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Animal-Plant-Soil Nutrient Relationships
on Marion Island (Subantarctic)

V.R. Smith*

Institute for Environmental Sciences, University of the Orange Free State,
Bloemfontein, Republic of South Africa

Summary. Manuring by the many seals and seabirds forms the major source
of N and P to the Marion Island terrestrial ecosystem and plants at manured
sites exhibit enhanced vitality and increased N and P contents in their leaf
tissue and saps. A similar effect results from small applications of NPK
fertilizer. Non-manured soils possess very low levels of available N but
substantial quantities of organic N.

Introduction

Previous workers on southern subpolar vegetation have commented on the
enhanced vitality, cover and production of plant communities associated with
colonies of seals and seabirds (Moseley, 1892; Taylor, 1955; Wace, 1960, 1961 ;
Gillham, 1962; Greene, 1964; Huntley, 1971 ; Smith and Walton, 1975; Smith,
1977a). These animals feed in the surrounding ocean and deposit their guano,
dung and urine on the land and are generally considered to be important
in maintaining the nutrient statuses of plants and soils of Subantarctic and
maritime Antarctic islands. Data regarding the effects of manuring on the
chemical composition of these plants and soils are, however, scant (Allen et al.,
1967; Collins et al., 1975; Smith, 1976a; Walton and Smith, 1978).

Marion Island (46°54’S, 37°45'E) experiences a cool oceanic climate (annual
mean temperature 5.1°C) with high rainfall (>2500 mm per annum) and a
high incidence of gale-force winds. The moderating influence of the ocean pre-
vents the occurrence of any bitterly cold weather and the temperature difference
between the coldest and warmest months is only 3.7°C. Because of the island’s
isolation (approx. 1600 km from the nearest continent, Africa) and geologically
recent origin, only 38 vascular species (all low-growing graminoids or dwarf
shrubs) occur in the flora. Seven of these account for more than 95% of the
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vascular vegetation biomass. However, many bryophyte species occur which
contribute approx. 25% of the total lowland vegetation biomass (Smith, 1977b)
and 100% of that above 800 m (Huntley, 1970). Detailed descriptions of the
island biome are provided in Van Zinderen Bakker, Sr., et al. (1971) and Smith
(1977 a).

Manuring influences of birds and seals on the island are vividly manifested
by increased plant vitality and colour, a change in the relative proportions
of the plant species present or, at heavily influenced sites, in the occurrence
of the more nitrophilous or coprophilous plant species. The main animals re-
sponsible for these effects are the Wandering Albatross (Diomedea exulans L.),
both species of Giant Petrel (Macronectes giganteus Gmelin and M. halli Ma-
thews), King (Aptenodytes patagonica Miller) and Gentoo (Pygoscelis papua
Forster) Penguins, burrowing petrel and prion species (family Procellariidae)
and Elephant Seals (Mirounga leonina L.).

Smith (1976a) demonstrated that Marion Island soils in which petrel and
prion species establish burrows exhibit enhanced N and P levels and that plants
of these areas possess higher contents of N, P, K, Fe and, to a lesser extent,
Na than do plants occurring in areas not inhabited by the birds. This paper
presents the results of a similar investigation into the influence of other animal
species on the chemical composition of the island plants and soils. The effect
of small applications of NPK fertilizer on plant nutrient levels is also described.

Sites

All the above animals occur in substantial numbers on the island’s eastern
coastal plain, which formed the study site for the investigation. A detailed
account of the chemistry of the non-manured soils of this area is provided
in Smith (1976b). These soils possess low levels of inorganic N and P but
because of their organic nature (up to 98% organic matter) contain substantial
quantities of organic N and P. High soil acidities, high C:N ratios and low
soil temperatures retard mineralization of these elements. In addition, most
of the inorganic P occurs as unavailable Al and Fe complexes. Because of
the marine influence (salt-spray) Na and Mg greatly predominate in the soil
solution and Mg?™" is the most common exchangeable cation. There is evidence
that Ca may be deficient in some soils of the coastal plain.

Several 4 m? plots were marked off in an open fernbrake community (Smith,
1976b), away from the direct influence of any animals. Four plots were each
fertilized with four successive NPK applications between December 1973 and
February 1974. A total of 70kg ha™! N (35kg ha~! each of NH,"-N and
NO; -N), 45kg ha™' P and 57 kg ha™* K was applied to each plot. Four
additional plots in the community served as unfertilized control plots. The
percentage aerial cover values of the major species in the community were
35% Blechnum penna-marina (Poir) Kuhn, 12% Poa cookii Hook. I, 11% Acaena
magellanica (Lam) Vahl and 32% Azorella selago Hook. f. but these values
varied- by up to 80% between the various plots.
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Methods

Soil and plant samples were collected from manured and nonmanured sites in March 1973 and
from fertilized and unfertilized plots in April 1974. Plants were clipped to soil level and the soils
sampled from the surface using a core-borer. After removing the surface litter layer the top 10 cm
of the intact cores were retained for chemical analysis.

Soil chemical analysis: Inorganic N was determined by MgO-Devarda alloy steam distillation
of acidified KCl extracts of fresh, undried soils (Bremner, 1965a). Organic N was determined
on air-dried, sieved (2 mm) samples according to the macro-Kjeldahl method of Bremner (1965b).
All results are expressed per unit oven-dry weight of soil.

Leaf analysis: Oven-dried, ground {40 mesh) leaves were ashed at 450°C and the ash dissolved
in conc. HNOj;. After dilution with 0.2% Sr solution the concentrations of Ca, Mg, Na, K and
Fe in the extract were determined by atomic absorption spectrophotometry and the amount of
P by the method of Kitson and Mellon (1944). N was measured according to Bremner (1965b).

Leaf sap analysis: Freshly collected leaves were rinsed briefly in distilled water, patted dry
in tissue paper and placed in tightly stoppered glass tubes that were then immersed in boiling
water for 1 hour. On cooling the cell sap was expressed and filtered using a hydraulic press.
The concentrations of Ca, Mg, Na and K of Sr dilutions of the sap were determined on an
atomic absorption spectrophotometer, that of P by the method of Murphy and Riley (1962) and
those of NH,*-N and NO;~-N by MgO-Devarda alloy steam distillation.

Results and Discussion

1. Description of Manured Sites

Gentoo Penguins are more agile and range further inland than do the other
penguin species on the island. Breeding colonies are usually situated on the
slopes of hills and ridges away from the sea (Van Zinderen Bakker, Jr., 1971).
The vegetation of the upper reaches of these slopes is often badly trampled
and covered in white guano ‘stripes’. Lower down the plants exhibit enhanced
stature and colour (Fig. 1). The mean vitality index (length x width) of leaves
of Cotula plumosa Hook. f. at these sites is much greater than that of unin-
fluenced plants of this species (21.4410.7 versus 6.5+6.4; P=0.001). Soils
and plants from lower slope areas were sampled during the investigation.

Complete plant annihilation occurs in the large rookeries of King Penguins
(Fig. 2). Although these rookeries are vacant for approximately 6 months each
year the density of the birds during spring and summer prevents any regeneration
of the vegetation and surface drainage wears down the rookery surface to
bedrock. On the periphery of rookeries breeding birds occur between stools
of very fibrous peat, up to I m high and topped by dense tussocks of Poa
cookii and rosettes of Cotula plumosa. Many channels containing a liquid
mud heavily contaminated with guano are excavated between these peat
stools. Plants rarely colonize these channels but C. plumosa and Callitriche
antarctica Engelm ex Hegelmeyer usually occur anchored to the side of the
peat stool and some of their roots and stems extend into the mud. At large
rookeries non-breeding birds range further inland and the vegetation of several
hectares is affected by trampling and manuring.
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Fig. 1. Gentoo Penguin and chick on nest surrounded by luxuriant Cotula plumosa. Note splashes
of guano on leaves to right of chick. Degree of manuring deleterious to Poa cookii grass tussocks
at this site

VR

Fig. 2. Large rookery of King (flat beach) and Macaroni (slope in background) Penguins. Tussocks
of Poa cookii codominant with Cotula plumosa in foreground

Because of their sedentary habits Macaroni (Eudyptes chrysolophus Brandt)
and Rockhopper (E. crestatus Miller) Penguins do not influence the island’s
soils and vegetation to the same degree and were not considered during the
investigation. Large rookeries of the former species occur (Fig. 2) but these
are situated adjacent to, and sloping toward, the sea and the produced guano
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Fig. 3. Abandoned nest of Wandering Albatross surrounded by luxuriant stand of Poa cookii.
Nest had not been used for at least two previous breeding seasons

is quickly washed into the surrounding ocean by the high rainfall. Intensive
volatilization of NH; from large penguin rookeries occurs, a proportion of
which is deposited inland by wind (Allen et al., 1967; Jenkin, 1975).

Several hundred Wandering Albatrosses and Giant Petrels nest in the lowland
island regions. The position of a nest is discernible from a considerable distance
since the dark-green vegetation around it contrasts strikingly with the drab,
yellowgreen surroundings (Fig. 3). The vegetation retains an enhanced colour
for several years after desertion of the nest. Soil and plant samples were mostly
collected from around disused rather than occupied albatross nests as it was
difficult to obtain samples from occupied nests which were uncontaminated
by fresh guano and also to avoid disturbing the nesting birds during the hatching
period. Occupied Giant Petrel nesting sites only were sampled.

Prominent rocks are often the favourite perch of small, inland colonies
of Dominican Gulls (Larus dominicus Lichtenstein). These rocks are sometimes
covered with a bright-yellow lichen peculiar to the salt-spray zone of the island’s
rocky shores and it has been suggested (De Villiers, unpublished expedition
report) that the gull guano may contain the critical mineral elements in compar-
able quantitities to those in salt-spray, thus allowing the occurrence of the
lichen on these isolated, inland rocks. The vegetation around the rocks shows
enhanced vitality and normally possesses a different species composition to
that of the surrounding area (Fig. 4). Gaimardia trapesina, a pelecypod found
on the laminae of Macrocystis pyrifera Turn. Ag., which forms an offshore
kelp-belt surrounding the island, is 2 common food organism of the gulls and
its pink shell often forms a layer on the soil surface where gulls congregate.

Elephant seals, although congregating on beaches, also proceed up to several
hundred metres inland where they cause a flattening of the plants. As a result
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Fig. 4. Stand of Acaena magellanica surrounding a rock perch of Dominican Gulls in an area
otherwise dominated by bryophytes and Agrostis magellanica

Fig. 5. Recently occupied Elephant Seal wallow containing nitrogenous mud and surrounded by
mounds supporting trampled Cotula plumosa and Poa ceokii

of compression of the surface peat, pools are formed in depressions between
mounds and tussocks. The appearance of sites habitually occupied by Elephant
Seals is distinctive, comprising deeply-incised wallows of various sizes and con-
fluent with other wallows, forming a pattern of mounds and hollows. The
wallows contain a nitrogenous mud during their occupation by the seals (Fig. 5).
This mud may contain Callitriche antarctica and the mounds and ridges between
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Fig. 6. Abandoned Elephant Seal wallow. Callitriche antarctica (centre) and Cotula plumosa (fringes)
colonizing the wallow mud. The absence of trampling by the seals and the influence of manuring
allow luxuriant Poa cookii growth on the mounds

the wallows are generally covered with Poa cookii and Cotula plumosa. After
the seals have left the area the mud is first colonized by blue-green algae
and C. antarctica, followed by Cotula plumosa (Fig. 6). A comprehensive descrip-
tion of the vegetation succession in abandoned elephant seal wallows is provided
in Huntley (1971).

2. Influence of Manuring on Soil and Plant Chemistry

Soils influenced by manuring are enriched in NH,*-N and NO;-N (Table 1).
Organic N content varies considerably between sites experiencing similar inten-
sities of manuring and depends largely on the soil organic matter level. Mud
between peat stools surrounding King Penguin rookeries possesses especially
high concentrations of organic and inorganic forms of N. Smith (1976¢) found
that manuring also increases soil inorganic P content by up to 25% at some
sites. The variability and magnitude of the data indicated, however, that the
extraction method employed (0.5M HCO,;~, pH 8.5) caused unavailable Al
and Fe phosphate compounds in the soil to dissociate, yielding erroneously
high available P estimates which tended to mask the effects of manuring. Muds
from seal wallows and penguin rookeries on Signy Island have up to 40 times
more exiractable P than surrounding uncontaminated soils (Allen et al., 1967).
Grobbelaar (1974) found high total dissolved PO, levels in waters of Elephant
Seal wallows and biotically influenced lakes on Marion Island.

Soils surrounding occupied and disused Wandering Albatross nests have
high concentrations of inorganic N. Croome (unpublished 1972 expedition re-
port) found that the level of soil inorganic N increased rapidly following nest
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Table 1. Effect of manuring on N status of Marion Island soils

V.R. Smith

Site No. Organic N (%) NHJ-N (mg/100g) NOj; -N (mg/100 g)
Mean Range Mean +S.D. Range Mean+S.D.  Range
+S.D.
Uninfluenced 10 2.6+072 1.8-39 1.4+1.26 0-3.5 0.2+0.24 0-0.6
Wandering
Albatross
(i) Occupied nests 3 3.0+£0.32 2.8-33 54.5+55.72 11.6-117.5 0.54+0.11 tr.-0.6
(iiy Unoccupied 15 24+0.64 1.7-3.7 10.24+15.25 4.1-67.2 1.9+2.55 0-4.8
nests
Giant Petrel, 3 28+0.78 2.0-3.5 13.64+12.46 2.0-26.8 3.5+3.49 tr—7.3
occupied nests
Gentoo Penguin 3 3.6+0.29 3.4-39 42.54+60.50 3.8-112.0 2.54+3.99 0-7.1
King Penguin
(i) Inland slope 3 29+0.75 2.4-38 14.342.54 11.9-16.8 3.5+£3.84 1.1-7.9
@ii) Top of peat 3 3.7+0.18 3.5-3.9 34.4+17.60 14.1-45.4 67.1+18.54 52.1-87.8
stool
(i) Mud between 3 11.0+1.0710.0-12.1 1344.2+97.02 1244.0-1437.7 260.3+88.05  174.0-350.0
peat stools
Elephant Seal
(1) Mounds between 3 N.D. N.D. 6.1+1.81 4.1-7.6 37.6+14.1 23.3-51.5
wallows
(i) Mud in wallows 3 N.D. N.D. 190.2+101.8  119.8-306.0 90.7+38.52 47.9-122.6

No.=number of determinations; N.D.=not determined; tr.=trace (<0.5 mg/100 g soil)

establishment (November to December) in a previously undisturbed area and
that by the time the egg is laid (December to January) this level is up to
50% higher than in surrounding, uninfluenced soils. The most marked increase
occurs after hatching (March) so that by late April a five-fold increase in
the original soil organic N content is common and plant growth is strongly
stimulated. The soil solution at this stage also possesses high concentrations
of Ca and Cl~ but not of Mg, K or Na. Soils surrounding occupied nests
which had also been used in previous seasons showed the highest levels of
inorganic N and Croome proposes that it takes 5 to 6 years after the nest
is abandoned before this N is depleted from the soil.

Manuring significantly increased leaf N and P contents of all plant species
(Table 2). Affected Poa cookii plants also exhibit high Fe concentrations. Small
increases in Na and K are noted in the leaves of some species but the variability
of the data is high and these increases are generally not significant. Plants
growing in seal wallows on South Georgia possess higher levels of all elements
(except Ca) than plants from nonbiotically influenced stands (Walton and Smith,
1978).

Leaf saps of manured Poa cookii and Cotula plumosa plants exhibit higher
N and P concentrations than those of uninfluenced plants (Table 3). This effect
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is less marked or absent in saps of Agrostis magellanica and Blechnum penna-ma-
rina, two species generally considered to be non-coprophilous (Huntley, 1971;
Smith, 1976¢). However, manuring markedly enhances total levels of N and
P in Agrostis magellanica leaves (Table 2) and Blechnum penna-marina plants
growing on slopes inhabited by burrowing bird species exhibit higher concentra-
tions of N and K, but not of P, than plants from adjacent, non-disturbed
sites (Smith, 1976a).

Sap K and Na concentrations vary greatly between plants experiencing simi-
lar kinds and degrees of manuring but manured Poa cookii plants tend to
possess higher leaf-sap K levels than non-manured plants. Cotula plumosa from
most manured sites has substantially lower sap Ca concentrations than unin-
fluenced plants. All species from sites influenced by Dominican Gulls exhibit
especially high levels of Ca in their leaves and saps. Soils underlying the Gaimar-
dia shell fragments deposited by the gulls have higher exchangeable Ca contents
and are less acid than nearby, uninfluenced soils (Smith, 1976¢). The Dominican
Gull has been described as “the best Antarctic gardener” (discussion of paper
by Holtom and Green, 1967, p. 344), as it surrounds its nest sites with limpet
shells and several plant species survive and fruit most successfully at these
sites. On Marion Island the increased soil pH associated with the shells results
in a decreased C:N ratio and a more rapid breakdown of soil organic matter
(Smith, 1976c¢), agreeing with similar observations on Skye and Mull Islands
(Gillham, 1957) and Anglesey Island (Ranwell, 1959).

Callitriche antarctica, a highly coprophilous species, never occurs at non-
manured sites on the island so that comparisons similar to those provided
for the other plant species are not included in Tables 2 or 3. The highest levels
of leaf N (4.8%), P (0.6%) and Na (2.0%) obtained for all island plants occurred
in C. antarctica, agreeing with similar observations for this species on South
Georgia (Smith and Walton, 1975).

3. Influence of Fertilization on Soil and Plant Chemistry
Soils fertilized with NPK possessed higher concentrations of inorganic N than
did unfertilized soils (Table 4). The poor status of available N in the island

soils is demonstrated by the fact that even the enhanced level of NH,"-N
at fertilized sites (0.7 mg/100 g soil) is much lower than that in a surface

Table 4. Effect of NPK application on N status of the soils

Treat- No. Organic N (%) NH,*-N (mg/100 g) NO; ™ -N (mg/100 g)
ment

Mean+S.D. Range Mean+S.D. Range Mean+S.D. Range
None 4 1.1+0.08 0.9-1.1 tr. 0-tr. tr. 0-tr.
Plus NPK 4 1.0+0.10 0.9-1.1 0.7+0.13 0.7-0.9 0.8+0.38 0.4-1.2

No.=number of determinations; tr.=trace (<0.5 mg/100 g soil)



Animal-Plant-Soil Nutrient Relationships on Marion Island (Subantarctic) 251
Table 5. Effect of NPK application on plant chemical composition (%)
Species and  No. Ca Mg Na K Fe P N
treatment
Poa cookii
None 4 0.21+£0.00 0.06+0.01 0.1640.03 0.934+0.06 0.007+0.001 0.15+0.01 1.50%+0.03
Plus NPK 4 0.224+0.00 0.08+0.02 0.16+0.05 0.864+0.06 0.006+0.002 0.20+0.01 2.05+0.10
Blechnum
penna-marina
None 4 0.76+0.02 0.68+0.01 0.35+0.03 1.63+0.19 0.020+0.005 0.254+0.02 1.65+0.14
Plus NPK 4 0.80+0.02 0.68+0.01 0.35+0.06 1.67+0.09 0.018+0.004 0.27+0.04 1.67+0.11
Acaena
magellanica
None 4 1.63+0.13 0.48+0.00 0.44+0.09 1.274+0.10 0.003+0.001 0.17+0.02 1.62+0.11
Plus NPK 4 1.73+0.11 0.48+0.01 0.45+0.10 1.13+0.08 0.005+0.002 0.24+0.03 1.95+0.06

No.=number of determinations

Values expressed as means +standard deviations

peat of similar bulk density from a wet tundra meadow at Barrow, Alaska
(14.1 mg/100 g soil; Flint and Gersper, 1974).

Leaves of fertilized Poa cookii and Acaena magellanica plants possessed
higher N and P concentrations than did those of unfertilized plants, whereas
no such increases were observed for Blechnum penna-marina (Table 5). Plant
levels of all other elements were unaffected by NPK fertilization. Fertilized
plants did not exhibit obvious signs of enhanced vitality or colour by April
but the standing crop of green B. pemna-marina fronds at this time was 31%
greater (P=0.001) at fertilized than at unfertilized plots (determined by clipping
50 cm? circular areas from sites supporting 100% Blechnum cover within each
plot). Before NPK application no such difference between the plots was noted.
The standing crops of Azorella selago, Acaena magellanica and Poa cookii leaf
material were not determined. However, the specific leaf area of larger (> 16 cm)
P. cookii leaves was significantly lower at fertilized than at unfertilized plots,

indicating thickening of the leaves, a known response of grass species to enhanced
N concentration.

Conclusion

Although Russell (1940) found enhanced plant production associated with ani-
mal droppings in Arctic vegetation and Wilson (1957, 1959) noted increased
plant cover under similar conditions in Arctic and Alpine areas, the activities
of birds and mammals have not usually been associated with plant nutrient
availability in northern hemisphere polar and tundra soils. All investigations
to date in southern subpolar regions, however, demonstrate the importance
of manuring in maintaining the soil N and P status at levels compatible with
plant growth. On Marion Island high soil acidity and low temperatures retard
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organic matter decomposition and nitrification so that the level of available
N is especially low. This is aggravated by intensive leaching caused by the
high rainfall. Physical and chemical weathering seem to play a minor role
as mechanisms supplying nutrients to the soil (Smith, 1977a). Atmospheric
industrial pollution is negligible and the major sources of supply are directly
(Na, Mg and K in salt-spray) or indirectly (N and P via excretion of sea-going
animals) marine. Greatest enhancement of soil N and P levels occurs at isolated,
heavily contaminated sites but the acid surface peats of the island probably
form effective ““traps” for the NHj volatilized from these contaminated areas.
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