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INTRODUCTION

Blue-green algae with ability to fix nitrogen
seem to have good qualifications for growth on
Surtsey, owing to the low content of bound nitro-
gen and organic substances in the lava and tephra
sand of this island. Behre and Schwabe have
confirmed in several investigations that blue-
-green algae are among the first pioneers (Behre
and Schwabe 1970, Schwabe 1970 a, 1970 b,
1971, 1974, Schwabe and Behre 1972). Their
results also support the opinion that most of the
blue-green algae are cosmopolites and are easily
dispersed by water, air, and animals (Fogg et al.
1973). Biological nitrogen fixation in soil samp-
les from Surtsey has been demonstrated, and the
algae involved were species of Anabaena, Nodu-
laria, Nostoc, and Tolypothrix (Henriksson et
al. 1972 b).

In order to determine the biological nitrogen
fixation in situ, the authers visited Surtsey on
July 5-10, 1972. At that time soil samples also
were taken from the locations studied and from
some other sites as well, for the purpose of in-
vestigation in the laboratory of other activities
in the inorganic nitrogen cycle, specially micro-
bial nitrification and denitrification. In addi-
tion, the amount of nitrogen available for other
plants was analysed. Special interest was also paid
to the occurrence of nitrogen fixing blue-green
algae and Azotobacter. The locations mentioned
in this paper are plotted in Figure 1, and the de-
scriptions of them are found in Table 1. The
same sites and soil samples were also used for
studies of the terrestrial fungi (Henriksson and
Henriksson 1974) and of the terrestrial micro-
fauna (Holmberg and Pejler 1974).
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In this paper, nitrogen fixation on Surtsey is
compared with nitrogen fixation in some other
Icelandic volcanic areas (Hekla), and in Swedish
uncultivated and cultivated fields (Uppland).
The chemieal characteristics of the soil of Surts-
ey are also compared with those from Swedish
wheat fields.

The microflora of Surtsey, including algae,
fungi, and bacteria, has been studied also by
Brock (1972, 1973) and Schwartz and
Schwartz (1972). Some of their results are dis-
cussed in this paper.

MATERIAL AND METHODS
Samplings

The soil samples were aseptically deposited in
small sterilized plastic capsules (Cerbo, Sweden,
No. 18010) of 20 ml volumes with sample spoons
attached inside the screwcaps. One spoonful of
lava or tephra sand was found to be equivalent
to about 0.5 g. Four spoon samples from 5 spots
of the surface layer of each site (about 1 m?) were
put in the plastic capsules and carefully mixed.

With respect to the very limited number of
higher plants on the island, the rhizosphere of
only one plant was examined (locality No. 13).
The occurrence of the microorganisms studied,
was also tested in the vicinity and on the surface
of stranded wood in the lowland of Surtsey (lo-
calities No. 6, 8, and 11). In addition, samplings
were made outside and inside two caves (locali-
ties No. 9, 10, 15, and 16). In the cave, “The
Bell” (locality No. 16), thermophilic species of
the microflora have been verified (Castenholtz
1972, Schwabe 1974).

The enrichment tests started in the laboratory
one week after the samplings. In the meantime
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Figure 1. The symbols show the locations for the samplings and the nitrogen fixing experiments in situ, July 1972, — Map
of Surtsey by John O. Norrman, Uppsala.
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Description of the locations and temperature and light condi-
tions at time of sampling and during the in situ experiments

Light-colored tephra, green-colored surface (olivine). Moist.
Soil temp. 42°C, 24500 Lux.

Crater border. Sparscly moss-covered. Black soil. Rather moist.
Soil temp. 42°C, 26000 Lux.

Crater border, Sparsely moss-covered. Salt crystals. Rather
moist. Soil temp. 42°C, 28000 Lux.

Crater border, Sparsely moss-covered. Black soil. Steam. Rather
moist. Soil temp. 28°C, 34000 Lux.

Rock-wall. Light colored lava, Soil temp. 21°C, 38000 Lux.
Lava-sand, sampled near a piece of drifted wood. Soil temp.
14°C.

Lava-sand, sampled under the same piece of wood. Soil temp.
[14°C.

Tephra. Traces of bird excrements. Soil temp. 14°C, 31000 Lux.
Tephra. Near an old piece of air-exposed, drifted plywood.
Soil temp. 14°C.

Cave ceiling. Rather moist. Soil temp. 11°C, 13100 Lux.
Bottom of the same cave. Soil temp. 12°C, 8000 Lux.

Driftwood (unplaned pine wood) with myceliumspots of T'ri-
choderma viride Pers. ex. S. F. Gray.

Moss-covered gray lava-stones. Ground temp. 21°C, 44000 Lux.
Moss-covered red lava-stones. Ground temp. 24°C, 44000 Lux.
Rather moist soil without mosses. Soil temp. 18°C, 64000 Lux.

Rhizosphere of Honkenya peploides (L.) Ehrh. ssp. diffusa
(Hornem.) A. Love.

Lava-sand. From the surface.
Lava-sand. From 10—15 cm deep layer.
Lava-sand. From 20—25 c¢cm deep layer.

At the entrance of the cave “The Bell” (according to G. H.
Schwabe). Moss-covered. Moist., Soil temp. 22°C, steam temp.
54°C. Moss-covered.

On the wall, inside the same cave. Temp. 15°C. Moist. Moss-
covered,

Former old lagoon. Moist fine lava-sand 105 om above sea-
water-table. Soil temp. 17°C, 34000 Lux.

Tephra. Surface layer. Soil temp. 17°C, 28000 Lux.
Tephra. From 15—~20 cm deep layer. Soil temp. 22°C.
Just near a steam-hole. Light colored lava. Soil temp. 45°C.

30 ¢m from the same steam-hole. Light colored lava. Soil
temp. 28°C.
60 cm from the same steam-hole. Light colored lava. Soil
temp. 22°C.

Table 1. The occurrence of some different types of microorganisms involved in the nitrogen cycle of Surtsey, the resuits
of the nitrogen fixing experiments in situ, and a description of the locations studied. Location numbers refer to Fig. 1.

Organisms present +, absent —.
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the samples were stored at low temperatures.

The samples from the lava fields of Hekla
were collected Oct. 15-16, 1972 by A. H. Bjarna-
son in the same manner, and the results obtained
will also be used by him in his plant ecological
investigation of Iceland.

Determinations of nitrogen fixation in situ
and under controlled conditions

The acetylene reduction technique, intro-
duced by Stewart et al. (1967, 1971) and adapted
for analyses in situ by Henriksson et al. (1972
a), was used for determinations of nitrogen fixa-
tion. The method as slightly modified is as fol-
lows: Soil samples were taken with a sterilised
cork borer (1.6 cm? in area) from the surface
layer 5-7 mm) and put aseptically in separate
serum bottles of 7 ml volume. Each soil sample
represented about 1 ml. The bottles were sealed
with screw caps and suitable rubber discs, special-
ly tested for this type of analysis (free from ethy-
lene). To avoid leakage after injections the rub-
ber discs were coated with small amounts of sili-
cone grease (Dow Corning nontoxic stopcock
grease). In each bottle 0.6 ml pure acetylene at
normal pressure was injected by a hypodermic
syringe and incubated in situ for 1 hour. Every
analysed site is represented by nine separate
samples evenly dispersed on an area of 1 m?2 The
nitrogenase activity was then stopped and the
samples preserved by adding 0.5 ml saturated
water solution of ammonium sulphate to each
bottle. In the laboratory the gas phases were ana-
lysed for ethylene by a gas chromatograph
(Perkin-Elmer model 880) fitted with a 2.5 m
long, 3.18 mm diameter column of Porapac T
(50-80 M). The column had a temperature of
100°C and pure nitrogen gas served as carrier
gas at a flow of 25 ml/min. The amount of ethy-
lene per sample was quantitatively determined

by comparison with runs of ethylene of known
concentrations. The ethylene content of the ace-
tylene gas was measured in the same manner and
applied as a correction factor to the experimental
data. The calculations of nitrogen fixation were
based on the theoretical value 3:1 as the molar
ratios of ethylene produced and N2 fixed
(Stewart 1968).

The determinations of nitrogen fixing capa-
cities of the soil samples from Hekla and Upp-
land, discussed in this paper, were performed
exactly in the same way as the-Surtsey samples
of 1970 (Henriksson et al. 1972 b, 1972 ¢, 1975).

Enrichment cultures of blue-green algae
and Azotobacter

The enrichment medium for nitrogen fixing
blue-green algae was as follows (after Gorham
et al. 1964, modified): K:HPO: 17.4 mg, FeCls
0.3 mg, ED.T.A. 7.4 mg, MgCl:6H20 19.0 mg,
MgSO:7H20 49.0 mg, CaCl:2H20 14.7 mg,
NaCl 58.5 mg, and redist. water up to 1000 ml.
In addition trace elements were added according
to Clendenning et al. (1956). The cultures in
duplicate were placed at 20°C and 3000 Lux
(Philips TL./33). The identification of algae was
made after Geitler (1932). About 2 g of soil
were tested from each locality.

For Azotobacter the enrichment nutrient solu-
tion recommended by Gebhardt and Ander-
son (1958) was used. The composition was as fol-
lows: mannitol 10 g, K:HPOs 0.5 g, MgSO47TH=0
0.2 g, NaCl 0.2 g, FeCls 5 mg, MnSO44H=0 5 mg,
redist. water up to 1000 ml. In addition 50 g
sterilized CaCOs was added after autoclaving.
The cultures in triplicate were placed at 25°C
in dark for 7 weeks and were visually observed
at intervals. About 1.5 g of soil were tested from

each locality. /

TABLE 2

) Soil Number of
Locality dated locations
year
Hekla, Iceland
Katlar ... ... ... ... .. . 1766 10
Krakatindshraun
(Nyjahraun) ..... . ... ... 1878 10
Lambafitarhraun ... ... .. 1913 10
Surtsey, Iceland ...... ... ... 1963—67 9
Uppsala, Sweden, uncult. soils — 8
Uppsala, Sweden, cult. soils .. - 6

ng Ny fixed g-1h-1

References

22 = 1.0

1.4 = 0.9

43 = 2.4

16.0 = 6.0 Henriksson et al. (1972 b)
(2.7 = 0.1)-102 Henriksson et al. (1972 c)
(2.1 = 0.5)-103 Henriksson et al. (1975)

Table 2. The nitrogen fixing capacities under controlled conditions of volcanic soils from Hekla and Surtsey, Iceland

and of precambrian sedimentary soils from Uppland, Sweden.
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TABLE 3

mg / 100 g air dried soil

Surtsey Surtsey
Constituents sample sample Means from
14/1972 18A/1972 6 Swedish
Lava Tephra wheat fields
Phosphorus, P-AL ... ... 12.7 6.3 11.3
P-HC1 ... .. 81. 77. 69.
Potassium, K-AL ... .. 13.3 15.5 27.6
K-HC1 ... ... 370. 360. 388.
Magnesium, Mg-AL ... .. 56.0 61.0 29.6
Mg-HCI 8.550, 3.900. 950.
Calcium, Ca-AL ... .. .. .. 112. 122. 860.
Ca-HCY ... 3.200. 3.125. 1.060.
Sodium, Na-AL. ....... ... 60. 65. 10.6
Na-HCI ..., 2.018. 2.190. 38.
Sulfur, § ... ... .. ... .. 20. 68. H2.
Nitrogen, NH,.-N ... ... 6. 7. 6.
NO;-N ..., <. <. 26.5
N-Kjeldahl ... 2.0 2.0 290.
Ivon, Fe-AL, ............ .. 193. 200. 31.
Copper, Gu-HC1L ....... ... 404 48.7 3.2
Manganese, Mn ........ .. 0.40 0.51 0.50
Boron, B ... ... ... ... ... 0.53 0.16 0.90
Spec. conductance, 20°C 90.10-6 100-10-6 50—190.10-6
PH 6.6 6.8 6.2--7.4

Table 3. Analyses of the virgin lava and tephra sand of
Surtsey compared with cultivated seils from Uppland, Sweden.
For the interpretation of the terms —AL and —HC], see Mate-
rial and Methods.

Qualitative analyses of nitrification
and denitrification organisms

In order to find out if nitrification and dentri-
fication processes are commonly present in the
soil of Surtsey, enrichment cultures of nitrifying
and denitrifying organisms were made from
soil samples, and the presence of NOs~, NO-2,
and NH4* ions in the culture media were ana-
lysed after 3, 6, and 8 weeks of incubation in the
dark at 25°C.

The enrichment medium for the nitrite and
nitrate forming bacteria of the genera Nitro-
somonas and Nitrobacter, aerobic chemosynthe-
tic autotrophs, was as follows (Aaronson 1970,
slightly modified): (NHs)2SO4 0.66 g, NaCl 0.29
g, KH2PO4 0.68 g, MgSOs7H:20 0.25 g, CaCOs
10 g, FeCls 5 mg, redist. water up to 1000 ml.

The enrichment medium for the denitrifying
organisms, including several species, was as fol-
lows (slightly .modified from Cunningham
1947, the nitrate addition according to Aaron-
son 1970): Oxoid bact. peptone 10 g, KH2POu
0.5 g, MgSO+7H20 0.5 g, NaNOs 1.0 g, FeCls
5 mg, and redist. water up to 1000 ml.

To 15 ml of the autoclaved media 0.5 g soil
was added aseptically. All the series were made
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in triplicates. Uninoculated controls were in-
cubated and treated in the same way as the soil
cultures.

The analyses of NOs~, NOz", and NHs" ions
were made after detailed instructions and reagent
descriptions made by Aaronson (1970). How-
ever, the test volumes used were half those re-
commended by Aaronson.

Soil analyses

The soil analyses recorded (Table 3) were car-
ried out by the National (Swedish) Laboratory of
Agricultural Chemistry, Uppsala. The analytical
standard methods used are confirmed by Royal
Proclamation of the National (Swedish) Board
of Agriculture (1965).

The easily soluble constituents, in table mark-
ed -AL (e.g. P-AL, K-AL), are extracted by stan-
dard AL-solution (0.10 M NHas-lactate, 0.40 M
acetic acid). Values from 2.0 M HCI extractions
(e.g. P-HCI, K-HCI) also include stored consti-
tuents.

In compatison to the soil samples of Surtsey
from Jlocalities No. 14 (lava sand) and No. 18
(tephra sand), both about 40 m above sea level,
mean values from six Swedish wheat fields from
the surroundings of Uppsala are included (Table

The soil samples of Surtsey and the Swedish
ones represent the upper surface layers.

RESULTS
Biological nitrogen fixation in situ

The analytical results, together with a short
description of the 13 investigated localities, are
recorded in Table 1. The resulting in situ values,
0.2-64.5 ng Nz cm 2 h', show biological nitrogen
fixation at all localities studied and verify the
assertion that active nitrogen fixation is estab-
lished on Surtsey. It was found by enrichment
cultures that the nitrogen fixing activities could
be attributed to the presence of nitrogen fixing
blue-green algae in the soil. The algae were un-
evenly dispersed in the surface layer of the soil,
which is reflected in the varying nitrogen fixing
values. For the same reason some of the enrich-
ment cultures did not contain any nitrogen algae
at all in spite of the occurrence of nitrogen fixa-
tion, since the sampling spots for the algal cul-
tures were not the same as the spots used for the
measurement of nitrogen fixation. As in earlier
investingation (Henriksson et al. 1972 b) the
cosmopolitan Nostoc muscorum Ag. and Ana-
baena variabilis Kitz. were recorded. This co-
incides with the observations of Schwabe (1974),



who has found them well dispersed over the
island. The values here reported are-probably
not typical for the hole island, since several of the
sites were selected with the intension of obtain-
ing positive results for nitrogen fixation. Condi-
tions favouring the occurence of nitrogen fixing
algae are, for instance, moist soil and presence of
mosses (Schwabe 1974).

Biological nitrogen fixation in Surtsey soil
in comparison to volcanic soils of the mainland
and to Swedish uncultivated and cultivated soils

The determinations of nitrogen fixation per-
formed in situ show the actual activities under
present conditions of water content, temperature,
light, and nutrient constituents. Since the condi-
tions in nature are varying, the values received
under field conditions fluctuate and depend on
the water and weather conditions. However, bio-
logical nitrogen fixation in a soil can be more
precisely stated by capacity measurements at stan-
dard conditions, and the results of such measure-
ments from soils of differen districts will be com-
parable (Henriksson et al. 1972 ¢). For that
reason soil samples from 9 localities on Surtsey
were analysed in 1970. The analyses showed
values between 2-54 ng fixed N2 g"* h™t at 20°G
and 3000 Lux (Henriksson et al. 1972 b). The
intension is to follow up the development of
nitrogen fixation on the island continuously.

In order to have some idea of the development
of biological nitrogen fixation on Surtsey, samp-
les from three Icelandic lava flows from Hekla,
formed in 1766, 1878, and 1913 respectively,
were analysed. This was performed under labora-
tory conditions, and the technique was exactly
the same as for the samples of Surtsey. The re-
sults from these newly formed Icelandic soils are
also compared with results from uncultivated and
cultivated soils from the surroundings of Upp-
sala in Sweden. The results are brought together
in Table 2. From these values it is evident that
nitrogen fixation is relatively high on Surtsey
compared to the nitrogen fixation found in the
volcanic soils of Hekla, but low compared to the
soils of Uppland (Sweden). The lava flows of
Hekla are all well colonised by mosses and lich-
ens. The pH is 6.1-6.9, and the structures are of
the same specially sandy character as that of
Surtsey. The lower values of Hekla may be ex-
plained by higher competition in older lava
flow. The same tendency may occur later on
Surtsey, when biological life there is established
to the same level. Anyhow, the Swedish soils of

precambrian provenience show capacity values
of much higher dimensions.

In this experiments little or no nitrogen fixa-
tion occurred in the dark showing that hetero-
trophic nitrogen fixing bacteria such as Azoto-
bacter and Clostridium are of very little or no
importance. In addition, the enrichment cultures
of Azotobacter showed negative results, which is
also in accordance with the investigation of
Schwartz and Schwartz (1972). It is, however,
possible that photosynthetic bacteria with ability
to fix nitrogen may be of certain smaller im-
portance (Henriksson 1971, Stewart 1973).

Nitrification and denitrification processes
on Surtsey

The nitrifying processes caused by Nitroso-
monas and Nitrobacter are known to be most
favourable in soils at a pH of about 7. Higher
alkaline conditions support the activity of Nitro-
somonas and retard that of Nitrobacter, resulting
inn a nitrite accumulation in the soil, which, how-
ever, can be reduced by present denitrifying
organisms (Campbell and Lees 1967). On the
other side, the activity of these organisms is in-
hibited in acid conditions. The Surtsey soils show
pH reactions of very slight acidity, near the
neutral point (Table 3). This fact indicates a
good environment for nitrogen reducing organ-
isms, which are also activated in more or less
anaerobic conditions, which are common in a
normal soil.

The intension of the reported investigation is
to give some indication of the dispersion of these
two significant groups of organisms. The results
are given in Table 1. In every sample tested,
activities of nitrogen reducing organisms were
found, also from the stranded wood. After 8
weeks no traces of the nitrate, supplied to the
culture medium, could be recovered. The ana-
lyses after 3 and 6 weeks showed that the ex-
pected processes were going on.

In the case of Nitrosomonas and Nitrobacter
the results showed the presence of these organ-
isms in all surface layers except localities No. 5,
9, 12 B, 14 C, and 18 B, where no evidence was
observed at all. Samples No. 14 C and 18 B re-
present deeper layers in the soil, where aerobic
conditions, necessary for the organisms involved,
are suppressed. On the other side, in the rhizo-
sphere of Honkenya peploides (No. 13) the or-
ganisms were represented.

No traces of NH«*, NOs~, or NO:z2~ were re-
corded after 8 weeks in the cultures of No. 2, 4,
13, 14 A, and 18 A, indicating a total conversion
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