the pond bottoms contains much more
sodium than does the water with which it is in contact, or for
that matter the mud-lick soil or the ordinary alluvial soil of
the area. This is in line with findings in other lakes (26, 27)
that so-called exchangeable sodium is associated with the
brown organic coloring matter that can be extracted from
sediments by ammonium acetate; other common cations are
not so associated. It is suggested that such sediments serve as a
major reservoir of sodium that can be taken up and concen-
trated even in a system where sodium is very low. It is, how-
ever, noteworthy that Utricularza, which almost certainly
gets all its minerals from the ambient water, has the second
highest sodium concentration of the water plants of Table 1.
Assuming 10% dry matter and a sodium content in the water
of 1.8 ppm, the concentration factor must be around 500.

Field observations of moose feeding indicate the animals
consume primarily submerged plants (17) which, as a group,
have higher than average sodium concentrations. While their
annual requirement can thus be met, moose would require a
mechanism for retaining sodium during 10 months, since the
period of aquatic feeding is but 2 months. Storage of sodium is
not generally discussed by mammalian physiologists. It may
be accomplished by ion shifts within the rumen-saliva system
or by storage and withdrawal in bone. Preliminary data of the

dicate that these moose probably substitute potassium for
sodium in parotid secretion, a response found in sheep during
sodium deprivation (28).

We thank members of the staff of Isle Royale National Park,
particularly H. P. Beattie, Superintendant, and F. M. Deckert,
District Ranger, for assistance in field work We are grateful for
suggestions provided by Gary E. Belovsky and H. C. Skinner.
This investigation was supported by the National Science Found-
ation Grant GB 29566.
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