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Introduction 

The first report on the scientific work on the 
island of Surtsey was published in February 
1965, one year and three months after the 
beginning of the submarine eruption off the 
southern coast of Iceland which created the 
island. The tenth report was published in 1992. 
In those reports scientists from Iceland and 
from abroad representing most diciplines of nat- 
ural sciences of importance in this connection 
have carefully covered the development of 
Surtsey from its birth. The reports were pub- 
lished as "Surtsey Research Progress Reports". 
Due to the somewhat changed characteristics of 
the publication it was decided to change its 
name to "Surtsey Research". 

During it's early years, the development of 
Surtsey was rapid. In later years changes have 
become slower. Yet, the scientific work has con- 
tinued to create great interest. It continues to 
produce new information about the geology of 
a new piece of land and it's settlement by vari- 
ous forms of life. 

The creation of Surtsey by a submarine erup- 
tion is not unique on Earth. Several new islands 
have been formed. On the other hand, Surtsey 
is, we believe, unique in that it was right in the 
beginning, declared as a nature reserve for the 
purpose of scientific research. The island has 
been protected from human influence and is 
closed to visitors without a special permit. This 
has made Surtsey unique for a long term study 

of the formation of an island and it's gradual 
settlement by life. 

The Surtsey Research Society is responsible 
for control and management of Surtsey. The 
Society was formed soon after the eruption. Its 
objectives are to encourage scientific work on 
Surtsey, assist scientists, manage the island and 
to publish the results of the scientific work. This 
would not have been possible without assistance 
from several sources. The Icelandic Parliament, 
Althing, has for several years appropriated funds 
for the Society's operation, the Icelandic Coast- 
guard has from the beginning transported sci- 
entists to and from Surtsey without charge and 
scientific institutions and several individuals have 
supported the work in various ways. This is much 
appreciated. 

The following three scientists have been in 
charge of the editing and publication of this vol- 
ume: Karl Gunnarsson, marine biology, Eythor 
Einarsson, botany and Sveinn P. Jakobsson, geo- 
logy. Without their voluntary work this volume 
would not have been published. 

For nearly 40 years dedicated scientists have 
done research on Surtsey often under difficult 
conditions. The objective has been to further 
man's knowledge of nature and thus contribute 
to life on Earth being handled in a more sus- 
tainable way. Hopefully this work will continue 
as long as it serves that purpose. 

For the Surtsey Research Society, 

g-v/+ Steingrlinur Hermannsson 

chairman 
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Vegetation succession on Surtsey, Iceland, during 1990-1998 
under the influence of breeding gulls 

BORGTHOR MAGNUSSONI 8c SIGURDUR H. MAGNUSSON~ 
'Agriculu~ral Rcsearch Institute, I~elclnal~olt, 112 Reykjavik, Iceland. 

SIcela~~clic Illstitu~e of Natural History, Hlcmmur 3, PO. Box 5320, 125 Reykjavik, Iceland. 

ABSTRACT 
Vegetation successio~l and soil clevelop~lle~lt were studied on Sui-tse): in 22 permanent plots that were set 

11p in 1990 to 1995. The plots were on sand or lava substrate and outside or inside a gull coloily that started 
forming on the islalld in 1986. The formation of the colo~ly was followed by enhancement of plant cover in 
the breeding area and a sllarp rise in rate of colo~~izatioil of plant species not foui~cl previously on the island. 

T~veaty species of vascular plants were recorded within the plots in 1998, when a total of 47 species was 
founcl on the whole islancl. Plots outside the guI1 colony had on average 2 species and 6% plant  cove^: 

Honlrt??ipri pe/)Zoirlc~ Ivas the lllost PI-ominent species in the saild plots but Si~gi??n procrcnlbens in the lava plots. 
Inside the gull colony 9 species were found on average in each plot ancl total cover was 72%. In sand plots 
inside the colo~ly Honke1~)1(1 /~eo/~loirls, Poc~ rr,i,li.z~rc and Slcllrtria rnr?rlin werc the dominant species, but Piicciiiellin 
riisti~17s ancl Cocl~ler~'ri[~ of/irilzrrlis in the lava plots. The soil outside the cololly was high in pH (7.5) ancl low in 
total C (~0 .1%) .  Inside the cololly the soil pH (6.4) had decreased and total C (1.1%) increased. 

Changes in vegetatio~l cover and species richness have been minor in plots outside thc gull colony during 
the st~~cly periocl and the clomi~la~lt specics Ho7zkc/zjlrc pe/)loirles appears to have f~llly colo~~izecl the sand areas. 
Most of the species of these areas are pere~lllials wit11 clollal growth. M'ithin the gull colony plant cover and 
species richness have, on the other hand, i~lcresecl nvo to th1-eefolcl. The vegetation of the gull cololly is char- 
acterized by perennial and a~lilual species aclaptecl to disturbed and nutrient-rich habitats. Most of the species 
are foulld in bird colo~lies on neighbouring islands. 

INTRODUCTION 
Colonizatioil of life 011 Surtsey has been stud- 

ied since the formatioil of the island. Investiga- 
tion carried out in the early days revealed that 
microbial moulds, bacteria and fungi sooil be- 
come established ill the fresh volcailic substrate 
(Schwabe 1970, Smith 1970, Fridrikssoil 19'75). 
I11 the suininei- of 1965 the first vascular plant 
was fouild growing on Surtsey, inosses became 
visible in 1968 and lichens were first fouild on 
the Surtsey lava in 19'70 (Fridriksson 1966, Jo- 
hannsson 1968, Eiilai-ssoil 1969, I(listinsson 1972). 

Plant coloilizatioil on Surtsey has been close- 
ly studied, the vascular plants in particular as 

they have been of far greater sigilificailce than 
inosses and lichens in the vegetation develop- 
ment. The island has beell visited every summer 
and a record kept of colonizing species and 
their fate. Initially, each iildividual plant that was 
fouild on Surtsey was marked on a map and 
given a label. Measureineilts were made of its 
growth and development, through the su~ninei- 
and fi-oin year to yeai-. Such detailed obsei-va- 
tions were possible while the ilumbei- of plants 
on the island was relatively small and i t  was con- 
tinued until 1978. After that time the focus has 
been inore on particular sites 011 the island 
where the general developmeilt has been foll- 



wed. Coloilization of new species has, howevei-, 
coiltinued to be moilitored for the whole island 
(Fridriksson 1992, 2000, Magn6sson et nl. 1996). 

The first twenty years of vegetatioil coloniza- 
tion and succession on Surtsey were chai-actel-- 
ized by invasion and spread of tlle coastal spe- 
cies Ho~zkenyn pel~loides, Leylnzls nrenctrius and Ma-- 
tensicc nznm'timn which formed a simple commu- 
nity on tlle unfertile, sandy substrate on the 
island. Of the other seventeen species discov- 
ered on the island during that period only seven 
managed to become established and spread 
slightly but they were all insignificant in the veg- 
etation (Fiidiikssoil 1992, Magn6sson et nl. 1996). 

I11 1986 a few pairs of lesser black-backed gull 
(Lnrus fuscus) were found breeding on a lava tei-- 
rain on the soutllei-11 part of Surtsey. I11 the fol- 
lowing years the ilumber of breediilg pairs in- 
creased greatly and a distinct colony was formed 
by the lesser black-backed gull, herring gull 
(Lnrus argentntus) and great black-backed gull 
(Lnrzu marinus) that also had been breeding in 
the area. The formatioil of the gull coloily mark- 
ed a new era in plant coloilizatioil and succes- 
sion on Surtsey as these gulls had considerably 
stronger impact that other breeding birds earli- 
er established on the island. 

The present paper describes a study of vegeta- 
tion succession on Surtsey between 1990 and 1998. 
The aim of tlle study is to investigate plant colo- 
nization, vegetatioil composition and soil develop 
ment under different substrate conditioils and 
iilfluence of birds (Magn~sson el nl. 1996). The 
study is based on permailent plots that have beell 
set up in different locations on the island. 

STUDY AREA 

Ge?zmnl 
Surtsey was forined in a volcailic eruption, 

lasting fi-om November 1963 to June 1967. At 
the end of the eruption the island had reached 
2.7 kin511 total area. During the eruption two 
large teplli-a cones were built up on the middle 
of the island by the main craters (Fig. 1). The 
highest point on Surtsey, 154 m above sea level, 
is on the eastern hill. The southern part of the 
island is forined by lava flows desceildiilg from 
the craters. The lava flows have to a large extent 
been filled in by drifting tephi-a sand fi-om the 
hills above them. The lava in the so~itheastern- 
most part of Surtsey is though still mostly fi-ee of 
sand, but airborne dust has settled in l~ollows 
and fissures. The i~orthernmost part of Surtsey 

Figure 1. Localion ofper~llanent plots on Surtsey, sshowl~ on a top- 
ographical map of the island from 1998, conlotv intervals are 2 
111. North is up in the figul-e. (done by: Hans Hansson, Icelandic 
Institute of Natural History). 

is a low ness, formed by eroded material carried 
by the surf to the leeward side of the island 
(Jakobsson 1993, Fridriksson 1975, 1994). Dui-- 
ing winter sea water may wash over the ness area 
in extreme storms. The coastal erosion lzas tak- 
en its toll of Surtsey and in 1998 the island had 
been reduced to 1.5 km' (Jakobsson 1998). 

Surtsey is the soutl~ernmost of the Westmail 
islands, 7 - 35 km off the south coast of Iceland. 
The climate in tlle area is mild and oceanic. At 
the Hei~naey weather station, 15 km fi-om Surts- 
ey, the ineail aililual tempei-at~lre during 1961- 
1990 was 4.8"C and the mean annual precipita- 
tion was 1590 mm (Fridriksson 1994). The area 
is geilerally fi-ost fi-ee fi-om the first week of May 
until the middle of October (Einarsson 1976). 

Nesling birds and formation of p l l  colony 
The Westman Islands are kilowil for their 

abu~ldailce of seabirds. I11 the first weeks of the 
Surtsey eruptioil gulls were seen roosting on the 
shores of the new-born island. Ever since, birds 
have been important in the development of the 
ecosystem 011 Surtsey tlli-ough eilrichinent of tlle 
soil with tlleir excrements and dispersal of plant 
seeds to tlle island (Fridriksson 1975, 1994, 
2000, Petersen 1993, MagilGssoil et nl. 1996). 

Fulmar (Ful77zarus glacialis) and black guille- 
mot (Cef~plzus grylle) were the first species of birds 



Table 1. Breeding bird species on Surtsey, descriptions of nesting sites and relative impact on vegetation development, based 011 obser- 
vations. Number of breeding pairs is taken from last bird census in 1990 (Petersen 1993). 

Species Nesting pairs Nesting in 
sea cliffs 

Nes~ing inland Nest made of Effect 011 plant Effect on 
vegetation and cover colo~lization of 
other materials new nlant s~ec i e s  

Fulmar 120 t t 

Black-Guillemot 15 t 

Great Black- 
backed gull 7 
Kittiwake 5 
In g ~ r l l  colony: 
Lesser black- 120 
backed gull 
Herring gull 35 
Great black- 28 
backed gull 
Glaucous ,gull 

co~lsiderable not eviclent 
none none 

considerable 
slight 

profound 

not evident 
none 

to nest on Surtsey in 19'70 when one nest of 
each species was found in the cliffs on the south- 
ern part of the island. In 1974 great black-back- 
ed gull started breeding on Surtsey, kittiwake 
(Rissa tridactyla) in 19'75, herring gull in 1981, 
lesser black-backed gull in 1986 and glaucous 
gull (Larus hyperboreus) in 1993 (Petersen 1993). 
The effect of the bird species on the vegetation 
development appears to be related to their pop- 
ulation size, selection of nesting sites and the 
type of nest they build (Table I) .  The gull spe- 
cies build nests of vegetation, sea-weed, feathers 
and other available material while the f~~ lmar  
and black guillemot do not use nest building 
materials or only slightly arrange pebbles under 
their eggs. The nests of the black guillemot and 
the kittiwake are confined to sea-cliffs of the 
island, which are very unstable and change con- 
siderably between years due to wave erosion. 
Vegetation has not become established at their 
nest sites. The kittiwake, however, roosts in great 
numbers on the northern ness of Surtsey and 
enriches the soil with excrements. In the early 
years the nests of the fulmar were mostly con- 
fined to the sea cliffs but in the last 15 years it 
has also established nest sites inland, mainly in 
the cliffs of the old craters where small concea- 
trations of about 5 - 15 pairs are now found in 
five different locations on the island. Vegetation 
has not become established at the fulmar nest 
sites in the unstable sea cliffs but at the inland 
sites vegetation cover has increased considerably 
at most of the sites. New plant species for the 
island have on the other hand never been found 
at these fulmar nest sites. The great black- 
backed gull nests inland on Surtsey. During the 

early years the pairs were solitary with nests far 
apart. Honkenya- and Leymus-plants were fre- 
quently selected as nest sites but the birds also 
gather plants and other suitable material when 
they build the nest (AE. Petersen, personal commu- 
nication). Plant vigor and cover was enhanced 
around the nests (Fridriksson 1994) but these 
soilitary nest sites have never been centres for 
colonization of new plant species on the island. 

In 1986 the first nests of the lesser black- 
backed gull were found on a lava flat on the 
southern part of Surtsey. This marked the initi- 
ation of the dense gull colony on the island that 
now consists of the lesser black-backed, herring, 
great black-backed and glaucous gull (Table 1). 
These species, with the exception of the great 
black-backed gull, usually nest in colonies and 
the nests can be within a short distance (< 10 m) 
of each other (Sobey & Kenworthy 1979). They 
build nests that are mostly made of plant mate- 
rial. In the first years of the colony Racomitrium- 
moss was mainly used by the lesser black backed 
and herring gull for nest building but with 
increasing cover of vascular plants in the colony 
grasses and Honkenya have also been used 
(Petersen, unpublished data). The number of 
breeding pairs in the colony and the extent of 
the breeding area has increased greatly. In the 
last thorough bird census on Surtsey in 1990 
(Petersen 1993), there were over 150 pairs in 
the colony (Table I),  and we estimate that the 
number had risen to at least 300 pairs in 1999. 
Most of the birds breed within a 7 ha area. The 
lower part of the colony is on lava terrain but 
the upper part on lava that has been filled with 
tephra sand from the slopes above. The forma- 
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13-16) are on the eastei-ilmost part of the island, 
five plots (no. 11-12, 17-19) are up in the crater 
area and one plot (110. 25) is on the lowland 
ness to the 1101-th of the hills (Fig.1). The plots 
are 5 - 100 in above sea level, ten of the plots 
are on lava and twelve on sand or sand filled 
lava (Table 2) .  The plots replaced older tran- 
sects set up in 1987 (Magn6sson et (11. 1996). 

1 1  1 5 1994, 1996, 1998 sand ounide gull cololiy 
Figtu-c 2. Niurnl~el. of' vascular plant species Sound on Surtsey clur- 13, 14, 1G19 1994, 1996, 1998 sand-fillet1 lava outside gull colony 
ing 1965-1999, (I~asecl on Friclriksso~~ 8r Magnusson 1992, Fritlriks- 

20, 21 1995, 199G, 1998 sand-fillecl lava outside gull colony 
son 1994, 2000). 22, 23 1995, 1996, 1998 lava outsicle g~lll colony 
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T ~ b l c  2. Location, su l~s t~  ate and sampling 11 equency f o ~  p c ~  ma- 
ncnt vcgcwtion p lo~s  on Sill tsey. 

r 
Plot no. Yea1 of ~ ~ l m p l ~ n g  Suh\t~ale l)pe Location 

tion of the colony had immediate effects on veg- 
etation cover within the breediilg area. This gull 
invasion was also followed by a sharp rise in col- 
oilizatioil of new plant species on the island 
(Fig. 2) and most of them were initially fouild 
within the colony area (Fi-idriksson 1994, 2000, 
Magn6sson et al. 1996). 

1965 1970 1975 1980 1985 1990 1995 2000 
3, 1990, 1992, 1994, 

Year 1996, 1998 sand-filled lavd ~ns~cle gull colony 
6-1 0 1994, 199G, 1998 lava ~ n s ~ d c  gull colony 

METHODS 

Per~nanent plots 
During 1990 to 1995 permanent plots, 10 x 10 

in in size, were set up oil Surtsey. The location 
of the plots was chosen subjectively with respect 
to substrate types (sand or lava) and the influ- 
ence of the gulls on vegetatioil development in 
their coloily on the southern part of the island. 
The first five plots were set up in the gull colony 
area in 1990, in 1994 fourteen plots were added 
and six in 1995 (Fig. 1, Table 2). Two of the 
plots (no. 2 and 5) set up in 1990 were taken 
out of use in subsequeilt years and one plot on 
the northern part of the island (111: 24) was 
destroyed by sea-floods duriilg the winter of 
1997-1998. Therefore 22 perlnanent plots are 
curreiltly on the island. 

Eight of the plots (no. 1, 3, 4, 6-10) are with- 
in the gull coloily on the souther11 part of the 
island, four plots (no. 20-23) are a short dis- 
tance above or to the east of the colony where 
the effects of the gulls were less pi-onouilced 
when the plots were established, four plots (no. 

@elation sanzljling 
Vegetation salnpliilg in the plots has geilerally 

been carried out every second year (Table 2). Five 
10 m line-transects were laid across each plot, par- 
allel at 1, 3, 5, '7 and 9 m fi-om their western edge. 
Plant cover was determined by line-intercept met- 
hod. All vascular plant species intercepting the 
line were recorded and measured and also the to- 
tal cover of mosses, licheiis and bare ground. 
Additional vascular species within the plots not 
iiltercepted by the line were also recorded. 

Soil sampling 
In 1998 soil samples were take11 fi-oin all the pel-- 

manent plots. Four random sainples were taken in 
each plot with a soil corer (7 cin diameter) down 
to 10 cm depth. After sainpling the four sainples 
were inixed to make a composite sample for each 
plot. In the laboratory the samples wei-e dried at 
40°C and sieved through a 2 min mesh. Measure- 
ments of pH were made in an approximate 1:l 
mixture with distilled \vatel; content of 01-ganic car- 
boil (C%) was determined using a carbon analyser 
(Leco Carbon Deterininator, G12) and i~iti-ogen 
(N%) by the Iqeldahl method. 

Data analysis 
DECORANA-ordinatioi (Hill 19'19) was used 

to investigate the vegetation silnilarity between 
individual plots and successioilal trends based 



on the data froin the different sainpliilg years. 
In the input data, species mean cover values 
were used. The CANOCO-program (ter Braak 
1987) was used for the ordination analysis, sel- 
ecting square-root transforination of the data 
and downweighing of rare species. 

RESULTS 

VEGETATION AND SOIL IN 1998 
Sf)ecie,s riclz7zess and  cover 

Twenty plant species were recorded in the 22 
perinanent plots in Surtsey in 1998 (Table 3) 
when a total of 4'7 species was found on the 
whole island. Of the 20 species, 9 were found in 
plots outside the gull colony and 15 in plots 
inside it. Oilly 4 species were found in plots in 
both areas (Table 3) .  The most abundant spe- 
cies in the perinai~ent plots in 1998 were Hen- 
kenyn Peploides, Sag-ina proczrmbens and Pucci.rzellin 
distnns. These were the only species occurring in 
half of the plots 01- more (Fig. 3) .  

Vegetation cover in the plots in 1998 was 
around 30% on the average, with vascular plants 
dominating and mosses and lichens only con- 
tributing around 1 % (Table 4). Honkenya 
peploides had the highest mean covei; followed 

Table 3. \rascl~lar plants recorded in permanent plots on Surlsey 
in 1998 ancl their occul-rance ~vith respect to gull colony. 
Nomenclatu~.c follo~vs Ibistinsson ( 1986). 

Plots outside Plots inside 
gull colony gl~ll colony 

Soecics n=14 11=8 

Monocots: 
Ag~asl is s1olo11 i/.rc~ 
Agms1i.r cn/~i l l r~r is 
Agrostis virlcnlis 
Fes[ucr~ r i r Ix~~c lson i i  
Jlr~zcus n l / ~ i ~ ~ i ~ s  
Lqs11rs arellcrrilts 
Pon r i l i i~zrn 
Poo p,nlci7sis 
P i r c c i r ~ ~ l l i r ~  dislrors 
Dicots: 
A1.111erin 111nri1i111cr 
Crrrr lni~~i~io/ )sis petrnrrr 
Ccvcrs/it~ 111 JOI I / ( I I~  11 IIL 

Corlrlcrrrirr oSJiri~~rilis 
~ l l l / ~ ~ / ~ l l l l l  ~ 1 ~ , $ j " l ~ l ~ l l l ~  

Ho17liei1jn pc/~loirlrs 
1\4olricori(i 11iariti111o 
1\4erle11sin laci~-ili?~tn 
Srigi~zci pracl i~~rbe~zs 
S i l ~ l 1 ~  t i l l  i/lor(l 
Stellr~riri ~ncrlio 

Total no. of species 9 15 

Honkenya peploides 
Sagina procumbens 

Puccinellia distans 
Poa pratensis 

Cochlearia officinalis 
Stellaria media 

Poa annua 
Cerastium fontanurn 
Mertensia maritima 
Leymus arenarius 

Matricaria maritima 
Cardaminopsis 

Agrostis stolonifera 

0 5 10 15 20 

Number of plots with species 

Figure 3. 12ela~ive frequency of vascular spcciesiin 22 permanent 
plots in Surtsey a1 establish~nent of all plots in 1994 to 1995 and 
in 1998. Only those species occ~~r r ing  in 2 2 plols in 1998 are 
sho\vn. 

by Pzrccinellin distnns, Pon nnlzua, Stellaria media 
and Coclzlen.rin offici7znlis, which all reached over 
1 % cover. 

There was a profound difference in vegeta- 
tion between plots outside and inside the gull 
colony (Figs 46) .  Outside the colony the vege- 
tation cover was on average only 5.5% (+_2.6 s.e.) 
and 2.2 (k0.4 s.e.) species were found in each 
plot. I11 this area Honkenyn peploides, was the only 
species with substantial cover on sand or sand- 
filled lava (Figs 5 and 10). Leynzus mannm'us and 
Mertensin nznritima were most often associated 
with Ho~zkenyn but their cover was insignificant. 
111 the two lava plots (no. 22 and 23) located 
outside the gull coloiiy (Table 2) S a p n n  procunz- 
hens was the most promiileilt species but its 
cover was very low (<I %) . 

Within the plots of the gull colony the vege- 
tation cover had reached 71.5% (k11.7 s.e.) in 
1998 and 8.6 (k0.8 s.e.) plant species were 
found in each plot on average (Fig. 11). I11 the 
cololly Honkenyn was very abundant in plots with 
sandy substrate, where its cover was substantially 
higher than in comparable plots outside the 
colony. There were however signs of that 
Honkenyn had begun to degenerate in the oldest 
plots ill the colony and was giving way to com- 
peting species that had invaded the area (Fig. 
5). Pon n m u a  and Puccinellin distant have 
become very abundant in plots within the gull 
colony where they were the main dominailts 
with Hoizke~zyn. Pucci~zellin was more confined to 



Table 4. Average plan1 cover (%) of vascular species, mosses, 
lichens and Im-c gro~und in the 99 permanent plots in Stu-tsey in 
1994 -'95 ancl 1998, + indicates that cover was not 111easiu1-eable. 

Pon (IIZ~I { l a  

Scr~rirrn p r o c ~ i ~ ~ r b e ~ ~ s  
S i l r ~ l e  IIJ~IJIOI~ 
S/clkrrio 111cr1in 

Ilascular plants total: 

0.05 
0.01 

absent 
+ 
+ 

0.01 
1.84 
0.17 
1.72 

absen~ 
absent 

0.14 
0.53 

abscnt 
9.25 

+ 
+ 

0.72 
+ 

0.05 
13.71 
1.32 

+ 
85.49 

the lava plots while I? nnnun had higher cover in 
the sandy plots (Fig. 5). Other species that were 
coininoil in plots of the gull coloily and attained 
coilsiderable cover in one or inore plots were 
Stellam'ci media, Coclzlenlin officinalis, Snpna pro- 
czonbens, Cernstiz~nz folztanzlmn, Festzicn richctrclso~zii, 
Lej~mus nl-enmius and Pon I~mte7zsis (Table 4 ) .  

Orclination rest~lts 
The results of the ordiilatioil also show a clear 

distiilctioil in vegetation between sand and lava 
areas and the vegetation changes that have 
occurred withill the gull coloily (Fig. 7). Tightly 
clustered to the right on the ordiilatatioil dia- 
gram, with the highest scores on axis l ,  are plots 
from sand or sand-filled lava. These plots repre- 
sent the initial stage in the vegetation successioil 
oil sand on Surtsey. It call be described as the 
Ho7zke~z)1astage as H.  peploides is the oiily species 
cominoilly occurriilg in the plots and with sub- 
stantial cover (Figs 5 and 10). Other species that 
were recorded with measureable cover in one or 
more these plots were Leylnzis nl-e7zn7izis, lMer- 
tensin ~nnm'timn and Sngi7zn procu7nbe?zs. I11 the lava 
plots the initial stage of plant successioil is char- 
acterized by coloilizatioil of Snpnn proczimbe7zs, 

and inay therefore be described as the Scipnn- 
stage. The two plots (no. 22 and 23) represent- 
ing this stage have the highest scores on axis 2 
on the ordiilatioil diagrain (Fig. 7). The cover of 
Sciginn is, l~owever, very low at tliis stage as de- 
scribed above. 

The clianges from these initial stages affected 
by the breeding gulls are clearly demoilstrated 
on the diagrain (Fig. 7). All the plots withi11 the 
gull coloily are far 1-einoved fi-om the initial 
stages. The changes appear greater in the lava 
plots and their vegetation is also inore diverse 
tliail in the sand plots within the colony. In the 
sand plots (1, 3 and 4) Honkenya peploicles, Pon 
cinnzin and Stellc~rin medin were the doininailt 
species and other species recorded with relative- 
ly high cover in one or more of these plots were 
Cernstizinz fontnnzimn, Leylnzss nrennm'zu and Pon 
pmtensis. Species of less promiileilce but occur- 
ring in all the sand plots in the coloily were 
Coclzlearin officilznlis, Saginn procz~nzbens and 
Pzicci7zellia clistnns. One of the lava plots (10) is 

inside gull colony / outside gull colony 

Figure 4. Species richness (a) ant1 \.ascular plant cover (11) in per- 
manent plots in Surtsey in 1994 -'95 ancl in 1998. Plots no. 1-10 
arc insirlc g ~ l l  colon): plo~s no. 11-25 are outsicle it. 
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Figure 5. Covcr of I-lorzke~ijcr pc/)loi~lr,s, I'ltcri~lc~llirr disfrrr~s ancl Pon 
n~ziz~rrr in permanent plo~s in Surtsey in 1994 -'95 ancl 1998. Plots 
no. 1-10 are inside gull colony, plots no. 11-25 are outside il. 
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positioiled close to the sand plots ill  the ordina- 
tion results (Fig. 7). In the plot there is slight 
sand, which has enabled Honkenjta to grow in it. 
In 1998 it was the domillant species in the plot, 
but otherwise the species were inore charactel-- 
istic of the vegetation of the gull colony. The 
other lava plots (6, 7, 8 and 9) of the gull colony 
are separated f~lrther to the left on the ordina- 
tion diagram (Fig. 7). In all of these plots Pz~cci- 

Poa annua 

nellia clistnns was the dominant (Fig. 5 )  and 
other species that were common to the plots was 
the initial colonizer Sngincc procunzbens and Coc- 
hlearia ojjricinnlis and Poa firatensis. Other species 
that had considerable cover in one or more of 
these four plots in 1998 were Cerastium fon- 
tanunz, Stellaria nzeclic~, Festuca m'clzarclsonii and Poa 
annun.  It should be noted that Honkenya was not 
found in any of these plots. 

Soil results 
I11 the soil sampled in 1998 and analysed for pH, 

total C and N, there was a coilsiderable differ- 
ence between plots outside the gull colony and 
inside it. The soil from the gull cololly was lower 
in pH and higher in C and N (Table 5 ) .  I11 plots 
outside the colony the pH was in the range of 
6.83 - 8.04 coinpared to 6.1'7 - 6.69 inside. C and 
N content of the samples taken outside the 
colony were in most cases below limits of quan- 
tification of the methods used (0.105% for C and 
0.004% for N). I11 samples from inside the colony 
total C ranged fi-om 0.3'7 - 3.33% and the total N 
0.03 - 0.26% (Table 5). The highest C and N lev- 
els were fi-om plots (6 and 7) that were in the 
oldest part of the colony where the first breeding 
gull pairs were found in 1986. 

Table 5. Results of analysis of soil sa~llples takcn from permanent 
plots in Sur~9ey in 1998. Plots 1-10 arc inside gull colony, plots 11- 
25 outside it. For carbon the limit of quantification \\us 0,10.5% 
ancl 0,004% for nitrogen. 

Plot lJH C % N % 



been nesting in increasing ilumbers in the last 
few years and are probably affecting the site. 

When tlie first plots were established in the 
gull colony in 1990 the effects of the gulls on 
the vegetation were noticable. At that time oilly 
one to two species were found ill each plot and 
vegetation cover was around 30% (all Honkenya) 
which was high for the island at that time. In 
1998 the number of species in the plots had 
risen to between eight and tell and several 
species in addition to Honkenya, e.g. Poa annzra, 
Stella~icc meclia, Leynzus arenam'us and Poa pratensis, 
had attained a high cover in the plots. Total 
vegetatioi~ cover in the plots at that time had 
reached 100% (Figs. 6 and 11). In comparable 
plots, set up in 1994 outside the gull colony, 
there has not been an increase i11 species num- 
ber. Honkenya was the only species in these plots 
in 1998 and its cover has not changed fi-om 1994 
(Fig. 6). The two plots (14,  15) shown in the 
example are fi-om one of the oldest Honkenyn- 
areas on Surtsey that was initially coloilized by 
the species in 1968 (Fig. 10) .  

In the gull colony a similar trend to the sandy 
plots can also be seen in the lava plots when dif- 
ferent years are compared, although the sam- 
pling period is shorter. Total vegetatioil cover in 
the lava plots in 1998 was generally lower than 
in the sandy plots but the species richness was 

Figure 6. Changes in species richness (a) and cover (11) in plots (Fig. 4). As described above Sa@7zcL 
insicle (PI,  P3) ancl outside (P14, P15) gull colony cluri~ig 1990 - 
1998. 

procu?~zOe?zs was the initial coloiiizer of the lava 
plots but in the colony Pzlccinellia distans has 
become the maill dominant. Several other 
species also occurred in the plots. 

The close relationship between vegetation The relative vegetation changes in the perma- 
and soil development on Surtsey and how it is ilent plots from 1990 to 1998 are also revealed 
affected by the breeding gulls is also demon- by the ordination, when the placement of the 
strated 011 Fig. 8, where the results of soil carboil - 
analysis have been superimposed on tlie ordina- 
tion results. 

VEGETATION CHANGES FROM 1990 
The first permailent plots in Surtsey were set 2 - 

up in a sandy area of the gull coloily in 1990. 
N 

Repeated measuremeilts of vegetation in these .s . 

plots and other plots set up on the island in sub- 2 
sequent years showed a steady illcrease in 

0 - 
species riclii~ess and vegetation covei-. This in- 
crease is, howevei-, mostly confilled to plots with- 

22, 23 Lava plots . 
Sand, 

. sand-filled lava 
plots 

@ .  

-- . - 7--- 

in the gull colony. Outside the colony they are o I 2 3 4 

not as distinct (Fig. 4 6 ) .  There was only a sub- 
Axis 1 stantial illcrease in cover in one plot (no. 12) 

outside the gull colony (Fig. 4). The plot is with- Figure 7. D E C O I W N A - O ~ C I ~ I I ~ ~ ~ O ~  results of the permanent plots 
in 40 m of a small crater where fulmars ha\ie on Sur tse~~ for the year 1998. 



I Gull colony 

Axis 1 

Figure 8. Resul~s of analysis or  soil carbon content in permanent 
plots in 1998 (C%) supel-imposecl on the DECOIiiUVA-orclination 
I-es~~lts. Placement of plots is the sallle as shown on Fig. 7. 

same plot in different years was studied (Fig. 9). 
The first two DCA axes accoullted for 90% 
(72t18) of the variation extracted by the four 
axes given in the analysis. As show11 on Fig. 7 
and described above, the plots with the highest 
scores on axes 1 and 2 represent the initial 
stages of vegetation succession 011 sand (Hon- 
kenynstage), (Fig. 10) and lava (Saginn-stage) on 
Surtsey. Changes or movement of plots from 
these stages represent successioilal changes 
influeilced by the gulls in the breeding colony. 
The movement of plots between years on the 
ordillation diagram (Fig. 9) are caused by 
changes in species compositioil and relative 
cover. Changes in species compositioil are due 
to new coloilization as species have generally 
not been outcompeted in the plots yet. The 
ordination results indicate that the vegetation 
changes have been greatest during the first 
years, but slow down with increasing species 
richness and cover in the plots (Fig. 9).  

DISCUSSION 

Succession outside gull colony 
On most of Surtsey relatively small vegetation 

changes took place in the permanent plots dur- 
ing the study pel-iod. The sand areas had already 
been colonized by coastal species, mainly Hon- 
kenyn peploides, Leymus nrennrius and Mertentsin 
maritinza which all are clonal pereililials (Davy & 
Figueroa 1993) adapted to the nutrient-poor 
habitats. The vegetation cover of this simple 
community is low (< 20%) and has generally not 
increased in the last years, which was also found 
in previous monitoring of the sand areas on 
eastern Sui-tsey durillg 1987 and 1994 (Magnh- 

son et nl. 1996). Honkenyn peploides has been the 
most successf~~l colonizer and is the domiilailt 
species on the sand (Fig. 10). The population 
growth of Honlzenya 011 Surtsey was fast in the 
early years but iildividuals of the species started 
producing seeds on the island in 1971, which 
compares to 1977 for Mertensin and 1979 for 
Leymus (Fridriksson 1992, Magn13sson et nl. 
1996). Armeria maritimn, Cnrdanzinopsis petraen 
and Silene zr~zzJZora were all recorded in perma- 
nent plots outside the gull coloily in 1998. 
These species, which are very common on infer- 
tile gravel and sandy flats in Icelaizd, did not 
become established on the island uiltil the peri- 
od 1986-1991 (Fridi-iksson 1994). They have all 
been producing seeds oil the island for a num- 
ber of years and will probably become more 
promillent members of the sand comlnuility in 
the near future. 

The permanent plots ill the bare lava areas, 
outside the gull colony, have mostly been devoid 
of vascular plants. Only Saginn procumbelts and 
Puccinellia distnns have spread oilto the lava, but 
total plant cover remains extremely low (< 1 %). 
The spread of both species onto the lava areas 
has probably been facilitated by their high 
abundance within the gull coloily where seeds 
may have been dispersed fi-om. 

The soil of Surtsey, apart fi-om the ~ 1 1 1  colony, 
is poorly developed and has a relatively high pH 
and very low coilteilt of C and N, comparible to 
mobile coastal dunes (Lundbei-g 1987). I11 spite 

Axis 1 

Figure 9. DECORANhorclination results for permanent plots in 
the different saillpliilg years. Lines sho~v relative vegetation 
changes in indiviclual plots behveen years, 1-90: plot 1 in 1990, etc. 
(The 1998 plots have the same positions on this diagram as on Fig. 

7 ) .  



Figure 10. Plot 14 in 1998, 011 sand-filled lava outside gull colony. 
Hoizlrenyn kcplozdcs, had 2% cover and was the only species in the 
plot. 

of the poor development the soils of the simple 
Honkenya-community in Surtsey have been 
shown to have higher root, microbial and micro- 
faunal activity and carbon content than sand 
areas without vegetation on the island (Magn6s- 
son 1992, Frederiksen 1999). 

Succession within gull colony 
There were profound changes in vegetation 

in permanent plots within the gull colony where 
vegetation cover and species richness increased 
greatly over the study period (Fig. 11). The driv- 
ing force of these changes is the nutrient enrich- 
ment of the soil by the gulls and introduction of 
new plant species, which also appears to be 
related to the activity of the g~~lls .  At their breed- 
ing sites gulls deposit faeces and regurgitate pel- 
lets, fish and marine invertebrates are spilled on 
the ground during feeding of young and corps- 
es of young and adult birds that die within the 
colony decompose at the sites. Nest material 
may also be brought into the sites. The most sig- 
nificant of these for the vegetation development 
are the faeces that have a relatively high content 
of nitrogen, phosphorus, potassium and miner- 
als (Sobey & Kenworthy 1979). 

The rise in the rate of colonization of new 
plant species on Surtsey, mostly within the gull 
colony, following the invasion of the lesser black- 
backed and the herring gull is more difficult to 
explain and only a speculative attempt can be 
made. If the colonization is primarily due to im- 
proved nutrient status of the soil within the col- 
ony, then why have the more dispersed inland 
nest sites of the great black-backed gull and of 
the fulmar never been the hotspots of coloniza- 
tion of new plant species? The explanation may 

be found in the feeding ecology of these bird 
species. 

Both lesser black-backed and herring gull are 
frequently seen in grassland and hayfields in 
coastal areas in southern Iceland where they feed 
on insects and earthworms. Plant seeds may also 
be selected and eaten directly or indirectly with 
earthworms. Viable seeds have been found in the 
digestive tract and casts of earthworms (Grant 
1983, Reest & Rogaar 1988, Thompson et al. 1994). 
Some such seeds are from the same species or 
genus (e.g. Sagzna @-ocumbens, Cerastium fontanum, 
Stellaria media, EpiloDium, Poa annua, Agrostis s@., 
Capsella bursapastork, Taraxacum ssp. and Rumex 
s@.) that have been found within the gull colony 
of Surtsey. In a study of vegetation of gull colonies 
(lesser black-backed, herring, great black-backed 
gull) on islands in Britain, Gilham (1956) found 
that gulls call disperse plant seeds. In regurgitat- 
ed pellets viable seeds of barley and wheat were 
found that the gulls had carried from at least 15 
- 20 km distance. In the pellets viable seeds of 
Cerastium, spp., Festuca, spp., Poa annua, Polygonum 
aviculare, Rumex, spp., Stellaria media and other 
species were also found (Gilham 1956, 1970). 

The great black-backed gull depends more on 
fish, carcasses and spill and feeds more on the 
shore or out at sea than the two other gull spe- 
cies (Petersen, personal communication). The 
fulmar gets all its food from the sea and does 
not visit other inland areas than nesting sites. It 
may also matter here that the lesser black-back- 
ed and the herring gull tend to build as bulky 
nests as the great black-backed gull, not to men- 
tion the fulmar which does not collect material 
for its nest scrap (Table 1). In a study of the 
nest-building activities of herring gulls in Scot- 
land it was found that the birds collected most 
of the plant material used for nest building near 
the nest sites within the colony area. A few birds, 
however, brought in material from outside the 
colony (Sobey & Kenworthy 1979). In the first 
years of the gull colony in Surtsey grass cover on 
the island was so scarce that it may have forced 
some of the gulls to visit the neighbouring is- 
lands (25 km) to collect plant material for their 
nests. 

The vegetation succession on Surtsey has 
changed considerably after the formation of the 
gull colony. A number of new plant species have 
colonized the island, the nutrient status of the 
soil has improved which has enabled nutrient de- 
manding plants to become established and also 
improved the conditions of older species on the 



island. The main species that have taken advan- 
tage of the improved conditions within the col- - 
ony area are ~ G n a  procumbens, Poa annua, H pra- 1 
tensis, Puccinellia distans, Cermtium fontanum, Coc- 
hlearia of f inal is  and Stellaria media. Most of these 
species prefer disturbed and/or nutrient-rich ha- 
bitats and have high seed production (Kristinsson 
1986, Grime et al. 1988). Poa annua and Stellaria 
media are annuals, but annual species had not 
been able to become firmly established on Surts- 
ey before the formation of the gull colony. 

In the oldest plots in the center of the gull 
colony, changes in vegetation composition and 

Figure 11. Plot 1 in 1998, on sand-filled lava inside gull colony. 
'Over between years appear to have 'lowed down The plot had 9 plant species in 1998 and extent of bare ground 
in the last few years (Figs 6 and 9). Wit11 the for- was only 8%. Honlraqn pe~loidcs was the do~ninant species wit11 
rnation of a closed sward it will be more difficult 46% cover, Pon nnlzzln, I? ,bratcnsis, Stellaria media, Cerastzz~m 

jontnnuaz and Lcyin~cs al-enarizls had also a relatively high cover in for new species to colonize the area and plants plot. 
of small stature may be outcompeted. In some 
of the lava plots the cover of Sagina procumbens 
has started to decrease but the species has not 
disappeared in any of the plots yet. The vegeta- than in other habitats on the island (Frederik- 
tion of the outer Westman islands is character- sen 1999, Gjelstrup 2000, Sigurdardbttir 2000). 
ized lush grassland and forb communities that 
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Vascular plants on Surtsey, Iceland, 1991-1998 

STURLA FRIDRIIGSON 
Skildingatangi 2, 101 Reykjavik, Icel;u~~cl 

ABSTRACT 
T h e  vascular plant l i fe o n  Surtsey has been  studied since the  first plant was discovered i n  1965. T h e  dis- 

persal, colonizatioll and formation o f  communities have been ~ n o ~ l i t o r e d  during the  last study period o f  1991- 
1998. 

I11 1998 there had been  54 vascular plant species recorded growing o n  Surtsc): about 85% o f  ~ v h i c h  are per- 
rnallellt residents, O f  these species 75% may have been  carried to  Sui-tsey by birds, 11% by sea ancl 14% by 
air. About 80% may have derived f rom the  other M'estman Islands. 

T h e  colollizatio~l o f  the dry sandy lava is slolv. T h e  plant cover hacl i~lcreasecl d11ri11g tlie s t ~ d y  periocl f rom 
5.2% t o  21.4% i a  a quadrat, where a sand d u n e  had been  formed.  In  contrast, vegetation in  a sea gull co lo~ ly  
is rapidly developing, covering 6.3 hectares, about 4% o f  the  dryland o f  Surtsey. T h e  sea gulls are bringing 
plant seeds and increasing the  soil fertility o f  that area by their droppiilgs and food wastes. 

INTRODUCTION 
Since the first plant was discovered on Surtsey 

in 1965 an annual study has been made of the 
vascular plant life on the island. Previously re- 
ports have regularly been given of this investiga- 
tion in the Surtsey Research Progress Reports. 
The last one covered the period 1981-1990 
(Fridriksson 1992). In addition an overview in 
Icelandic of the Surtsey story including the 
plant research has been presented in a recent 
book (Fridriksson 1994) and also in a special 
publicatioil celebratiilg Surtsey's first 30 years 
Uakobsson et nl. 1993). A report on the devel- 
opment of the vegetation on Surtsey as s t~~d ied  
on perinanent trailsects and in a number of 
plots has been written in Icelaildic with an Eng- 
lish suminary (Magntisson et al. 1996). Further- 
more the ecological studies have been described 
in an interilational jourilal (Fridriksson & 

Magntisson 1992). Finally it may be pointed out 
that news about the biological expeditions to 
Sui-tsey has anilually appeared in the local paper 
Morgunbladid. 

I11 this article an accouilt will be given of 
some facts relating to the investigation of vascu- 
lar plants and their coloilizatioil on Surtsey dur- 
ing the years from 1991 to the sumlner of 1998. 
A separate paper covers a study of plant succes- 
sion in permanent plots on the island during 
the same peiiod (Magntisson & Magn~lsson 2000). 

RESEARCH METHODS 
From the first years of the Surtsey studies 

attempts have been made to inonitor the colo- 
nization of vascular plants using similar methods 
as described by Fridriksson (1992). Iildividual 
plant species new to the island were marked on 



Table 1. I'ascular plant species found on Surtsey cl~tring the years 19(i5-1998 



a map and staked, but in 1978 the plaills had 
become too iluinerous so that surveys were car- 
ried out to estimate the frequency and cover of 
the vegetation on trailsects or in quadrats. To 
documeilt the appearance of plants and col- 
onies a number of photographs have been taken 
every summel; and aerial photographs have 
been used to locate and map iildividual plants 
and vegetative areas. The aililual expeditioils 
have taken place after inid July and lasted for a 
few days, except in 1991 when the islaild was vis- 
ited ill September. 

RESULTS AND DISCUSSION 

Estah~is~znzelzt 
It is one thing to reach a barren island, but 

q~lite another to becoine established and survive 
the unique coilditioils met at a sterile site, and 
then to go on to reproduce and become part of 
a new community. Coilsiderable diversity may be 
found in coilditioils of plant growth on Surtsey. 
Seeds often arrive on the island, where they fall 
into an ui~favorable habitat and do not mailage 
to germillate or become mature plants. As con- 
ditions are relatively harsh, oilly the hardiest of 
plants have succeeded in becoiniilg established 
on the fi-equently infertile substrate of the 
island. 

Of all the vascular plant species that have 
been discovered on Surtsey, about 85% of them 
are perinaileilt residents. The reillaiiliilg plants 
have failed due to uilsatisfactory coilditions on 
the island, despite their successful arrival and 
first establishment. For inally of them it proved 
iinpossible to occupy for ally length of time the 
loose, dry sand, the hard lava surface or the 
gradually solidifyiilg tuff. 01; as more recently, 
they have not withstood the rich, fertile soil and 
been subdued by secondary, more aggressive 
colonists in the newly established gull breeding 
area. 

Sziccession 
First of the vascular plai1t.s fouild on Surtsey in 

1965 was a sea rocket (Cnlcib mrctica). A year latei-, 
lyinegrass (E&nzzis mre~zmizis, also named Ley7?zzis 
cirenm-izis) begail to grow on the island. By 1967 
sea sand~vort (Honke7zy~ln pe~~loicles) joined the flora. 
It has since attained a widespread distribution. 

A milestoile was reached when the sea sand- 

wort begail to produce seed locally. At that 
point, the populatioil iilcrease of that species 
was no lollgel- totally reliailt upoil the acciden- 
tally trailsported seeds. It took six years for the 
sea sai~dwoi-t to bear seeds. But wheil that occ- 
urred, thousands of ilew plants grew annually. 
Now, sea salldwort has managed to distribute 
itself widely throughout the island's sand filled 
lava. It is curl-eiltly the most coininoil of all vas- 
cular plants on Surtsey. 

I11 the thirty-five years since its formation, 54 
vascular plant species have started growth on the 
island (Table 1). To begin with there was on the 
average an inti-oductioii of at least one species 
of vascular plants per year during the first four- 
teen years period. These were mostly coastal or 
fell-field species. During the following seven 
years period there was a lag in the iilcrease as 
hardly ally new species arrived. It looked like the 
first 11-14 species would for a while be domi- 
ilating in the Surtsey flora. Howevei-, during the 
last decade a new iilvasioil of coloi~ists occurred, 
as on the average there was an aililual addition 
of over three new vascular plant species in the 
flora of Surtsey. This rapid iilcrease is brought 
about by the iilvasioil of sea gulls as will be later 
discussed. 

Pioneer species of the vascular plants, which 
have becoine established on Surtsey, also grow 
on the other islands, with a few exceptions. Even 
though the sample on Surtsey at preseilt is oilly 
a fi-action of that within the Westmail Islailds 
region, it call be said that the new island's biota 
is comparable to that foui~d elsewhere in the 
area. 

Conzmzinities 
Iildicatioil of the first forinatioil of plant asso- 

ciation emerged when lyinegrass and sea sand- 
wort began in 1978 to spread over a sandy area 
in the east part of the island having their terri- 
tories overlapping. The lyillegrass had settled 
there as early as in 1974. The saildwort joined it 
latei-. These two species plus a lungwort (Mer- 
tensin nznritinzn) have developed into a primitive, 
coastal community, which has beell studied close- 
ly e\7er since it was formed. Here the sandwort 
serves as a pioneer plant holdiilg the ground 
stratum, and lyinegass grows above it, takiilg 
advantage of the moist sand media held in place 
by the former species. A plot (5x10 in) at this 
area has been measured, and a chart showing 



Figure 1.  Distribution of nvo coastal plants forming a dune on Surtsey. The same study area is shown hvice, first as it was in 1980 (above) 
and in 1998 (below). The two species, of Elyntzu nre~zarius and Ho~zlre~zya pe/Jloides are now almost completely covering the plot. 



Figure 2. Transect A-B through the coastal community, shown in 
Fig. 1. The sand has drifted into the vegetated spot and gradually 
formed a dune 135 cm high. 

the location of the individuals of the communi- 
ty has been drawn annually. Examples of the 
changes in development are presented here 
(Fig. 1). 

Sand from the open beach, at this eastern 
side of the island, drifts to the vegetative spot, 
and has gradually built up a dune. This has pre- 
viously been reported, but a close investigation 
of the formation of this sand dune has contin- 
ued in the present study period. In Fig. 2 is 

shown how the dune has grown both in height 
and width. In 1998 the dune had reached the 
height of 135 cm, and had added 1'7 cm to its 
height in that last year. The base is over 10 m 
wide, and the measuring plot (5x10 m) was in 
1998 over 90% covered by the two dominant 
species. However, on the NE side the dune has 
started to erode. 

The lymegrass plant of the dune has flowered 
since 1979, making that site one of the centers 
of increase of this species on Surtsey. The pro- 
duction of successful offspring and the part this 
plant plays in the population increase of the 
species on the island has previously been dis- 
cussed (Fridriksson 1992). The number of flow- 
ering spikes of the plant (No 7451) in this dune 
and on one other lymegrass plant close by (No 
74'78) have been counted for a number of years 
to monitor their fertility from time to time. The 
increase in flowering spikes of the former plant 
seems to have continued over a ten year period. 
After having reached a peak in 1990 the forma- 
tion of spikes diminished, probably as most of 
the available nutrients had been used up for the 
advanced vegetative growth (Fig. 3) .  

Adjacent to the sand dune, on the eastern 
side of it, is a quadrat of 10x50 m on sand-filled 
lava. This plot has been investigated every sum- 
mer for the last twelve years. The quadrat is 
occupied by three vascular plant species, that of 
Elymus arenarius, Honkenya peploides and Mertensia 
maritima. 

Figure 3. Number of spikes on two E&~?z~Ls plants on Surtsey. 



Table 2. Pellets from regurgitating sea gulls in Surtsey 

Total 1 1.98 1 1.26 1 1.97 I 

Colltents 

Fish 
Feathew 
PCalzl mnle~z'nl 
Sand 

In 1987 the average plant cover at this site was 
5.2%, and in 1998 it had increased to 21.4%. 

4 

The dominant species was Honkenya covering 3.5 

12% of the area, Elymus covered 9%, whereas , 3 

the Mertensia only occupied 0.4% of the quadrat. rr 

This site is sheltered from the strong southwest- 3 
ern wind and was colonized early. Black-backed 2 
gulls visit the site, but do not influence it much. k 
It was to start with only occupied by these few I 

coastal plant species, and there has been no fur- 
ther introduction of species for the last thirty 
years. The Honkenya plant patches grow to a cer- 

1 
" Wg % 

1.4 70.6 
0.23 11.6 
0.21 10.8 
0.14 7.0 

tain size (up to 1 m2) and gradually the Elymus 
plants are also in size. However, this Fig. 5. Develop~ne~lt of the vegetative area of the gull cololly as 

percentage of the total dry land area of Surtsey. vegetation is very slowly increasing in cover, due 

to the limits of the quality of the habitat, and 
with the same progress the species there will 
only be forming a simple association in the fu- 
ture. As this vegetation may be considered rath- 
er typical of the sand-filled lava elsewhere on the 
island, a similar development may be expected 
there in comparable habitats (Fig. 4). 

In contrast to this slowly advancing coastal 
community is the rapidly developing vegetation 
spot on the southern side of the lava apron. 

2 
DM'g % 

0.97 76.9 
0.19 14.8 
0.09 7.4 
0.01 0.9 

I waste. These gulls are the lesser black-backed 

Figure 4. The sand dune cornrnullity in 1997. gull (Larus fuscus) and the herring gull (Larus 

2 6 

3 
DM'g % 

1.83 93.0 
0.00 0.0 
0.12 6.0 
0.02 1 .O 

Average% 

80 
9 
8 
3 



Figure 6. An aerial photograph of SL ten 23 August, 1998. The major plant communities appear as a green spot in the central 
south part of the island. The dune vegetation may be seen as a small, light clot on the central eastern coast of Surtsey Courtesy of the 
Nat io~~al  Land Stu-\ley or Icelancl. 

argentatus) that started nesting at this site in 1985. now covers about 6.3 hectares, which amount to 
Duiing the last fourteen years this oasis has rap- about 4 % of the total dry land area of Surtsey 
idly grown in density and total area. From being a (Fig. 5). This may be seen as a green spot in the 
small dot on the lava in 1985, that vegetative spot central southern part on the aerial photograph of 



Such a high proportion of vegetative material in 
the diet might suggest that these birds had been 
feeding locally on the vegetation on Surtsey. 

By investigating the likely dispersal routes of the 
plant material carried to Surtsey it was proposed 
(Fridriksson 1992) that 64% of the vascular plant 

I 
species found on the island might have been car- 
ried by birds as to 27% by sea and 9% by air cur- 
rents. However, with the formation of the sea gull 
colony, this proportion has changed considerably, 
as the corresponding figures of the plant material 
carried to the island in 1998 is 75% of the species 
by birds, 11 % by sea and 14% by air. 

At that time, in 1992, it was also estimated 

Figure 7. Oq~rin diglma, the latest nelvcolner of vascular plant 
species to Surtsey in 1998. 

the island (Fig. 6). Most of the new vascular plant 
species that have colonized the island since 1990 
have been discovered in this area. These are 30 
species found during the last nine years, which is 
a much higher rate of introduction of plant 
species to the island than in the previous years, 
being totally due to the various effects of the two 
kinds of sea gulls that occupy the territory. The 
latest newcomer of these species was mountain 
sorrel, Oxyria digyna, a common plant in ravines in 
Iceland and found growing on Heimaey, the 
largest of the Westman Islands (Fig. 7). 

The source and dispersal 
To demonstrate that sea gulls do carry vegeta- 

tive material to the area pellets regurgitated by sea 
gulls at the breeding site were investigated in 
1998. The material in those pellets was classed 
into four categories as shown in Table 2. This 
observation indicates that about 8 % of the food 
brought by sea gulls to their youngs may be of veg- 
etative origin. The vegetative material in those pel- 
lets was mostly leaves and hulls of Elymus- plants. 
In addition three more pellets were collected. 
These turned out to be of pure vegetative materi- 
al, mostly from common scurvygras, Cochleam'a 
ofjcinalis, but including also one seed of Poa sp. 

from what source the diaspores carried to Surts- 
ey might have derived. It was suggested that 
some 72% of them had come from the close by 
source of the Westrnan Islands, whereas 21% 
might have derived from the mainland of Ice- 
land and some 7% from a more distant source. 
This estimate may now also be revised, as a 
greater proportion of the presently found Surts- 
ey plant species seem to come from the local 
area or 80%, whereas only 17% come from the 
mainland and 3% of the diaspores have been 
brought from a more distant source. These fig- 
ures once more express the great effects of the 
lesser black-back and the herring gulls on the 
development of vegetation on Surtsey. 
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Substrate induced respiration and microbial growth in soil 
during the primary succession on Surtsey, Iceland 

HELLE B. FREDERIILSEN', ANNETTE L, PEDERSEN k S0REN CHR1STENST:N 

ABS'FlWC,T 
The a c c i ~ m i ~ l a i i r ~ ~ ~  OF o ~ - p n i c  matter ;~ i l r t  1ni11-irilts ~ v i t l i i ~ ~  111~' soil S ~ P ~ C I I I  i~ cs~ciltial ros tlic plan1 VICCCS- 

sion 011 S~il-tsey, ant1 11ir soil iiiicml~inl rt~ininlti~i ty plms ;I kry role in  his I,incrss. Blicl-nhial 1,inmasscs nrtd 
:~ctiiily I~avc increascrl m:u-krrlly dill-i tig tlic st~ccc~sion Liom hatr soil tn I I IP  r r~~np lcs  plant coiilin~iili ty est;lb- 
lisherl in r h r  bird crrlonics. I'ai;~llrl lo ~l re  cl-iangcs ill ~>lan t crlvrl; l u n ~  l i i ~ ~ c  ~ ~ i n r r l  iucrr:isii~g i111port;kucr in 
IIIP soil ~nicinhial cnmrnltl~i~r: Torl;iy ;rl,c>ut 2.50 pairs r)l' gulls nrst  tie sr~11t1iri.n part ol' lhr. islas~rl, ;tirrl thc 
sii~glr inail1 cvcut sli~nr~IatilIg succrssinn ;it pi+csctit prr>halllu is L I I C  ~ ~ ~ i ~ ~ + i r ~ t t s  clcl~nsitetl Iy  tE~ese I~irtis as dl-op 
pings rlr. Tlrr mirrrh>c.s iu thc qoil hum  he h i d  rt~lolly irrhal,ii an ~r l~l is~~al ly  I I I I~I .~~. I I I  rich crl~vil-ol~lne~~~ rvhew 
a C; I~ I>OIF  arlditioir r r i thn~~t  supplemcn tary I I ~ I I I - ~ ~ I ~ L S  will stiil~lil;i~e RI-I)IYIII  and ~lielrbv aid 111c consrl-~ntion of 
nut]-ients tdtfiin ~ h c  rystcltl. TFielr are still :weas o i l  the irl:ind ~\+Iici.e 1 1 0  l ~ l i ~ ~ i t s  gvnttl, iantl hrlr tlic ~iiicrnl~iaI 
t~iomms is ypl-)r Inrt Thc- n~ic~+ol~i;ll gr-n~t+tli i l l  ~ l i rs r  h n ~ ~  snils t;tkcs ~>l;lcc ;u a high ]ale 1j$hr.11 nt~trients are av:~il- 
:~l~lc. ;u~rl  his coulrl hc at1 atlaptive nicch;~iiism Ir, wtaiii n l i ~ r i r ~ ~ t s  i l l  ~ l l c  std l iw sullseq~te~ii jllairl gl'o~ct h anrl 
~ I I P ~ P I I ~  to mrtli;l~r tllc pl.inla~-!, s~tccer.~ic)i~ rt-r~ln t,al+e soil to planr covcc 

INTRODUCTION 
The islai~d of Surtsey was ci-eated lqr a series 

or \lolcanic eruptions in the pel-iotl ii-om Nov- 
emher 1 963 un ti1 1 967 (Frirlriksson 1994), anrl 
during the Follo~ving clecacles life became eszall- 
lisherl on the bare volcanic snrlace. Some ol'the 
first colonisei-s on Surtqey were hacteria and 
I~lue-green algae {Sch~vabe 1970), aucl alreaity in 
1965 111e first plants ~vel-c ohserver1 (FI-icIt.ikssan 
1966). The question ariscs why some areas of 
the isl;ll.td at present have dense vegetation 
tvhilc ot11c1-s a l r  stilI 111ostly without vegetation. 

Niti-ogcn available ibr the eslablist~ment of 
plant grolv~h nn Surtscy may have originated 
from atmospheric deposition, sea spray and 
nit~*ogcn Fixing tnicroorgar~isrns, b11t nirr-ogen 
from 01-pnic matter t\rad~ed unto the shore and 
Iircl clt-oppi~~gs i s  probab~y more important (Fl-irl- 
rikssou 1987). I11 1985, seagulls, primarily Ikr.rr.s 

[~/sr.r~.s ;IHCI I,nr?l.s m:qwtntlrs, began ncs ting on the 
lava-fielcls of the southei-i~ pn.1 OF thc islaucl 
(Ridr ikssa~~ 1994). As a consequence, ut~trien ts 
such as nitlagen ; ~ n d  phospho~*us from the bil-cl 
rlroppii~gs, fish clel~ris and dead gull chicks dra- 
matically incl-easecl soil fel-tility near the nesting 
sikes (Fi*ederiksen ~t rrl. 2000). 

T n d q  the numbers or plai~t species ai-e mucR 
higher and the avelxge plant cover much clenser 
in the lii-cl co1011y than in the areas l~nrlel. lim- 
ited in t l~~ence  of bircls. Vegetation analyses fl.0111 
1994 tn 1995 (Magdsson rf nl. 1996) sl~onrecl 
that plants coverecl approximately 4% of the 
area i11 the sui-veyerl plots outside the colony. 
Illside the hiscI colony 30% "of the area was cov- 
crerl I q l  plants. 

Many of the plants on Sur~sey have pi-oducecl 
seeds which have spread orel- most of the islancl, 
but in seine areas they have been unallle to gel+- 



minate and become established as plana (Frid- 
rikssan 1992). The low rrrtccesrr of the seeds is 
probably due to a combit~atlon of the sandy tep- 
hra being unstable, of the lw water retention 
capacity and low truuient status of the soil (Frid- 
rikson 19921, Nitrogen and phosphorus were law 
in these wxas due to a srinall and/or infrequent 
input, but the sail may dm have a law ca@ky to 
~vtaii~ nutrients h m  the few occasional bird 
droppings that actually occur in these al.eas. The 
microbial community mtabkhccl in the= soils 
must be tolem~r to sewre food liinimtio~~s. But 
when nuvients are introduced into the sail 
through bird droppings, the microbial biomw 
mmt be able to mimilate the nuuients extremely 
f f i r  in order efliciently to prevent the niu.ogen 
and phosphon~s input €om leaching, Magnhon 
(1992) measuitd the soil respiration, and diffel~ 
ent acti~ries were Lurid within he dif- F i p 1 ~ ~  1. Mnp d Surtwy, rvhich ~IIW the paition nr the th~re!  

qerimcnul plot#, J;S: Hnnkaffjn plor, j4: htrc mil ~ n d  J5: Blril felenr ees ofplnnt cover. wspiratio'l low ro~oity NO arii ~lunpln r c w  follr~cd aL ~ h o  h i r e  uher pluu. 
in the bare sail and only slightly higher in sail with M~tp From jnkolmuan tt  ni, (19~21, ~ i t h  pclainldon S. md- 
Hmkqa $@hi& cover, but 5@2QO% higher in rthfin- Nol-lfi LIP In tllc fi8um. 

soil with E! )~ Iw mmiw cover. 
The aim of this study was to study which nutri- 

ent deficits limited the rnicraoqpisms in sail The Hmh~zya  paw11 US) was established in 
during the primary succession on Surtsq, in 1974, and pmitianed in quadrant L13; 36%- 12 m 
three areas that differed Jn quantity and quality south of plot 12 which had a plant cover of 19%. 
of plant cover, and hence illustrate three stages The smallest coastal distance was 550 m to the 
in the aucce~ion. We wanted to study the ability eastern beach, and the pIot was located on a 
of t h e  microbes in  he bare soil ta retain and s a ~ ~ t h  facing slope (15')). The soil ww tephra 
utilise a sudden nutrient input, and thereby to sand with H o h y a  &!doihs, and some Faiwsmrecs 
improve the nutrient status of the soil far plant gla& were nesting nearby, 
growth, Moreover we wanted to clarify whether The control with bare soil 04) was pasi timed in 
the funcrional differences in the soil microbial q~adrar.lt 010 approximately MO m nartl~wes~ of 
communities occurred in parallel to differences pbt 11 which had a plant cover of 4%. The small- 
in plant cover, est coastal distance was 500 m to the southern cliff. 

The mil was imvegetated tephra sand, but some 

MATENAU AND METHODS 

S t d y  a m  
In the summer of 1995, six plots (3x3 m) were 

established for survey of the soil fauna. The sites 
were chosen in order to obtain a succession gm- 
dient of plant communities 01 increarsing com- 
plexity. In July 1996, soil samples were collected 
in the bare #oil plot U4), in the Honkmyn plat 
(J3) and in the bird colony (JB) (Fig, 11, 

The poaidons of the plots are noted in refer- 
ence to the co-ordinate system which divides the 
island into quadrants of 100x1 00 ~n (Fridriksson 
19921, and to plots established for botanical sur- 
v e y ~  by Magnbssan d al, (1996) who investigated 
the plant-cowr in the reference plats duling 
19?4! !!as, -.,. .- 

mot material wu ktmd in &e soil samples. 
The vegetation in the bird colony U5) was 

established in 1983, and since 1986 guIh have 
been nesting, The plot was positioned in quad- 
rant Q12; 318"-22 m south of plot 1 which hacl 
a plant cover of 70%. The smallest coastal die 
tance was 250 m to the southern cliff. The mil 
was ttphra sand with a dense vegetation cover 
primarily consisting of Hmkmjla $qblo id~ ,  Pan 
~ l m s b ,  S,ccimUiu aimflexre, C o c h h h  oflciradis 
and SidInria ~laerlia Lunar jwcw aiad h c s  taw 
tdus were nesting. 

Sax@1ing 
On July 23.' 1996, bulk samples each consist- 

ing of Aw sub-samples (36 cmy, a5 an) were mn- 
domly collected from tach plot. The samples 



WCI'C 1 1 1 i 1 ~ ~ ~ 1  i l l  ilirtigllt ~ I H s ~ ~ c  Ixlg~ i111~1 S ~ ~ I ' C I ~  ;I( 

5°C; I I ~ C , I I  nrrivill in Rr.)tkjavik thc f{,ltowing ctav. 

Soil ?*r~/)h.t~Iio17 
111 r~rrlc~. to i i ~ v ~ s ~ i g ; ~ ~ c ~  W I I ~ C I I  11~1ti ' i~ ' i i1$ 1f111it 

t l ~ c  micl-t>l>i;~l gtmo!vth, ;I rc*spir;~tini I cxpr.lnilnc~i l 

12~1s sct up. 2 g .samplrs r>l' sirvrcl s t ~ i l  (t'rcsll 
~srchigl~t, sicvc* mcsll s i x :  2x2 n ~ m )  nfrre pli~recl in 
1 1  t i  ml st*ntnl 31ot~lrs. Dililillrcl watrl- anrl ii~rtri- 
c n ~  s o t ~ ~ l i o ~ i s  contain i i ~ g  llaclorinl combin ;~ l ic~~s  
ol' C:, N and P wr3l-c. iltlrlrrl (i.c. 2" = K llr.;llinrnts), 
Distitlcd wn1c.r IV~IS ; ~ c I i l ~ ' r \  t o  tillill liqllicl \ ~ ) l t l l l ~ < *  

~ ) f '  1 .50 1111 111- Ililsk, ;lnrl finill ct)ncc~lrr;~tions in 
eiicli I'Ei~slr wct-r 0.278 M T; i ts  C,,H ,,Ill;; 0.1 IiS M 
hl as N1-l., NO:, anrl/nr 0.073 M P ar KH,PO.I t 
0.08H M P ils Nil, 1-1 I",, . TI1 is was equal t t ~  1.5 
rng C, 0.34 1 1 1 ~  N N;II(! /or 0.37 t i~g P ~ C I .  ~ I ' ; I I I ~  

so i  I (rr(*s11 1vttig11 t), T11rcc rcplici11 (4s 14~~rt- pi-e- 
p;lrrrl for c.;~ch or ~ l ~ c  tliroc soils. The swum hot- 
tlcs WCIT s < > i ~ l ~ t l  with 1 . i l l 3 l ~ i .  S L O ~ ~ I P I ~ ~ ~  anrl 1 0 ml 
; i t~i ios~~hcric  air was :ulr led in olnclcr. lo a\loirl l>iIl-- 
tial tractturn r l ~ ~ r i n ~  s;~mpli~lg. To p r c ~ c i i ~  any 
fixygml Iimi~atinns in the soil slun.l-y, thc Ilnslcs 
rvcril shakcn a[ nrodr~l-:~tc. sprerl rl111.ing tlic IH 
h o l ~ i  i~lculxiiifln pcriorl 31 t rot~m tempc.1-;I t 1ri-v. 

I-I~i~rlsp;lcc p s  snmplcs (0.5 ml) wcrr ~.oll(*c~ccl 
crrry 3-4 Iio1~1.s ;IIICI ;IH;II~SCCI t ~ i i  ;I gits C.~II.O- 

rn;1in~1.;11>h rq~~ippr r l  ~ v i l l ~  a TC:n i~nrl iI 1,8 m s 3 
in tn 1'01-npzk Q c.olumn np.c+r.;~rrcl ;rt 35°C:. 

IJil-rrt rnrr nlirtg of hn('tnin nnfl,[~tnfi.i 
Thrcr 1.rp1ici11 rs I'rnu~ rilcl~ 1311,~ wcrr prcpa1.- 

rcl fix clirrcr ct~timr~rntion o f  Ixlclcria ;mrl l i ~n -  
gal Iiypl~ac 1)y 1ixi11fi 2 g li-csh nil in 5 1111 0.4% 
l ~ ~ ~ + m i ~ l t ~ ~ * l ~ ~ ~ ~ l t * .  

k~ctrri ;~ wmmc stais~ccl ~vich i2ci~irli17r-01~111g~: 
(ilr~l>l)ic* P/ n?, l t l f7 ) .  12 100 111 s;lmp)c ol'tlie lixrcl 
suspension was arldecl t o  5 rnl ctilu~ccl srcrilr fil- 
1c1-cd ;~cciic xcirl (0.15 m M ,  pl-l=4). O n c  in1 Acr- 
idi~lc-oi.angr (0.5 rngllnl) rws ;wlrlccl to t l ~ c  II~IC- 
tc.~.i;il st~spcnsion, wliic!~ rvzs IpFr till. two miu. Thr 
S I I S ~ ~ I I S ~ ~ I I   IS filtcrr~l (111 t t ~  a l>ladi p c ~ l y c + ~ ~ ~ = l ~ ~ ~ ~ ~ -  
;IIP tilt r t- (pol-c-six: 0.2 i1n3) , R;~ctcl~-i;~ n~un~l~c~i-s 
wcarr= rl(=tr~~i~inr.rl I>?! rlircct cnlinting ~wiug  an epi- 
I l ~ ~ n r c s r ~ n r r  mirlr~scrq~t~ c-q~ ~ippcrl w i ~  li an c y -  
piccc griltir~llv (glxti~llles 14t tl. To~~l>r+iiFgth, 1.JK), 
'TIILL nlirnhrr. r,T l i r . 1 ~ 1 ~  i~lspcclccl pc t' E i P r  cr. wxs 30- 
50, ;mrl n niinilti~im or 2130 cclls ~vcrc. cou t~trcl. Thc 
l,ic~vc~l~i~ilc~s ( ) ~ l ~ l i i l ~ . ~ o ~ ~  )J/ 01, 1!3713) 01*21) cclls prr 
tiltcr wclr rstimi~wrl ~rl;ing a Ptla-~rm GI2 r.ycl~ic.cc 
p t i c u l c  (G1.;~1ic1rlcs l,crl, Ironllrir9gc, UK) , bar- 
~ c * ~ - i ; ~ l  I~io1t~;1ss-cat-l31~1i 1+21s ~aIc\llatetl rising 310 I& 
lnn" ;IS l~,ii~volun~c crmvcrr;ion litctor (Fry 19!)(1). 

Th[a Ii~ngnl llyphi~o wcrr sti~incd wit11 (:ill- 

r.l)flr>~~r-\vl~itc. (U'CS~ 19)HH). R H00 111 ~ i l ~ i ~ p l ~ '  01' 
rh r  Iisrrl si~sllr~ision w;ls i~~lclrrl lo 5 1111 strrilt' 
liltc'rrtl, rlisiillcrl watcl: ?i, 1h.c. Iiy1>1i;11 SII?;PI*II- 

sicjn 1 1111 ( ~ ~ l c t ~ ~ l ~ ~ o r - ~ ~ ~ l i i ~ v  ((;.[I ii1g/t111) I\liIV 

ZICICICCI. i111d th<: s ~ ~ s p ~ + l i s i o ~ ~  ~ V ~ I S  1~:Ii li~r. olir I I O I I ~  
i ~ t  I-orun I r.mpr.l-,lr~tn~. TI ~ r .  siuai plr \tfi~s Ii I I c ~ r b c l  

o r 1  Ltl ;I hl i~ck ~ I O ~ ~ S ~ I I ~ ~ > O ~ J ~ I ~ ~ ~  lillcl. ( ~ ~ U W - S E Y C :  0 . H  
{tm). 7 '11~  I~yl>IliiI Irnfllt~ Ijfi\s I I ~ C S ~ I ~ ' L ' ~  13)' 1 2 1 ~  

grid i~ i t (~ i ' s t*c~i~~g t11vt li(1r1 (Olsrt~ 1!350) tising :111 
c.l)iIll~o~.c*ser~iicc niici-cncopr c*q~ripl~ctl wilt11 ;I 

10x1 0 squa1.c.s c)rrbpircr ~ I - ; I I  ir I I I P  (jii-:~tic.~~lr.s Ltcl, 
T t ~ s ~ l ~ ~ ~ i ~ l g ~ ,  LIT<). TIIL* I C I J K ~ I I  OS iI 1i11r i11 t110 
gsirl, ;!I .5OOs ~ ~ l a g ~ ~ i f i c a ~ i o n ,  was 200 llm iu i r l  (i13 
grirlu rvrnrcI i ~ ~ s l r c t c d  pci' liltri: F i l n l ~ ; ~ I  hfoinnss- 
c;lrhnii {\!as c~sti~n;rlctl ;lssuir~ing i1 rlii~inctrr IIP 2 
\IIII, 311d ~ t s i i y  I30 SgC: pm-' ;IS con~r<*n~;ic>n f';~rtor 
(VUI V ~ C I I  tk l'a~ll 1979). 

So.il vr(risltr,r nrtd / ) I /  
(h- i~~~i~r~c~t i+ ic  IViItrV C O ~ I I P ~ I ~  IG~S c l t* l~ i -~ i~ i~~ce l  

i~l'lrl* rlr*?~ing 1Q-IS g soil fiw 24 11o11i-s at 105°C:. 
p1-1 was i n ~ ~ a s ~ ~ l . r ~ r l  it1 ;I s~tslwnsiil~z 1vi111 5,O g 
(l'14rsh wc.ig111) soil ;ulrI 1 Ornl clis~illrct ru;I tel :  T l ~ c  
sits~-j.c.nsicl~a w;~s sllalccu l i l t .  30 min ;111rl Iet'r 10 w t -  
t f i>l4  t l l i l l  F~t*li)t-(* 131-1 M?;IS ~TIC:ISII  I 'CC~.  131-1 \V;~S 

also mr;~~~~l-clr l  in c.rdl[*c.~ oil Ili lLsl rlmppings. 

SErtli%licr 
Dxr;t w c ~ o  :~nalyscrl ~rsiug a onr--\vily ANOVA 

or Kri1sk11-M1:lllacc ANOVA 011 l-ilnks i111~l Ti~kry's 
~tu~liiple r;ltlKr tcsts \vc13c: usccl m i ln i t l v s~  foi. sig- 
nif ic ;~nt  clil'rrrr.ncc.u bc.t\vccn tlic 1111-cc stjils. 

I t  i s  possible ttr lrsc thc liric*ar' incrc;tsc in  I I I  
(~ r~pi ia l ion  I-i1rt.s) cllll.i~~g 111t. cxpot~cntii~l pli:lsc8, 
3s 311 c%ljl3?il2r t h e  fil+~l c , l - ~ l t . l -  gl't)~t!l Wt ch tl l '  

t l ~ c  miclqol~iill I~iomiiss (Col(~rcs P I  ((1. Ig!I(j), Tllc 
Iiillc= i l ~ t ~ ~ l ' ~ * ; ~ ~  1 ~ ~ ~ 1 r l ' ~  r~gl-~*ssit)~l I I ~ W  lllcb lligh- 
r s t  I + ~ I I ; H ^ ~ *  is 11cc.d lo lilltl ~ h c  grnwl11 riItc8 ;ls thr* 
sIO]x= M i l  11 t i l ~ l i ~ .  ~ ~ 1 ' 0 1 4 ~ [ ~ 1  I'i1lt'S, FVI IP I I  c>~Ir~~[ ; l t iY~ 
this \v:I~, may rhuly Ilc v:~licl w l ~ r ~ r  ~hc* mirro1~i;ll 
growth yiclrl ctocs not ch;i~igc clt~ring thr prl-ird 
;I t1:lIysi~rl. 

Sign i lic;~ti r rli iT(~r.c~nc~ l>c.t\vr*ca~ Lrvo r-cg~.cssion 
lints rv;ls rcs~crl ilsing lllr T~tk~y-K~.i l~nt*~.  ~cst.  

Rpat~lls linonl t 11r s r a t i s t  ir;il ;~ri;ilyscs ;lr+c pl-('- 
s~Iltf2tl 31 Lht: ;713~11'~~ll'iil%t' Iiglll'vs illld l i l I l I ~ ~ .  

Sig~tlastat [illn Winr to~a ,  Vrl-sioll 2,0? li+onr SPSS 
III( . ,  we unrd to pcrlimn 111c sti~tistici~l i ~ u a l y ~ ~ l ; .  

11T:SLJl ,TS 
I f hrrc WIS ;I sigiiiiici~nt clirii~is~ncc. in llic witrtbl- 

contcnr in tl-tr. 1111.c.r* soils (Tczlllc I ) ,  Tlic Ix~r(a 
~ t l i l  ~lild tllr l+ f~ l l  (*Im, i 1 l l ~ I  1 1 1 ~ ~  s O ~ I  ~~1'0171 1 ll<a 

coli~ny. r v i l l l  111t> I i ~ r ~ c ~ t  plalr L I~iou~;lss, hacl rlic 



Tnhlc 1.8011 pH and mntent of sail wtiur (dw), ~tnnduld mwr In 
prmnttlesls. Mmna wlth di&rent Iruem we 8ignlficlintly dl2Temt 
(0ne-w~ ANOVA, p d . O O O I ) ,  

most water, pH in the bare sail and in the How 
kmya plot was 7,5 and 7,9 (Table 1). pH in the 
colony sail was 6.5 even though bird  dropping^ 
alone had a pH  of 8.0, The high content of 
ammanta in the guano (Bedard td d. 1980) pro- 
bably resulted In a high nitrification activity that 
reduced the pH. 

Initial respiration rates were very low in the 
bare soil and virtually unaffected by C, N and P 

R p r e  2. Snltbmte knduc~d reupirarian mtel in the bare plot 
(I), the Nunbnyn plat (I}) and 111 the btrd colony plot (c) For tlie 
falldng atnrndtnel~tp: ~vnter, C, N, P, CN, CP, NP and CNP, + 
standard ermr bars br h e  CN ~ n d  CNP Wrment. 

amendments (Fig. 2a). In the Honhya mil, sim- 
ilar respiration rates were slightly stimulated by 
the simultaneous addition of C and N, whereas 
added P had no effect (Fig, 2 b), The soil from 
the bird colony showed a marked increase in ini- 
tial respiration rates upon C addition alone, 
whereas addition of N and P had no additional 
effect on fie initid rate (Fig, 2c), This indicates 
that indigenous microbes in che Hwtkmyn soil 
and the soil under the bird colony were apable 
of increming their activity if supplied with a 
suitable subatrate, in contrast to the organisms 
in the bare soil that showed no such response. 

The maximal initial substrate induced respi- 
ration mte (SIR) has been correlated with the 
microbial biomass (Anderson & Domsch 1978). 
Using the CNP amended respimtion rates from 
[he first 5 6  houi-s, the estimated respiration in 
the three aoik were significantly different (Table 
21, The initial respiration rate in the bird colony 
soil and the Hmhya soil were 24 and 6 times 
greater than in the h e  soil, indicating a much 
lower active microbial biomass in the bare sail. 
The direct counting showed a significantly high- 
er bacterial biomass in the colony soil compared 
with the H d m j a  and the bare soil (Table: 2). A 
significant increase was also found in the hyphal 
biomass, which correlated with the increase in 
vegetation cover. The difference in Eungal bi* 
mass wsr~lted in large differences in the ratios 
between bacteria and fungi. The ratio was 1:l.h 
in the bare soil, but 134.3 in the H d m y a  soil 
and 1:15,2 in the mil under the bird colony. Due 
to the extreme nature of the bare soil and the 
very low regpiration rate, it was not appropriate 
to calculate the microbid biomass in accor- 
dance with the equation found by Andenon 8c 
Donuch (19781, 

The addition of C, N and P resulted in the 
largest respiration race increase (i,e, growth) far 
all three plots, but there were differences in the 
time elapsed More this effect became appar- 

%ble 4. lnillal aubstntc tllduced irsplratiun awes a h  M hoitm 
o l  incul1;ltion with CNP, ahncntlad c m r  in p r l ~ ~ n t h e l .  M!an~ with 
rliffe~mi letten within a iwv am significantly dinerent ( O n w y  
ANOVA and '"Kruskni-Walli~ ANOVA on rn~~ke, 1xO.Q011), 



vut. Thc hi1t.c soil rt~sponrl~cl slowly, wit11 a maxi- 
mal rt-spi~.ation raic thai ort.rrrrerl ;~l'tci= 27-34 
llcmrs. P 11 comp;irison, tl~r I -Jonk~l~ jw  soil amrl 1 lle 
hi rcF colr>n y soil atcainccl n mnximlunr rt:spii-ation 
rate d ~ r r  011ly 23 31~)~li-s. Intl~rctinn ol' growth 
1-cquircr1 the :~rlrlEtii~n ol' C as ~rcl l  as N in the 
~ ; I I - r  s o i l  a11(1 the l i f l l 7 1 f ~ ~ 1 1 1 1 1  s~lil (Fig. 2i1, 2111, 
~ h c r c n s  ~rowt l i  w;ls inrlt~cerl 11y C ; arlclilion 
alonc, LO ;I lwe i -  lmr coml~i~rithlc: 1r:vr.F ;IS round 
wit11 arlclition or C, N anrl I' in ~ I I P  soil ~lntlclr zlir 
hir-rl colony (Fig. 2c). 

Estiinating li rst ordcr growl 11 I-itt(! or t t ~ c  
iniri-c~hial hion~ilss (7';1blc 5 )  r ~ r  CN ;-II>c~ CNP 
arlrlitinn showctl thar g~*owlIl ;12 i1 r lr tcctahl~ IPV- 
cF hrp,r;lu i~rtcr. 3-7 I ~ o u ~ ~ s  i l l  ~ l ~ c  soil I inm the hil-rl 
colony, anrl ~ R e t -  8 1113111% in LIIC I ~ o I I I ~ P ? ~ ~ ~ ~ J ' w  soil, 
(;l.0t41t 11 in 111r I~are  soil I>cgan a h r  10- I I hours 
wit11 C:NIY ar l~l i l i r~i~,  and ; I E ' L ~ I -  17 11oul.s whcn 
only CN was nrlclcrl. T h e  gl't>rvtrtEl law wcrc. s i p  
ni f  canily lowcr lor the microhrs in thr. soil I'rorn 
thc hil-rl colony, corn pal-rrt with the micl.ohes in  
rhe clrl~c~. two plots (Tahlr 3) .  'Thr ilrlrlition (>I' P 
incl-r;rsecl growth r-atcs 11y 40-(iO% i i i  rhesr soils. 

A s s ~ ~ m i n ~ :  thilt a ~n i l~ imt tm 01'40% n l  ttlc ;Ins- 
imilnterl c;lrhoil h i d  hven rcspirccl into ~ h c  

h ~ i ~ r h p a c e ,  it is possihltn to ca1cul;ltc thc ~nnxi- 
1n:i l p r l rvn  taRe (st' gt~icose-(: tlli~t I I ; ~  h c c ~ ~  inin- 
rr;ilisecl hy thr mici-r)l~es (Vomney #c Pi~trl ICIHI). 
Tlic mici-ohrs in Ihr rnlony snil wt.~-r ahlr* t o  
u~ilisc 90% 01' 11ic arltlecl glurose-C ~ v i t l l i i l  24 
I I O I I ~ S  ~ 1 1 ~ 1 1  C:, N i~tltl  P \+TIT i~~lclt'cl (TxIJP I ) ,  
In thc Iionlr~rq+rr soil, 52% wc*rr8 111i nr*fi~lisccl, 
wl~c*~-p;~s l l ~ r  t~~ictnl,c.s in 111c 1~a1.c soil only Iniln- 

agvcl to ~ t l i ~ ~ c ~ ~ i ~ l i s ~  4 "Jo oI" ~thc adrlerl g111co~c-T: 
cl~tring 24 hottrs. This indicnlcs ~ I I ; I I  rFic mirt= 
ollcs i l l  t l ~ c  r111Iy alnc~~clr~tl  incul~at ions l'1n111 thr  
h i r~ l  colony wcrc* carholl linlitccl atccr. 24 hours. 

X1ISC:USSI ON 
I n  thc c i ~ ~ l y  sti\grs CIS pri1nal.y successiol~ 1 1 1 ~  

l ~ i i i l c l - I I ~  or soil fci-~ili~y rcqt~ir's t l l i ~ t  pl:111 t I I L I ~ I - i -  
c i ~ t s  arc rclaincrl within i he sysirm. Thc* i l ~ t c i - i -  

C I I ~  Cil l l  13c SIOI.CCI ill lllr snil SJS~CIII hy sorplion 
10 lhr orgillli c !Ilatf rl+ (11' \Vi ~ l l i l 1  tllr lTb~~lW~~l+gilll- 
isms. In t l ~ e  s;iurly t rphm soils of S~~r rs ry ,  rhr 
(+on r.11 t i) f '  or'giulic ru;tttur was cxt rcmely lo~v, ;IS 

3% r;lfinn ; I I I ~  0.3% nitrogrt~ M J C ~ ~ C  Soi111c1 in thc 
Iiwl rolon?l stkil, in crsnrlAast to (1.2% cat-l~on anrl 
no rlctcrri~hlr niln,~c>n E I I  soil without vcgc~~t i f ln  
(Frcdel-i kstv  pf 01- 2000), 

Tl~cl-c waq ;I signific;lnz i~icrrane in tllc total 
mic~uhial Iiomass rletrrminrcl as rlii-rct rolmts 01. 

;a SiR (luring t t ~ c  successinn. Thc sun1 d' hacrer- 
ial and litng:ll hiomass in zhr h i d  colony and tlir 
Sinnkrwllrr soils 1vcl.c 17 nncl 9 I ~ I I ~ C S ,  r~~prclivcly,  
Iargrr th;ln in Ilir. I>art3 soil. 'Tl~t~s thc~r  i a  ilcr- 
nlrtniice hehveen t i l t -  \%~~.ii~tir)n in ancl tnicl'o- 
qcopical 1~ioin;lss vstimi1rt:s betwcril 111e silts. Tllc 
cl ircct csli mirtcs of t'ttnk~tl ~ 1 1 ~ 1  hactcrial I>io!llibss 
s l ~ o ~ v r c l  I I ~ I  r1111gi totally C I O I ~ ~ I I ~ I ~ C ~ C I  111~ tl~icro- 
Ilia1 co in t~~uni  t lrs in t l ~ c *  11101s 1vit1-1 vc*gc*t;iticln, 
wl~erca;ts Ix~crcria comp~.iscrl 413% rd' [IIP ~nirl.ol)ial 
hiomass in thc harp soil, 'l'lic input of l~li1111 rle- 
Iwis ~~EIVOLII 'S  1 i111pl  rlccoinpnsiiic>n as in thr  Idon- 
kmjw srlil, 13111 the arldiciot I 01 casy clccompos;ihle 
n l a ~ t r r  s~rt-11 as I>il.tl rli=oppings also l'acilitalcs I~ac- 
rcrial gl-rnvt 11, This cor~lrl c.xpl;~in 111c I-clntivcly 
lower bactrl-i;~l:Ii~ng;d ~ x t i o  in thc hil.cl ctllcmy soil 



(115.2) compared with the H o d m p  plot 
(1:34.8), whereas the funga1:bacterial mtio in the 
bare soil was much lower (1:1.4). 

The exponential growth ram with CNP addi- 
tions were significantly lower in the colony mil 
than in the two other plots. This implies chat the 
microbial, cells in the colony sail were relatively 
slow in asimilating the added nutrienh, cam- 
pared with the equivalent miciabid biamnsa in 
the H&nya plot and in the bare soil, This indi- 
cates char the microbial community had a difkr- 
ent srructure in the Werent aiteil, since it is con- 
sidered unlikely that micronutrients are more 
limiting to microbial growth in the bird colony 
soil than in the hare sail and H&p soil. 

Communities, which are dominated by bacte- 
ria would be able to perform exponential growth 
in response to a sudden input of nutrients and 
thus exhibit a faster response than would a 
community dominated by fungal hyphae with a 
mare linear growth pattern. The bird colony 
sail, with the highest fungal biomass, also had 
the lowest growth rate as compared with the two 
simpler communities. This could indicate that 
h e  microbial communities in the H d q a  soil 
and in the bare soil were dominated by r-strate- 
gho, whereas the bird colony sail was domillat- 
cd by a mixture of r- and K- strategy microbes, 
which corresponds well with the theories on 
succescrion (Odum 1962). 

Carbon was the primary limiting factor for 
microbial activity and growth in both the Hon- 
h y a  sail and the bird colony soil communities 
at Surtsey, as In mosl decomposer communities 
(Swift d ab 1979). Carbon was able to stimulate 
activity but not growth in the bare soil cammu- 
nity, and the overall respiration rate was very low 
in the bare soil as compared with both the 
calony mi1 and the Honhys soils, The Iwel of 
available nutrie~~ts w a s  unusually high in the 
bird colony soil, since addition of carbon alone 
could induct an initial growth responae similar 
to the response when carbon and nitrogen were 
added, Tlze effect of N and in part also P was 
secondary, and addition of N and P resulted in 
an increased and prolonged growth response, 
but only whe~l these nutrients were supplied in 
addition to C. 

A depletion of the organic nutrient wKlurce 
could explain the decrease? in growth rate at late 
stags of the inoculation (Stotzky 8c Norman 
19641, In the colony soil and H m h y a  soil with 
C, M and P addition, 52.90% of the added C 
mineraliscd after 24 hours, Growth also de- 

creased in the bare soil during the late s h e s  of 
incubation with C, N and P, but in cht case less 
than 5% of the added C was rnineralised. There- 
fore, a ther explan ations than reduced carbon 
supply, far example production of inhibitory 
substances and/or depletion of micronutrientti, 
were probably involved in the reduced growth 
rates in the bare soil. 

The capacity of a soil community to utilke 
and store a sudden supply of nutrients has been 
important for the dwdopmenr of the Surtsey 
ecosystem. The ability to do so depends on the 
specific growth rate of the microorganisms corn- 
billed with the response time and the standing 
biomass of the micmbial community. The high 
growth rate of the microbes in the bare soil 
shows a great capacity of the cells to retain nutri- 
en& when available, and tllis adaptation is prob- 
ably important for the accumuhtion of nutri- 
ents in the bare soil. But despite the higher 
growth rate, the d c ~ b i a l  community in the 
bare sail may only be able to tttitise a minor frac- 
tion of a sudden nutrient input such as a bird 
dropping. The long time intervals between occa- 
sional bird droppings or inputa from other 
nutrient sources prevent the formation of a suf- 
ficient microbial biomass, allowing the bare sail 
to efficiently immobilise the nutrients in a bird 
dropping before the nutrienrs fire lost, In spite 
of the lower growth rate, the microbes in the 
colony soil have a great potential far utilising a 
sudden nutrient input as this community hias a 
much higher standing biomass, and therefore a 
higher net-production rate, Howwer, here the 
microbial capacity to stare nutrients may be less 
important, due to he high concentration of sol- 
uble nutrients available for the plants. 

During the more than 30 years that have 
elapsed since the eruptions began, a new ecmp 
tern has evolved on Sur~ey. Bacteria were estab- 
lished early on h e  island, even before the erup 
tions ceased (Ponnarnperuma ei ak 1967). In the 
following years life forms colonised the moist 
areas near the thermal vents and in cmbrs, in 
what Schwabe (1971) called the o m s  of ecqen- 
egis. Our investigations indicate that the birds 
currently may be the single mast important fnctor 
for the further development of the ecosystem, as 
the level of microbial activity is significantly high- 
er compared with the simpler communitie~. 
The potentially k t  growth of the microbial 

community in the bare soil is a mechanism 
evolved m rerain Introduced nutrients within 
the system for eventual tlzse in plant growth, The 



small biomass of microbes in the bare soil and 
the low ability to store nutrient3 result in a very 
slow accumulzttion of organic matter in the bare 
soil, however. These resulcs show that the estab 
Iishment of plants in the bare areas an Surtsey 
is still strongly limited by the low nutrient status 
of the soil, 
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Microbial biomass and community composition in soils from 
Surtsey, Iceland, studied using phospholipid fatty acid analysis 
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ABSTRACT 
Soil samples from Surtsey were analysed for chemical properties, number of fungal colony forming units 

and phospholipid fatty acid (PLFA) profiles. The temperature in the samples varied from 16 to 74°C. The 
microbial biomass in the samples was rather low, which may be due to environmental stress. There was a sep- 
aration of the microbial communities in hot and temperate habitats as evaluated by principal component 
analysis. The dominating phospholipid fatty acids in hot soils were branched fatty acids, which primarily are 
found in Gram-positive bacteria. There are also a significant decrease in fatty acids characteristic of Gram-neg- 
ative bacteria with increasing temperature. 

INTRODUCTION 
One method to estimate the total microbial bio- 

mass is the extraction and quantification of phos- 
pholipid fatty acids (PLFAs), which are located in 
cell membranes of all living organisms (Ratledge 
& Wilkinson 1988). Results from the PLFA tech- 
nique have been shown to correlate well with 
other methods for estimating microbial biomass 
(Federle 1986, Frostegird et al. 1991, Tunlid & 
White 1992, Zelles et al. 1995), and the turnover 
rates of PLFA after death of the organisms seem 
to be rather fast (White et al. 1979, Tollefson & 
McKercher 1983, Klamer & Biith 1998). 

The major advantage of using this technique is, 
however, the possibility to separate the microbial 
biomass into major taxonomic groups. This can 
be achieved because' different groups of organ- 
isms have PLFAs, which are almost exclusively 
found within the group. For example 10Me16:O 
(for the nomenclature of the PLFA see Materials 
and Methods) has been suggested as marker for 
Desul fobac t  spp. in marine sediments (Dowling et 
al. 1986), and 10Me18:O has been suggested as a 

marker for actinomycetes (Tunlid & White 1992). 
18:26,9 is almost exclusively found in eucaryotes, 
mainly in fungi and plants (Federle 1986, Well- 
burn et al. 1994, Zelles 1997), although it has been 
found in some marine bacteria ('Johns & Perry 
1977). In the same way one group of PLFAs are 
mainly found in Gram-negative (Federle 1986, 
Zelles 1997) and one in Gram-positive bacteria 
(O'Leary & Wilkinson 1988, Tunlid & White 
1992, Zelles 1997). Thus compared to classic met- 
hods like, e.g. direct counts of cells and hyphae 
(Domsch et al. 1979, Elmholt & Kj Aler 1987) and 
fumigation-extraction techniques Uenkinson & 
Powlson 1976, Anderson & Domsch 1978), it is 
possible to estimate the viable biomass of both 
fungi and bacteria with the same technique and 
even within the same sample (Lechevalier & 
Lechevalier 1988, Frostegird & Biith 1996). 

Therefore the PLFA technique has been widely 
used to estimate changes in the composition of the 
microbial community in natural systems, e.g. aquat- 
ic systems (King et al. 1977, Gillan & Hogg 1984, 
Kieft et al. 1997), soils (Zelles et al. 1994, Bigth et al. 
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Soil mites and collembolans on Surtsey, Iceland, 
32 years after the eruption 

PETER GJELSTRUP 
The Natural History Mnseum, Aal-hus, Denmark. 

ABSTRACT 
This paper represents a field study of mites and collembola~is on the 32 year old eruptive island Surtsey, 

30 km south of Iceland. The data were collected in July 1995. Five squares, each 3x3 m' were investigated, rep- 
resenting different successional co~ntnutlities 011 the island. Mites were the most numerous soil arthropods fol- 
lowed by collembolans. 80,000-240,000 mites and 68,000-97,000 collelnbolans per 111' were found ia and close 
to a gull (Lanix n ~ ~ e ~ z ~ a l z ~ s )  colony, dolni~~ated by the grasses Puccz~zellin ~ e t r o J e x ~  the cornmon meaclo~v grass 
(Poa plnteluis) and the plant colnlnoll scurvy-grass (Corlzlewin offirz~zal~s). In a pioneer commuility domi~lated 
by the sea purlane (Honkenyo pe1)loides) and the sea lyine grass ( L ~ I ~ ~ Z L S  m - ~ n a ~ z n )  about 190,000 mites and 10,000 
colle~~lbolalls per m' were collected. Oribatid mites (Oribatida) were unexpectedly I-epr-esentecl on Surtsey 
with 22 species, huo of the species inay have arrived Crom North America (Neal-ctic). All other species roui~d 
on Surtsey   no st likely have spread from Iceland or Western Europe. 

INTRODUCTION 
Lindi-0th et nl. (1973) listed the mites found 

on Surtsey in the period from 1963-1970, (see 
Table I). A survey of the occurrence of collem- 
bolans found on Surtsey in the period from 
1963-1978 was made by Bodvarsson (1982). The 
first registration of mites on Surtsey was in 1965 
and it was found on a Orthocladiin midge (fly). 
The first Oribatid mite (Oribatida) was found in 
1966 on driftwood. The first collembolai~s were 
found on the shore in 1967 and apparently they 
had floated to the island on the sea. New mites 
and collembolans arrived each year. Most of the 
firstly appearing mites were found on flies and 
in connectioil with the little hut on Surtsey, 
whereas all collembolans collected in the period 
from 1965-1972 were fouild in connection with 
the shore. However, in 1976 collembolails were 
for the first time found in mossy vegetation on 
the southern lava fields far from the shore 
(Bodvarsson 1982). 

Lindroth et al. (1973) and Bodvarsson (1982) 
found 16 species of mites and 16 species of 
collemboIans on Surtsey. Mites most likely have 
arrived to the island by flies, birds, driftwood, 
the wind (in stormy weather) 01- even by man, 
whereas collembolans may have arrived either 
by the sea, the birds or the wind. However, a pel-- 
inanent soil fauna was not observed. Therefore 
it was a big challenge to investigate the soil 
fauna on Surtsey in July 1995. 

METHODS 
The soil fauna was investigated by taking soil 

samples from 5 squares 3x3 m in different suc- 
cessional plant commu~lities and later extracted 
in a modified MacFadyan apparatus. The sam- 
ples in this paper were collected by the author. 
However, mites from samples collected by the 
icelandic H6lrnfridur Sigurdard6ttir are also 
included in the results. 
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Samples collected by the author were handled as fol- 
lows: 

Ten samples each 5.6 cm in diameter (24.62 
cm2) and to a depth of 8 cm (if possible) were 
taken from a mini-grid, 30 x 45 cm, thrown back 
into each of the 3x3m grid by chance. From 10 
fixed positions in the mini-grid, soil samples 
were taken (see Figs 1 and 2). 

The samples were extracted in a modified 
high gradient MacFadyan (Gjelstrup & Patersen, 
1987) apparatus a month later in the Mols-labo- 
ratory, The Natural History Museum, Aarhus, 
Denmark. 

Samples were collected at different other 
locations on the island and the results are 
included in the results (Tables 2-6). 80 samples 
were taken on Surtsey in 1995. 

Samples collected by Ho'lmfridur Sigurdardo'ttir were 
handled as follows: 

Ten samples, 7 cm in diameter (38.46 cm2), and 
to a depth of 5 cm were taken from different fixed 
squares (30x30 cm) in each of the 3x3 m2 areas. 
The samples were extracted in a modified MacFa- 
dyan apparatus a week later in Reykjavik, Iceland. 

The mites from these samples were included 
in this paper (see Table 1-5). In another paper 
Sigurdard6ttir (2000) publishes the results on 
the collembolans from her samples. 

In the old bird colony U6) it was sometimes 
difficult to take samples to a depth of 5-8 cm 
because of the lava just beneath the grass. 

The main localities investigated: 
Jl : A Honkenya-Leymus community growing 

on loose tephra sand in the eastern part 
of the island, 120 m from the eastern 
coast line (Figs 1-2). Here Honkenya app- 
eared for the first time in 1967. (The 
mites from this square, collected by 
H6lmfridur Sigurdard6ttir were lost when 
sent by post from Iceland to Denmark). 

53: Honkenya peploides community growing on 
loose tephra sand on the rather steep 
eastern slope of the island. Here Hon- 
kenya appeared in 1974 (H6lmfridur Sig- 
urdard6ttir coll.) . 

54: Control area with bare and loose tephra 
sand about 300 m from the southern 
coast line (H6lmfridur Sigurdardbttir coll) . 

55: Young bird colony established in the 
southern lava field in 1986, 250 m from 
the southern coast line. The plant com- 
munity was dominated by Honkenya 
peploides, Poa pratensis, Puccinellia retrojkxa, 

Figure 1.  Collection sub-area in J1. Samples were taken in the 
mini-grid squares to the right of string marked with white tape. 
Surtsey, July 1995. 

Cochlearia officinalis and the Common 
Chickweed (Stellaria media). (H6lmfridur 
Sigurdard6ttir coll. included). 

J6: Old bird colony (with breeding birds 
since 1985) is situated in the middle of 
the southern lava field about 200 m from 
the southern coast line. The plant com- 
munity here was dominated by Poa praten- 
sis and Puccinellia retrojlexa (H6lmfridur 
Sigurdard6ttir coll. included). 

Besides a special area east of the old gull 
colony was investigated: 

J6 E: A community with vegetation of Coclzlearia 
officinalis and different grasses. 

The above mentioned 3x3 m squares except 
J6 E are permanently marked. Therefore it will 
be possible to follow the succession of soil 
arthropods in those areas in the following years. 

RESULTS 

Mites- earlier arriuals 
The 16 mite species found on Surtsey in the 

period from 1963-1970 (Lindroth et al. 1973) 
are listed in Table 1. I11 the period from 1971- 
1976 918 specimens of mites have been collect- 
ed, but not determined to species level (61afs- 
son 1978). 

Oribatida (Oribatid mites) 
From 1963-19'70 only 1 species of Oribatid 

mite Om'botritia faeroensis was found on Surtsey 
(Table 1). In 1995, however, Oribatid mites were 
found in most places with vegetation including 
in the main squares as seen from Table 2. 



Table 1. Miles Ko~~ncl on Surtsey 1963-1970. 

19fi5 1966 1967 1968 1969 1970 \tray of transport 

Thi~~osci~ts sfiir~os~~s 
Oribolriliri /riooe17sis "' 
~\~~icrnocl~is digijirrrs *:*:" 
Ixorles ricii~zls # 
1vI~irl I1 0cIe.s ue.s/1/71-11111 :b:'::': 
Qg.~~w/~I:or~rs ~~~rsc~~tbrici~~ne :':*: 
Tyro/)/trig~is rli~~~i(/irr/ris '>"''*: 
Dolrlrolrrelnl,~ ou(lcnm~~si 
FIne~~~ogrr~~rris~rs l~irli 
Ixodcs urine # 
c(~~og~/ll l~lis :': ::: :': 
~\..lncl~,nchelcs ~~lrilrius 
ilrr1o.sei.u~ cc1,alus many H 
FI~ilolncln/)s sttccic~w 12 H 
Coccc~i/~o~les rlr~vi/,.o~~s *:': 5 H 
Rltrlgirlin s p .*:': 1 H 
P,ulerc~r~zc/es rigflis *':;" 53 H 

5 21 1,306 70 4 148 1,554 
Gamasida (6) I: sprcad by insects (6) 
:: Oribatida (1) B: spread by birds (2) 
:':": Acti~leclicla (4) D: sprcacl by clriftwood (1) 
:I::$:': AC : a ~ ~ d i d a  (4) H: possibly spread by lnan - found under boards near 
# Ixodida (2) the hut or in 01- under the hut (8) 

Table 2. Oribaticl ~mitcs from difleren~ communities on Surtsey, J L I I ~  1995. 

.I1 .J5 JG J6 E J3F J5F JGF J4F Ex 

Her111nl111in sp. no\.. :';:'::': (-/)scudo~~odosrr, Alaska) 

Quadro(,j,in gnnrlricari17nlo 
Qlladro/)/~in sp. nov. '!::':* (-illi~loie~~sis, USA) 
O/~/~iclln noun :" 
O/)/~ielln S/ILPI~[I~II.S '" 
O/,l,iel/r strb/~ecli~infn :': 

Azclog~~cta l o ~ ~ g i l n ~ ~ ~ e l l r r l ~ ~ ~ ~ ~ ~ ~  

A~~rmv~~olhr~ts ~~igro/Fmor~tz~~'~ 
Z)~oribnlr~ln c.vi1i.s "' 
Clznnzobrr~cs nrs/~idn/~ls '3:': 

O/~l~.irliolrich rts 1x111 ~le.\-us $:*: 

Toral ntunbe~ 
Species 

:>: Found for the first time on the M'estman Islands (16). 
:":':: Species net\' to Iceland (7) 
":':*: Species new to science (2) 
-: Closely related to 
J1: Honlrozjri-LCJIIIZ~S 1970 
55: bird colon): yot111g 
JG: bird colon): old 

J1F: (H6lmfridur Sigurdardirttir coll.) 
J5F: (H6lmfridur Sigurdard6ttir coll.) 
JGF: (H6lmKridur Sigul-clard6ctir coll.) 

JG E: East of the old bird colony J4F: Control area, tephra ~vithout vegetatiotl 
Ex: Found else\vhere on Surtsey, 1995 (1-16l1llfridur Sigurclardirttir coll.) 



Table 3. Actinedida mites found in different communities, Surtsey, July 1995. 

Hzagidia ntordax 
Pen&Aalodes ovalis 
Petrobia aflicalis** 3 
Bdella sp 2 
Ncotnolgus littoralis 
Anyslis sp.** 4 
Bnlterdnnin sp. nov. *** 2 

Total 4,419 947 1,675 1515 4 13 4 3 3,233 
Number of species 4 3 1 1 1 2 2 1 

Abbreviations as in Table 2 

More than 3'700 Oribatid mites were found 
representing 22 different species, which all are 
new to Surtsey. 5 species belong to Oribatei 
Inferiores (species 1-5), 11 species to Oribatei 
Superiores (sp. 6-18) and 4 species to Oribatei 
Pterogasterina (sp. 19-22). Two of the species 
seem to be new to science, 7 of the species new 
to Iceland, and 16 species new to the Westman 
islands. 

By far the most numerous and widespread 
Oribatid mite species on Surtsey in 1995 were 
Hermannia sp nov. followed by Liochthonius lap- 
ponicus and Liochthonis propinquus. Most of the 
other species were found in very few specimens. 
Outside the 5 main squares investigated only 8 
of the 22 oribatid mite species were found, and 
only one species Ameronothrus nigrofemoratus was 
found in green algae growing at two nests of the 
Fulmar (Fulmarus glacialis) on the volcano cone 
Surtur 1. Unexpectedly Oribatid mites were also 

found in soil samples from the control area with- 
out vegetation (J4) collected by H6lmfriaur 
Siguraardbttir. 9 species were found in the pio- 
neer square J1 dominated by Honkenya and 
Elymus. In or close to the bird colony 4'7 species 
were found in each square, and in all 15 species 
were found. Oribatid mites were not found 
under driftwood or close to the sea. Hermannia 
sp. nov. to science were numerous in patches 
with single specimens of Puccinellia pratensis 
growing in the lava field close to the southern 
coast line of Surtsey and in many other places 
investigated including the zero plot J1 without 
vegetation at all. Most Oribatid mites are 
mycophagous mites or bacteria feeders. 

Actinedida (Prostigmatic mites). 
From 1963-19'70, 4 species were found on 

Surtsey (Table 1). None of them, however, were 
found in 1995 although 3 of the species, 
Cocceupodes clauifrons, Rhapdia sp. and Protereun- 
etes agilis are soil living mites. In 1995 Tarsonemus 
fusam'i was by far the most numerous species on 
Surtsey (more than 11,000 specimens collected, 

i see Table 3). This mite species may feed on tis- 
sue of plants and/or may be a fungus feeder 
(Cooreman 1941). 7: .fusam'i was especially num- 
erous in the pioner community J l  with Honkenya 
arid Elymus. Many of the other Actinedid mites 
found arc predaceous mites eating other soil 
organism. One species, Nnnorchestes arboriger is 
pliycophagous and may consume microalgac, 
and Pelrobin r~j~icalis and Bakerdanio sp. nov. are 
phytophagous. - I Neomo/gu.s lirlornlis were numerous or, the 

LC~IILZLS nla~zmia, Surtsey, July 1995. ing Species. 



Tahle 4. Acariclicla nlites found on Surtse): July 1995. 

Total 
Number of species 

Abbreviatiolls as in Table 2 

Acaridida (Astigmatic mites, mites of stored prod- 
ucts) 

From 1963 - 1970, 4 species were fouild on 
Surtsey, see Table 1. Only 1 species, Tyroplzagus 
dimidiatus may live in the soil. This species (= 
Iljroplzngus similis, Table 4)  was ilumei-ous in 
many of the soil samples investigated in 1995, 
but a new species Histiostoma feroninrum often 
dominated. The latter was mainly llumerous in 
the bird colonies. H. feroninrum was found on 
Heimaey in 1967 by Lindroth et nl. (1968). 

A species new to Iceland, Sclzwiebea cavernicola 
was fouild in some of the samples from the gull 
colonies but dominated in the pioileer area J1. 
This species may be the same species as 
Sclzwiebea taya,  mentioned from northern Ice- 
land (Hudges 1961). 

The Acai-idid mites found on Surtsey are sup- 
posed to be mycophagous or detritus feeders. 
Species of the family Anoetidae, to which the 
genus Histiostoma (Table 4) and Mynnoetus 
(Table 1) belong, however, are bacteria feeders. 
Many acaridid mite species have a highly mobile 
secoild instar (hypopus) with suckers adapted to 

Table 5. Gamasida lnitcs round on Surtsey, July 1995. 

attach on other animals includiilg insects, which 
then act as vectors (Table 1, Table 4). 

011 Surtsey Acaridid mites were especially 
numerous in and close to the gull colol~ies, loc- 
alities 55, J6 and J6 E. 

Gamnsida (Mesostigmatic mites) 
Gamasid mites were the first mites to be 

fouild on Surtsey in 1965. The species found in 
1995 are soil living species. In 1995 about 2000 
specimens were found, many being subadults 
and difficult to determine to species level. The 
most dominating and widespread species seems 
to be Eviplzis ostrinus and Zercon trinngularis, 
species new to Surtsey. I11 1966-1968, however, 
both species were found on Heimaey and other 
islands south of Iceland (Lindroth et nl. 1973). 

The other species were fouild in few speci- 
mens. Gamasid mites were especially fouild in or 
close to the gull coloilies 55, J6 and J6E. 

Gamasid mites are predaceous and some 
species attach themselves to insects and in this 
way may be spread (especially Thinoseius, Table 
1, and Eviphis Table 5 ) .  

Evil~his oslriiizrs 
ZCICOII lrioizg~ilaris 
Acloscitts sp. 11o\i 3:":!' 

- retrnlnts 
E~cgaiilnszts lo-ne/~eliiau 
Hrrlolnelnps sp.  IIO\~.*'~'~' 
- florulus 
Pcrrrtsiltts halo/)hilus 1 

Total 6 251 917 638 13 453 133 5 
Species 2 2 3 2 2 2 2 1 

Abbreviations as in Table 2 



Table 6. Collen~bolans per m2 found on Surtsey, July 1995. 

EX: Other localities. ": new to Surtsey. 11: not coimted. 
# Foul~d ~u l~de r  drifhvood. 

Colle??zbola (Collembolans) 
16 species of collembolails were found on 

Surtsey in the period fi-om 1963-1978 (Bodvai-s- 
soil 1982). In 1995, 7 species were foulld in the 
soil samples investigated, and 1 species on drift- 
wood on the northern sea shore. The occur- 
rence of collembolalls per in2 in the different 
areas are calculated in Table 6. Six of the eight 
species are new to Surtsey. 

The domil~ating species in the gull colonies 
were Hypognstrura pzqpurescens, Mesaplzorura 
macroclzneta and Isotonza notabilis. In the pioneer 
plant community J1 with Honkenya peploides and 
Leynzus arenarius, Mesa@lzorura macroclzatea and 
Ceratoplzysella succinea, new species to the fauila 
of Surtsey, dominated. 

Tlze distribution of soil mites and collenzbolans 
When iilvestigatil~g soil animals on a youl~g 

island as Sui-tsey, it is i~lteresting to see how 
aggregated the animals are distributed. I11 Fig. 3 
a Box Plot has been made for the number of 
mites and collembolans found in samples fi-om 
the investigated areas. The boxes in Fig. 3 indi- 
cate where the central 50% of the values falls 

and the vertical line the median. Extreme values 
are indicated by a "ow and less extreme values 
with an astei-ix. 

Fig. 3 illustrates that in and close to the birds 
colonies the central 50% values are high and 
rather close to each othei-. In samples from the 
pioneer areas 54 and 53 many zero-values were 
included in the results. Fig. 3 also illustrates that 
extremely high numbers of animals were found 
in some of the samples from the bird colony. 
Thus the soil fauna may be much aggregated or 
patchy in distributioll even in the bird cololly 
with dense vegetation of grasses. 

Total number of nzites and collernbolans per m2 in  
the dijjferent scc~npling areas 

The total number of mites and collembolai~s 
per m2 found in the plant commuilities have 
been calculated in Table 7. From the table it is 
seen, that mites are the most numerous group. 
Actinedid mites are dominating followed by aca- 
i-idid and/or gamasid mites. 

DISCUSSION 
Tyrop1zag.u~ dinzidiatzls (= T. similzs) and Halola- 

elnps cetratus were found on Surtsey already in 

Table 7. Mites and collelllbolans per 111' in different plant comtnunilies, Surtsc): July 1995. 

Oribatida 2,194 2,153 731 21,529 3,510 728 2,548 156 
Actinedida 179,506 38,468 68,041 61,541 104 338 52 78 
Acaridida 7,962 28,882 7,556 134,700 156 62,212 9,463 52 
Gamasida 203 10,155 37,006 25,673 208 11,647 3,406 130 
Total mi~es/m' 189,846 79,658 113,334 243,443 3,978 74,925 15,469 416 

10,033 72,956 67,797 97,369 806;" 74,702'" 17,680+ o<: Collembola/m' 

:I:: values [I-om H6lmfridur Sigurdard6ttir (2000) 



mites tot. 
collembola 

Localities 

Figure 3. Box plot sho~\ing nutllbers of specimens of Mites ancl 
Colletnbolans in samples from main localities, Yo=young bircl 
colony, o=olcl bird colony, Honk = Hoizknzjla, Control J4=control 
area. 

1968 and 1970 (Lindroth et nl. 1973). The latter 
species may be the same as Halolaelaps sp. 11ov. 
in this paper. Only T similis was common and 
widespread in 1995. Of the 16 species of collem- 
bolans found in the period fi-om 1963-1978 
(Bodvarsson 1982) only Isotoma notabilis was 
common and widespread in 1995. This confirm 
Bodvarsson (1982) saying that "a permanent 
colonization is as yet extremely doubtf~~l". 

In 1995, however, a new soil fauna was found, 
dominated by the Actinedid inites Tarsonemus 
fusarii, the Acaridid mite Tyrophaps similis and 
Histiostoma fuoniarunz, the Gamasid mite Euiphis 
ostm'nus, the Oribatid mite Humannia sp.nov. 
and the collembolans Hypogastrura purpurescens, 
Mesaplzorura 7nachroclzaeta and Ceratoplzysella suc- 
cinea. Especially Eviphis ostrinus and Histiostoma 
fuoniarum may easily be spead by insects. In all 
40 species of mites and 8 species of collem- 
bolans were found. 38 of the mite species and G 
species of the collembolai~s are new to Surtsey. 
Most species were found in small numbers and 
probably will not survive on the island. 

The number of individuals per m' is very high 
coilsidering Surtsey as a young island, and the 
ilumber of mites were exceptionally high for 
pioneer communities. In comparison with these 
results samples from Dyrl16laey, southern Ice- 
land, 1995 a pioneer plant community with Hon- 
kenya peploides and Leymus arenarn as found on 
Surtsey oilly revealed few specimens of inites 
and collembolails (Gjelstrup, unpublished). 

As illustrated in this paper a numerous and 

well established fauna of some mite and collem- 
bola11 species existed on Surtsey in 1995, 32 years 
after the eruption. However, the combination of 
species may change in the f~1t~u-e until more sta- 
ble and diverse plant communities evolve. It is 
concluded, that many species of soil living ani- 
mals easily spread to Surtsey. 

The respiration of the soil arthropods may be 
of interest in f ~ ~ t u r e  st~tdies. The soil respiration 
was measured on Surtsey by Magn6sson (1992). 
Also the nutrient cycling and nutrient mobiliza- 
tion is influenced by the soil fauna. (see also 
Henriksson & Henriksson 19'74, 1982, Frederik- 
sen et al. 2000). 

Future investigations should focus on the 
development of the food-chains of soil animals. 
It would also be of interest to follow the vertical 
distribution of animals and if this distribution of 
the fauna follows the roots of the plants into the 
tephra material. The fauna may survive deeply 
in the tephra soil when the climatic conditions 
close to the soil surface are too extreme. 
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Status of collembolans (Collembola) on Surtsey, Iceland, 
in 1995 and first encounter of earthworms (Lumbricidae) in 1993 

HOLMFR~DUR SIGURDARDOTTIR 
The Pla111ling Agency, Laugavegur 166, 150 Iceland, fricla@skip~~lag.is 

ABSTRACT 
The distribution of collembolalls was studied in plots of five different plant successional stages outside and 

inside the gull cololly on Surtsey in 1995. Six species of collembolalls were found, three of them new to the 
island. The dolninant species were ~Uesr~pho~zrl-a ?nacrocAaeta outside the colo~ly and H)lj~ogast~zira puipu~esceizs 
inside it. In sparsely vegetated areas outside the gull colo~ly 0 - 935 individuals m 2  of colle~nbola~~s were found 
on the average but in the Inore developed grass swards inside the colony the density was much higher or 
17,680 - 74,724 illdividuals m2. The total C and N levels of the soil in the gull cololly were higher than in 
plots outside the colony. The gull colony on Surtsey with its nutrient enrichment has had an impact on the 
development of the soil fauna. 

In 1993 the first earthworms were found on Surtsey when isvo juveililes of the species L Z L I ~ ~ I ~ C Z L S  castoneus 
(Sav.) were extracted froin soil samples taken in the gull colony. In spite of a thorough search and sa~npling 
on the island in 1995 earthworms were not reencountered. 

INTRODUCTION 
Colonizatioi~ of soil fauna has not been close- 

ly studied on Surtsey but detailed surveys of the 
occurrence of mites and collembolai~s were 
made by Lindroth et al. (1973), Bodvarssoil (1982) 
and 0lafsson (1978). In the first ten years after 
the formation of the island collembolaizs were 
found at and near the coastliile but when vege- 
tation development began upon the island the 
collembolans were also found there (Bodvai-sson 
1982). In 1986 and the following years a distinct 
gull colony was formed on a lava terrain on the 
southeril part of the island. The formation of 
the gull colony was a turniilg point in plant col- 
onization and iilfluenced the development of 
the ecosystem due to eilrichment of the soil by 
the gulls (Fridriksson 1994, Magnusson et al. 
1996). 

Collembolails together with the mites, enchy- 
traeids and nematodes constit~~te the soil meso- 

fauna. Collembolans live in the ail--filled pore 
system of the soil and canilot make their own 
burrows like larger soil animals (macrofauna) as 
earthworms. Collembolai~s and earthworms also 
inhabit the litter layer at the soil surface. 

The aim of the study, which was carried out in 
1995, was to describe the collembolans at five 
different plant successioilal stages on Surtsey 
and to see if gulls were having an impact oil the 
soil fauna. A second aim was to investigate if 
earthworins found on the island in 1993 had 
managed to survive. 

STUDY AREA 
The soil fauna was investigated by taking soil 

samples fi-om 5 plots, 3 x 3 m in size, in the vici- 
nity of permaneilt vegetation st~tdy plots (Magn6s- 
soil et al. 1996) on the southern part of the is- 
land (Fig. 1). The sampling was carried out on 
July 19, 1995. 



within the gull colony on the soutlzei-11 part of 
the island. 

Figure 1. Location of the soil fauna plots on Surtsey. 

Old gull colony plot (J6). 
Vegetation association of Pz~cinellin retrojlexn 

and Pon nnnun. Compact layer of roots and 
plant residues on top of a flat lava terrain. The 
plot was 54" and 21 in south of permanent plot 
no. 6 in the old gull cololly on the southern part 
of the island. 

METHODS 
Soil fc~za~n sampling 

Ten random soil samples were taken in each plot 
with a soil corer (7 cm diameter) down to 5 cm 
depth. Within 3 days the collembolaizs and mites 
were extracted fi-om the soil sepai-ately in a modi- 
fied Macfadyeil high gradient extractor kept run- 
ning for 8 days, during which time temperature was 
increased fi-om 10 to 60°C (Sig~1rdard6tti~ 1990). 
Total number of collernbolaizs was determined. A 
small subsample of specimens Ti-om different sam- 
plings and plots was sent to Dl- Arne Fjellberg, 
Norway who identified tlzem to species. The aim 
was strictly to ascertaii~ which species were domi- 
nant in the plots and no attempt was made to find 
diffei-eizce in species composition between plots. 
Exti-acted mites were sent to Dr Peter Gjelstrup, the 

Unvegetntecl rzjkrence plot (74). 
Nahlral History Museum, Aarhus, Denmark. 

The plot was considered as a base-line refer- Enchytraides were also extraxted from tlze soil sam- 
ence. The plot was on mostly uizvegetated sand. 

ples but not identified to species. 
Oilly 4 5  seedlings of Ho?zkenyn pei~loides were 

In the anizual expedition of plant ecologists 
found within the plot. The plot was appi-oxi- 

to Surtsey, soil samples were taken in the gull 
mately 200 m northwest of the permailent plot 

colony wit11 a soil corer (7 cm diameter) down 
no. 11 in the crater area. 

to 5 cm depth, on A~~gus t  15, 1993. Eartlzworms 
were extracted from tlze soil separately in a inod- 

Honkenya plot (J3). ified Macfadyeiz higll gradient extractor as de- 
The plot was grown witlz developed Honl<enyn 

scribed above. 
peploides colony on sand. The plot was 36" and 
12 m northeast of permanent plot no. 12 in the 

Soil snnzpli?zg 
crater area. Thi-ee random samples were taken in plot J1, 

J5 and JG with a soil cdrer (7 cm diametei) down 
Honkenya-Leymus Plot CJI). 

to 5 cm depth and mixed foi- each plot. The 
The plot was grown witlz developed Honkenyn 

samples were sieved through 2 inm mesh and 
peploides colony and Leymus nrenarius on sand. dl-ied at 40°C. Organic carbon coilteilt (% C) 
The plot was 160" and 27 m south of permaizeizt 

and nitrogen (%N) coiltent was determined. 
plot no. 13 on the easternmost part of the is- 
land. 

RESULTS 
Young gull colony plot (J5). 

Collembolnns 
The vegetation was dominated by Honkenyn Five species of collembolans were found in 

peploides, Poa pralefzsis, Pucinellia retrojlexa, Coclzle- the plots on Surtsey in 1995 and one species in 
aria officinalis and Stellaria media. The plot was 

Rncomitrium-moss in the crater Gamli Sui-tur on 
318" and 22 m south of permanent plot 110.1 Sui-tsey. Four of these six species have not been 





Table 2. Chemical properties of soil outside and inside gull colony 
(sampling depth 5 cm and 10 cm*). 

Plot C% N% 

Outside gull colony: 
Plant plot 11" (near J4) 
Plant plot l P  (near J3) 
Ho~zltazya Lgmzls, J1 
Inside gull colony: 
Young ~ 1 1 1  colony, 55 
Old gull colony, JG 

* Results from Magndsson & Magndsson 2000. 

numbers of collembolans extracted from grass- 
lands in southern Iceland (Sigurdardbttir 1998). 
The low numbers of collembolans in plots out- 
side the bird colony is comparable to numbers 
found in eroded areas in Iceland with sparse veg- 
etation cover (Sigurdardbttir 1990, Sigurdar- 
d6ttir unpublished). 

There is no simple answer to the question how 
the earthworm, Lumlrm'cus castaneus, in the gull 
colony was dispersed to Surtsey. Most likely they 
were dispersed by birds from the other islands or 
from the mainland of Iceland. Earthworms will 
not survive going through the digestive tract of 
gulls and it is doubtful that they have dispersed 
directly to the island as juvenile or adult individu- 
als. On the other hand it is potential that gulls 
have carried earthworm cocoons, clinging to dirt 
on their feet or feathers, with them to the island. 
The gull species (Larus fuscus and L. argentm) 
most abundant in the gull colony on Surtsey are 
frequently seen in grasslands, hayfield and heath- 
land in Iceland foraging on insects and earth- 
worms (Magnusson & Magnusson 2000). 
Lumbricus cmtaneus has also been found on 
Heimaey on the Westman Islands (Lindroth et al. 
1973) and in Skaftafell in southern Iceland (Fig. 
3). Alltogether eleven earthworm species have 
been found in Iceland (Sigurdard6ttir 1994). 
Enchytraeides were found in all plots but the 
unvegetated reference plot, 54 and were first dis- 
covered on Surtsey in 19'72 (0lafsson 1978). The 
Macfadyen high gradient extractor method does 
not ensure a detailed assessment of numbers of 
enchytraides so no attempt was made to find dif- 
ference in number between plots. 

Collembolans and earthworms are part of the 
decomposition food web and their consumption 
of dead plant material leads to fragmentation, 

thereby increasing the availability of this material 
to microorganisms. Their activity leads to release 
of nutrients into the soil where they become avail- 
able to plants and microorganisms. It is obvious 
that the gull colony on Surtsey, with its nutrient 
rich habitat, has had an impact on the soil fauna 
that has managed to disperse and to develop on 
the island. In this fragile environment the soil 
fauna will no doubt change considerably through 
time. It is of interest here that slugs were found 
for the first time on Surtsey in 1998 and they 
were also present in 1999. The slugs were found 
in a dense grass sward in the gull colony. Identi- 
fication to species has not been carried out, but 
the specimens found on Surtsey are similar to 
slugs commonly found in moist grassland and 
gardens in southern Iceland (Magnusson & 
Magnusson, personal communication). 

Many questions concerning development and 
succession of the soil formation and soil fauna 
on Surtsey and its possible interaction with the 
vegetation and gull colony development still re- 
mains a challenging subjects for future research. 
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ABSTRACT 
A study of the colonisation by benthic marine algae in Surtsey was co~lducted as a coiltinuation of the mon- 

itoring of the island that started in 1964, a year after the eruption. Three expeditions were undertaken to the 
island in the summers of 1987, 1992 and 1997. Species samples were collected directly in the littoral zone and 
by divers in the sublittoral zone. Cover was ineasured directly in the littoral zone and by ~neasurillg cover of 
species on photographs taken in the sublittoral. A fucoid was found for the first time in Surtsey whe11 ficzis 
s~)i?-alis was detected growing in a crevice on the east coast. A total of 65 species were fouild in the present 
study of which 11 had not previously been recorded in Surtsey. Since the beginiling of the studies, 76 taxa 
have been recorded around the island. The algal cover in the littoral zone fluctuates unpredictably due to 
harsh eilviro~l~llental conditions. In the subliLtora1 zone the algal cover is Inore stable and seems to increase 
slowly. 

INTRODUCTION 
A unique opportunity to study the colonisa- 

tion of benthic marine algae on a new volcanic 
lava isolated from other vegetated bottom areas 
was offered by the occasion of the volcanic erup- 
tion in Surtsey in 1963. The submarine eruption 
lasted until 1967, creating an island on a bottom 
of 120 m depth. The island rapidly attained 2.7 
km' in area and a height of 174 m. Most of the 
coastliile was covered by basaltic rock, except 
the northern part which was of sand (Th6rarins- 
soil et al. 1964, Jakobsson & Moore 1980). Due 
to intensive erosion the island has diminished 
considerably and is presently only about 1.5 km' 
in area and the coastliile measures approxi- 
mately 4.5 km. 

No studies on colonisation by marine algae 
have been done elsewhere on an entire virgin 
island, initially totally devoid of vegetation. Only 
few studies have been done on algal colonisa- 
tioil on new lava flows in direct coiltact with est- 

ablished marine vegetation (Dawson 1954, Doty 
1967, Gulliksen 1974). A lava flow originating in 
an eruption in 1973 in Heiinaey about 10 nauti- 
cal miles from Surtsey has recently been studied 
(Gunnai-sson 2000) allowiilg an interesting com- 
parison with the algal colonisation in Surtsey. 

The colonisation by benthic marine algae on 
Surtsey has been moilitored on a regular basis 
since 1964, a year aftei- the eruption started (J611s- 
soil et al. 1987). The first algae to colonise the 
shores and actually the first plants discovered on 
the island were diatoms found in August 1964 
on new lava solidified a few months before 
(J6nsson 1966a, 1970). The number of species 
found on the shores of Surtsey increased rapid- 
ly from 1964 to 1971 when about 40 taxa were 
recorded (Jonsson & Guilnarsson 1982). After 
1971 the number of species increased slowly and 
in 1984, 34 species were found, while the total 
number of algal species that had been found in 
the island since the beginning was 69 (J6nsson 



Figure 1. Vertical aerial photogl-aph of Surtsey, July 21, 199G. TI-ansects studied during 1987, 1992 and 1997 are indicated in white. Note 
the boulders and lava cliffs in the southern part of the islaild and sand beach in the northern part (courtesy of the National Land Survey 
of Iceland). 

et al. 1987). The vegetation in the littoral zone the red algae Phycodrys rubens, Lomentam'a orca- 
was divided into two associations, an upper one densis and Delessem'a sanguinea. 
dominated by Ulothrix and a lower one dominat- In this study the species composition and 
ed by diatoms. In the sublittoral zone the vege- cover of the algal flora and vegetation in the 
tation was equally divided into two associations, bottom in Surtsey are presented for the years 
an upper one dominated by Alarin esculenta and 1987, 1992 and 1997. 
a deeper one at 20 to 30 m depth dominated by 



MATERIAL AND METHODS The sampling was doile from research vessels of' 
The present study was carried out during the the Marine Research Institute in Reykjavik, 

periods July 2 to 6 1987, June 19 to 26 1992, and Bjarni Saernuildssoil ill 1987 and 1-s A-ni Fria- 
July 4 to 9 1997, in the waters around Surtsey. riksson in 1992 and 1997. Samples were collect- 

T a l k  1. \rel.tical and 1101-izontal clibt~.il>~~tio~l of marine algal species fo~und in Surtsep in lttly 1987. 
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Table 2. Vertical and horizontal distributio~l of nlarine algal species foulld in Surtsey in June 1992. 

ed at three sublittoral transects at the east, south 
and west shores of Surtsey (Fig. 1). For the study 
of the littoral zone an expedition to Surtsey was 
done on a helicopter from the Icelandic coast 
guard in July 16, 1987. In 1992, bad weather pre- 
vented studies in the littoral zone and in 1997 
we landed on the island by an inflatable. 

In the sublittoral zone SCUBA-divers Sam- 
pled algae at 5 m depth intervals from 5 m 
down to a depth of 30 m. At each depth speci- 
mens of all algal species were sampled by hand. 
Collecting bags with a 0.5 mm mesh size were 
used. In the littoral zone species were sampled 
during low water at spring tide. I11 the figures 
the height in the littoral zone refers to the 
height above 0 cart datum, that is approxi- 
mately 10 cm below mean low water spring tide 
in Reykjavik. 

The samples were brought fresh to the labo- 
ratory on board the ship where they were exam- 
ined and identified to species. Herbarium spec- 
imens were made of the macroscopic species. 
The specimens are kept at the Marine Research 
Institute in Reykjavik. A list of species found at 
the three different sampling sites is given in 
Tables 1 to 3. Nomellclature is according to 
Gunnarsson & J6nsson (2000). 

The algal cover of the littoral zone was meas- 
ured directly within a 0.25 m' quadrant on the 
east coast in 1987. The quadrant was placed at 
40 cm height intervals along a transect line from 
the uppermost trace of marine vegetation down 
to the low water at spring tide. In the sublittoral 
zone data were obtained by photographing 40 x 
60 cm quadrants. Percentage cover was derived 
from the photographs (cf. J6nsson et al. 198'7). 
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Table 3. Vertical and horizon~al distribution of marine algal species found in Surtsey in July 1997. 

RESULTS 
In the study years 1987 to 1997, a total of 65 

species were found (Table 1-3) (the diatoms are 
omitted). The highest number, 53 species, was 
found in 1987, 35 species in 1992 and 45 in 
1997. I11 1992 the littoral zone was not sampled. 

In the littoral zone 21 species was found in 
1987 of which 11 were strictly confined to the lit- 
toral area (Table 1). Similarly, the number of 
species found in the littoral zone in 1997 were 
19 of which 9 occurred only in the littoral 
(Table 3). 

Among the species found during the three years 
of study here 11 had not previously been record- 
ed on Surtsey. The most noteworthy of the new 
records is Fucus spiralis that was found in the 
uppermost part of the littoral zone (Fig. 2). Two 
j~~venile specimeiis were found growing in a small 
crevice in the rock on the eastern shore. Most of 
the new records were small and inconspicuous 
species and have not been found every year after 
their discovery. Two species UZuaria fusca and Mem- 
branoptera alata are exception. They have become 
relatively abundant in the sublittoral zone. 
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Figure 2. Fttczts sl~imlis, a y0~111g specimen; the first attached fucoicl 
recol-decl in Surtsey. Found in the upper littoral on the east shore 
in July 1997, 34 years atter the creation of Surtsey (photo: Ihrl  
Gunnarsson). 

In the sublittoral zone the total number of 
species collected in 198'7, 1992 and 199'7 was 32, 
35 and 26 respectively. The greatest number og 
species was detected east of Surtsey where the 
coast is less exposed than elsewhere. 

The maximum number of species were found 
at 10 to 15 m depth, more rarely at 20 m and the 

number was lower both at shallower and deeper 
waters (Table 1-3). At the lower limit of the veg- 
etation, at about 30 m depth, the number of 
species fluctuated from 3 to 11 species. In the 
deepest station a mixture of red, brown and 
green algae was observed. 

The littoral zone was studied quantitatively in 
198'7. The mean algal cover for the entire lit- 
toral zone was about 24 % (Table 4). In the 
upper part of the littoral zone diatoms and 
Pseudentocloniu~n marinum were dominant. In the 
lower part diatoms were still a dominant ele- 
ment associated with Alaria esculenta and Petal- 
onia fc~scia in the lowermost part. Ulothrix flacca, 
Urospora penicillformis and Enteromorpha prolfera 
occupy the middle part of the littoral zone. The 
total algal cover is lowest in the upper part 
about 12 %, and increases generally going down 
the littoral zone reaching 32 % in the lowest 
part (Table 4). No herbivores were observed in 
the littoral zone. 

In the sublittoral zone the total cover of algae 
observed off the east coast was highest at 5 m, 
86.2 % (Table 5). It diminished gradually with 
increasing depth and was about 1.6 % on aver- 
age at 30 m. Inversely the animal cover was low- 
est at 5 m, 9.7 %, and increased generally with 
depth and was 89.5 % at 30 m. 

Alnria esculenta was the species with the high- 
est cover. It dominated at 5 and 10 m depths in 
the sublittoral zone, but its cover decreased rap- 

Table 4. Percentage cover of littoral algae on the east coast of Surtscy in June, 1987. The height on the shore indicates level above 
chart datum. 

Tzxa height (m): 5.5 5.1 4.7 4.3 3.7 3.3 2.9 2.5 2.1 1.7 1.3 0.9 0.5 

Diatoi~~s 0.5 14.0 23.0 4.0 14.0 2.0 12.0 19.0 22.0 21.0 18.0 8.0 4.0 
Ulothrix Jlnccn 0.5 2.0 8.0 12.0 0.5 0.5 
Blirli~zgin inini~~za 1 .O 0.5 2.0 
Corliolzi?~~ sl,. 1.0 0.5 0.5 0.5 0.5 0.5 
Eiztcroi~zo,pha prolqerfi 2.0 1.0 5.0 1.0 3.0 3.0 
Uruspora fic~ziciIli/o,azis 2.0 8.0 5.0 0.5 
Pctaloiaia fascia 0.5 1.0 8.0 2.0 15.0 
Ectocn~i',zcs jitscic~ihtzcs 0.5 3.0 8.0 0.5 
Porpl~~11-a mi~aiatn 0.5 0.5 0.5 0.5 0.5 
Alnrin esczile~zla 0.5 11.0 
A~ztithn~it~zioiz~lln Jloccosa 
Pscztdcizlocloizii~,a i~~nriizzinr 
C)~a~zol,l~~~cea 0.5 
Bnizgin f~ucoj,urpzirca O.., 
Urosporn ruor~~~sltiollii 3.0 2.0 0.5 0.5 
Petnloizia zos/eri&olin 0.5 

total cover: 12.5 15.5 23.0 20.5 22.5 22.0 30.0 27.5 26.5 29.5 32.0 23.0 31.5 

Meat1 algal cover for the entire littoral zone: 24.3 



Tahlr 5. Percentage cover of stthlittoral biota ;it t l ~ e  east section 
of' Surwey in July 1997. The I I L I I I I ~ C I S  i l l  LIIC table are averages 01' 
fivc estimates. 

'l'axa tlepth (m): 5 10 15 20 25 30 

Alaria esculenta 32.5 39.8 16.8 0.3 
Brozuiz fila~~zcnts 3.1 0.4 56.8 1.7 2.2 0.6 
Halosifho7z to~t~entosw 11.6 1.6 0.G 0.1 
Conclzocelis sf. 0.3 
Delessetia salzguinaca 2.1 0.3 
Desinarestia aculeata 1.32 5.2 
Desitzarcstia viiidis 1.3 0.2 
Lanzinaria I~ferborea 10.7 10.1 
Lo~nmtaiia orcadensis 0.2 
Loinmtaiia clavellosa 3.0 
Me~tzbranopera alata 0.1 
Playcodrys rubens 0.4 12.5 1.8 0.3 
Polpiphonia stricta 12.6 3.3 1.1 1.7 1.0 
P@lzyra miniata 22.4 13.8 0.4 
Pmplzyropsis cocciizea 0.1 
Ulvarin fusca 4.1 2.1 0.3 0.4 

Total plant cover 86.2 78.0 75.7 28.5 11.2 1.6 
Mean algal cover of the 
entire sublittoral zone: 46.0 

Figui-e 4. ,411 underwater photograph showing an area of 60 x 40 
cm of the bottonl at 15 m at the west coast of Surtsey in July 1997. 
Species appearing in the photo are the seaweed species Delcsseria 
sangui?zen, Plycodrys inbens, Lonlentaria otcahzsis and juvenile A1a1-h 
esculenta. Prominent animal species are sea star, Asterins rubens, 
sponge, Gmiztia con$ressa, mussel, Mjltilus edulis and hydroid, Tt~bu- 
laria larynx (photo: Karl Gunnarsson). 

Total animal cover 9.7 16.6 5.1 36.8 74.9 89.5 

Mean cover of a~~imals  over 
the entire s ~ b l i t t o r  zone: 38.8 

lucida. Elsewhere along the basaltic cliffs the 
algal growth, although less abundant, represents 
similar main featues as on the east coast (Fig. 4) 

Figure 3. Laittiizaria hyperbol-ca, a typical view of a Laminaria-stand 
on top of a boulder at the depth of 10 in at the east coast of 
Surtsey, in July 1997. The highest plants measure about 1.5 m in 
stipe length (photo: Ibr l  Gunnarsson) . 

idly with depth. Laminaria hyperborea had its 
highest cover at 10 and 20 m where it formed 
dense stands on the top of the highest stones 
(Fig. 3). Brown filaments that consisted of a 
mixture of filamentous diatoms, Hincksia spp. 
and/or Ectocarpus spp. were found at all depths 
in all years and generally had high cover. In the 
sublittoral zone the most conspicuous herbi- 
vores observed were Echinus esculentus, Strongylo- 
centrodus droebachiensis, Lacuna vincta, Padina pel- 

DISCUSSION 
Fucoids are common in the littoral zone in the 

Vestmannaeyjar archipelago, including Geirfugla- 
sker, at about 2.7 nautical miles NE of Surtsey. 
Fucus spiralis is normally found forming the upp- 
ermost belt of fucoids on the shore. Fucoids have 
been found drifted ashore from the early years of 
Surtsey (J6nsson 1966b). It was therefore not sur- 
prising to find Fucus spiralis growing on the littoral 
rocks on Surtsey as anticipated by J6nsson (1967). 
Perennial vegetation has not established itself in 
the littoral zone on Surtsey probably due to ero- 
sion and scouring action by sand. On Surtsey I? 
spiralis was found in a crevice and thus partially 
sheltered from the sand scouring. 

Another new record, not expected in Surtsey, 
was Omphalophyllum ulvaceum. It was found in the 
sublittoral zone at the depth of 10 m. This spe- 
cies has not been recorded in southern Iceland 
before but is a common species in northern Ice- 
land. It has also been found in Greenland and 
elsewhere in the Arctic (South & Tittley 1986). 
This species was recently found on the French 
side of the English Channel (Simon 1985). 

In Fig. 5 and Table 6 is shown the increase in 
the number of species recorded since 1964 a 
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Figure 5. T h e  number of species o f  seaxveed I-ecol-clecl on Surtsey since the beginning of settlement, foulld as 
s1101vi11g a rapid ini~ial incl-case in species ~lutnber and a le\lelling o f f  after 1970. has been the case for 

year after the eruption started when only bacte- 
ria and diatoms were detected on the littoral 
rocks. The number of species increased rapidly 
until about 1970 and then levelled off and has 
increased slowly since with the number of 
species fluctuating around 40 to 50 species re- 
corded on each sampling occasion the last tell 
years (Fig. 5). 

Most of the species that have been recorded 
on Surtsey are not permanent residents of the 
island, but are opportunists that have been 
found sporadically over the years (Table 6). 
Some of these species have only been found 
once after their discovery like e.g. Laminaria dig- 
itata an extremely common species in the other 
islands of tlie Vestmannaeyjar archipelago. One 
of the species, Hincksia recurvata, has not been 
found elsewhere in Iceland. Some faithful col- 
onisers that were first found shortly after the 
eruption have been recorded on every occasion 
since, such as e.g. Alaria esculenta that has been 
common in the sublittoral zone ever since it was 
first found in 1966. Among the faithful colonis- 
ers are both annual species that possibly invade 
the island every year fi-om a nearby stand, as 
probably most of the littoral species do, or sur- 
vive through die winter in a reduced form. 
Other colonisers are perennial such as Lamin- 
aria hyperborea that has been found on every 
occasion since 1968 and plaiits of up to 9 years 
have been collected on Surtsey. 

Also of interest are species that are common 
in the Vestmannaeyjar archipelago but have not 
been found on Surtsey. In Ve~tmannaeyja~ fu- 
coids dominate the littoral zone whereas in 
Surtsey only small specimens of Fucus spiralis 
have been found. In the case of the littoral spe- 
cies the erosion of the substrate is probably the 

the extremely exposed 
littoral zone of Surtsey 
where the erosion of 
the substrate and 

scouring by sand are likely to exert its action 
(Gunnai-sson 2000). Similarly Doty (1 967) pro- 
posed that the instability of the substrate was the 
main factor delaying the succession of the lit- 
toral vegetation on new lava flows in Hawaii. 

In the sublittoral of Surtsey the absence of 
crustose corallines is striking. These have been 
foulid in abundance on the new lava in Heimaey 
that dates from 1973 and is thus ten years 
younger than Surtsey (Gunnarsson 2000). Their 
absence on Surtsey might be due to negative 
buoyancy of the spores of the crustose corallines 
that prevents long range dispersal (Okuda & 
Neushul 1981). 

In the littoral zone only thin vegetation covers 
the rocks. Dominant species in the upper part of 
the littoral are microscopic and cover only about 
1/4 of the rocky surface. In a previous survey in 
1983, the algae was estimated to cover 2/3 of 
the substrate due to an important development 
of UZothrixflncca in the upper littoral. U. jlacca is 
a seasonal species with a relatively short growing 
period and changes in its cover can be impor- 
tant in a short time span. In compariilg the two 
observatioiis of algal cover in the littoral zone in 
1983 and 1987, one can conclude that there are 
enormous variations between years both in 
cover and species composition. 

The highest cover of sublittoral species was in 
the depth interval from 5 to 15 m after which 
the cover decreases rapidly with depth and is 
down to 1.6 % at 30 m. The main factor influ- 
encing tlie depth distribution of the algae is 
most likely light, which is very reduced at 30 m 
depth. Increasing cover of animals coincides 
with the decrease in algal cover. Below 25 m the 
algae have almost disappeared and the animals 
are predominating. 



Table 6. Order of arrival of seaweed species in Surtsey fro111  he beginning of colonisa~ion  until 1997. Diatonls and Cyanophycea are 
omittecl. 

species years 65 66 67 68 69 70 71 77 80 83 84 87 92 97 

3 Gzleronzorphn flc,vtiosc~ 
4 Enlooirzorphn intesti~zalis 
5 Pylniellr~ liltoralis 
6 Ectocr~r/)zrs ~ilici~loszis 
7 Scytosiplzoiz lone~ztnriz~s 
8 Pelalonicr fascia 
9 Pelalo~zirr zosterifolin 

10 Alaria esczrletzln 
1 I Po,pl~)~ru ~i~nlbilicnlis 
12 E~,lmoirzor/~ha Eilzzo 

14 Acrosi/1ho?7in nxta 
15 Hi~~clrsin hincltsine 
16 Des~t~nrestiavirirlis 
17 Urosporu ruort~~sl~iolcLii 
18 ~lz~ootrlor/~/l~L /l,vlijcra 

- ~ 

~VIonostrot~za grmillei 
La?tlitznrin il)$erbo,an 
Des~rm~estin ligulaln 
Desmnreslin aculenln 
Po,pl1y y,u ptl.r/)zlrefl 
Porplzj~m ~rzininln 
Lottletztarin orcnclensis 
Antilhc~tttitzella Jloccosrr 
P l~~cor l r~s  I-116etzs 
Pol~siplzo~lin strictn 

38 Delesso-in snngi~inen 
39 Hinclsia ovnta 
40 Hi~lckszn r~ctrrvnla 
41 Clzo~dr~ jlilum 
42 Hnlosi/~hon lo?rzetlloszLvl 

44 Rlzodoplysetrzn elegans 
45 Lonzoatarza clr~vellosa 
46 Scngcl~a picszllr~ 
47 Conclzocelis st]. 



Table 6 (continued). 

species years 65 6G 67 68 69 70 71 77 80 83 84 87 92 97 

71 A.o/ec/ocrrrPus s/)crios~rs o 
72 Uros/)orct brri~gioide.r o 1 

73 Ulvco.icr ,fitscri 0 0 0  

74 O r ~ i / ~ l r o l o / ~ l ~ ~ l l t i i ~ i  crlvcireunr o o 
75 Ei~clodictjoi~ iiZfestcti~s o 
76 I'ttcccs s/~irrrlis o 

Total number of s~~ecies:  1 1 1  13 25 21 21 28 33 38 31 35 51 33 44 
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Benthic marine algal colonisation on the new lava at Heimaey, 
Vestmannaeyjar archipelago, southern Iceland 

I(ARL GUNNARSSON 

Marine Research Institute, Skillagata 4, 101 Reykjavik, Iceland, e-mail: karlahafi-o.is 

ABSTRACT 
A nelv lava shore was forlllecl cluri~~g an eruption on the Isla~lcl of Heimaey, Vestrnall~lae~jar archipelago, 

southern Iceland, in 1973. The benthic marine algae that had colo~lised the littoral and sublittoral zones of 
the new lava were studied during the suinmer 1998. A total of 62 species were foullcl of xvhich 21 were con- 
fined to the littoral Lone. In the sublittoral zoilc the highest number of species was foulld at 5 in depth and 
the ~luinber decreased with illcreasillg depth. The lolver limit of the vegetation was at about 30 in. On a shel- 
terecl site at the entrance of the harboul-, prolific f~~coicl vege~ation was founcl in the littoral zone, 011 lava out- 
crops e~nbeclclecl in sand. 

A coillpariso~l with the marine algal \legetation on Surtsey a volcatlic isla~lcl born 10 years earliel; showecl 
that in terms of species number the colo~lisatio~l has progressed faster on Heimacy. This is probably due to 
partly lnore shelterecl habitats and the close~less of mature algal co~llmu~lities to the new lava in Hcimaey. 

INTRODUCTION 
Marine algal colonisation on introduced sub- 

strata or on small artificially or accidentally de- 
nuded surfaces in the littoral or the sublittoral 
zone has been studied extensively (e.g. Dayton 
1971, Ibin 19'75, Sousa 1980, Niell & Varela 1984, 
van Zyl & Roberts011 1991, Williamson & Creese 
1996). Studies on the colonisatioil on new vol- 
canic lava are however scarce. Dawsoil (1954) 
studied the algal flora on littoral lava flows of dif- 
ferent age in the Sail Benedicto Island in the 
Pacific, west of Mexico and noted a marked dif- 
fei-ence between the flora on the new lava and 
that of the older lava. Doty (1967) followed the 
algal coloilisatioi~ on several lava flows of different 
age in Hawaii for 7 years. Doty follo~ved successive 
stages in the colonisation until the algal vegeta- 
tion reached a semi-climatic stage. The main fac- 
tor reduciilg the succession rate was the instabili- 
ty of the substrate. In Jan Mayen Gulliksen (1974) 

studied the sublittoral vegetation of a lavaflow two 
years after the eruptioil stopped. He fouild five 
algal species growing 011 the lava, three of which 
he did not find on the surrounding old lava. 

On Surtsey, a new volcailic island in the Vest- 
mannaeyjai- archipelago, southern Iceland, the 
colonisation by marine algae has been moni- 
tored on a regular basis since 1964, a year after 
the eruption started (see J6nsson el nl. 1987). 
The first algae to colonise the shores of Surtsey 
and actually the first plants found on the island 
were diatoms found in A~~gust  1964 on new lava 
solidified shortly before (J6nsson 1966, 1970). 
The number of species found on the shores of 
Surtsey increased rapidly fi-om 1964 to 1971 
when about 40 species were found (Joi~sson & 
Gunnarsson 1982). After 1971 the number of 
species increased slo\vly and in 1997, 34 years 
after the island was born, 47 species were found 
U6nsson & Gunnarssoil 2000). 



A volcanic eruption started on Heimaey, 
another island of the Vestmannaeyjai- archipela- 
go in 1973 and ended in 1975. The lava flowed 
into the sea on the eastern shore of Heimaey 
and a new rocky shore of about 10 km in length 
was formed over part of the east shore (Thor- 
ari~lsson et nl. 1973). No studies have been re- 
ported on the benthic marine organisms on the 
new lava in Heimaey. The new lava in Heimaey 
is in direct contact with established algal com- 
munities and it was of interest to see if the 
colonisation differed from that observed in the 
isolated shoreline of Surtsey where the nearest 
algal community is at about 5 krn distance. This 
paper reports 1-esults from a study of the benth- 
ic marine algae on the new lava in Heimaey con- 
ducted in June 1998. 

MATERIAL AND METHODS 
The present study was carried out during the 

period from 8 to 12 June 1998 on the new lava 
on the 1101-th-eastern coast of Heimaey (Fig. I ) .  
Sampling was done on two sublittoral transects 
separated by about 200 m near the eastern tip of 
the new lava. In the littoral zone, two sites were 
studied, a sheltered site near the entrance of the 
harbour and a more exposed site at the extreme 
east of the new lava shore. 

Figure I .  \'est~nannae}jar archipelago. The three transects st~~cliecl 
011 the neuT lava at Heimae): south (S), north (N) and harbour 
entrance (HE) are marked on the map. 

In the sublittoral zone SCUBA-divers sampled 
algae at 5 m depth intervals from 5 m to 35 m. 
At each depth the substrate and the general 
appearance of the vegetation and fauna was reg- 
istered on a plastic writing pad and specimens of 
all algal species seen were sampled by hand. An 
effort was made to sample from as many differ- 
ent kinds of habitats as possible. Collecting bags 
with a 0.5 mm mesh size were used. In the lit- 
toral zone species were sampled during low 
water at spring tide. 

The samples were brought fresh to the labo- 
ratory where they were examined and identified 
to species. Herbarium specimens were made of 
the macroscopic species and permanent slides 
were made of the microscopic species by mount- 
ing them on microscopic slides in Karom corn 
syrup. The specimens are kept at the Marine 
Research Institute in Reykjavik. A list of species 
found at the three different sampling sites with 
author names is given in Table 1. Nomenclature 
is according to Gunilarsson & J6nsson (2000). 

RESULTS 
The substrate on the new lava flow on the 

north-eastern coast of Heimaey is a mixture of 
boulders, stones, gravel and sand. In the littoral 
zone at the more exposed site, the boulders were 
round and even, while at the sheltered site near 
the entrailce of the harbour the substrate was 
rough lava bedrock surrounded by fine sand. In 
the sublittoi-al zone the stones and boulders get 
more rough and uneven and cover successively 
smaller part of the bottom as one goes deepei-. 
The cover of sand and gravel increases wit11 
increasing depth. 

Dominant sessile animals on the hard sub- 
strate in the sublittoral zone are hydrozoans and 
bryozoans with apparently increasing cover from 
shallow to deep water. In the deepest collecting 
sites at 20 to 30 m the octocoral Alcyonium digi- 
tatum was prominent in the fauna. Of the errant 
macrofauna sea urchins Strongylocentrotus dro- 
ebnchiensis and Eclzinus esculentus were most fi-e- 
quent. 

A total of 62 benthic algal taxa were found in 
the littoral and sublittoral zones on the new 
lava. Amongst those taxa, 18 belong to the 
Ulvophyceae, 16 to Fucophyceae and 25 to 
Bangiophyceae (Table 1). In the littoral zone 33 
taxa were found. I11 the sublittoral zone the 
highest number of species was found at 5 m 
depth, 33 species, and the number decreased 
with illcreasing depth and at 30 m depth only 3 



Table 1. Vertical and horizontal distribution of marine algal species found on  the nclv lava at  Heimae): in June  1998. 
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Drsttrnreslin v i r id is (0.F.Miiller) L a m o ~ ~ r o u x  
Ec/ocnr/~~ts~rscicci lcr /~rs Harvey 
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Lrrtrtirrnricr Iry/)o6ore(r (G~urnerus)  Foslie 
120rrrern/rrrirr clrvrllosrr (Turner) Gaillon 
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Porpltyrn rrs/bil irolis (Linnaeus) Iciitzing 
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S/~\ l ( l~~k( l r i ( l  S/J. 

S / ~ o ~ z g o ~ ~ ~ o r p l t n  crerzrgitlosn (Linnaeus) van den Hoek 
UloflwixJrrccn (Dilhvyn) Thuret in Le Jolis 
U/of/l S/J. 

U lvn  1or l r~ rn  Linnaeus 
Ulvnr in  firserr (Postels & R~rprecht.) Rupt.ech1 
Ur-osporo brrr7gioirl~s (Harvey) Holmes & Batters 
Uros/~o,n poriril1ifo1-111is (Ro th) Arescl~oug 
U l D ~ / ) ~ r f l  s/J. 
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Figure 2. Bar diagram showing the decrease i n  number  o f  species 
with increasing dep th  o n  the new lava i n  Heimaey i n  1998. 

species were recorded (Fig. 2). The flora of the 
sublittoral zone was similar at the two transects, 
although 14 of the sublittoral species were con- 
fined either to one transect or the other. These 
were mostly small inconspicuous species that 
might easily have been overlooked in one of the 
transects. 

The vegetation of the littoral zone was studied 
at a sheltered site near the entrance to the har- 
bour and at an exposed site at the extreme east of 
the new lava. About the same number of species 
was found at the two sites, but the species compo- 
sition was quite different. Of the 33 species found 
in the littoral zone, 10 were common to both sites. 
The littoral vegetation at the exposed site was dom- 
inated by Urospora bangioides and Enteromoqbha linza 
in the lower part, but in the upper part E. polifera 
and Sphacelarin sp. were most abundant. No fucoids 
were found at the exposed site. 

Near the harbour the littoral vegetation was 
dominated by fucoids with high cover of Fucus 
spiralis, i? vesiculosus and i? distichus. In addition 
Porplzyra umbilicalis, Enteromorpha Ijrolijiera, Pilay- 
ella littoralis, Monostroma greuillei and Palrnaria pal- 
mata were common (Table l ) .  

In the sublittoral zone, the vegetation at shal- 
low depths consisted predominantly of Alaria 
esculenta and red algae Polysiphonia stricta, Deles- 
sevia sanguinea, Phycodrys rubens, Plocamium carti- 
lap'neum and Lomentaria clavellosa. At about 8 to 
13 m depth, dense stands of Laminaria hyperborea 
were found on the top of the highest boulders, 
but the smaller stones were covered by A. escu- 
lenta and Desmarestia aculeata and the red algae 
D. sanguinea, I! rubens and Porphyra miniata. At 
15 m depth crustose corallines and Lomentaria 
orcadensis were found in abundance amongst A. 
esculenta, D. sanguinea and I! rubens that were 
dominant. At 20 m depth the vegetation cover 

was very low, spread plants of l? rubens, L. orca- 
densis and Derbesia marina were found on a bot- 
tom mostly covered with hydroids and octoco- 
rals. At 30 m the plants were primarily small 
species growing on hydroids. 

DISCUSSION 
There was a marked difference in the vegeta- 

tion between the two littoral study sites on the 
new lava of Heimaey. At the sampling site near 
the entrance to the harbour the new lava is shel- 
tered from wave exposure and stable enough to 
support perennial fucoid vegetation on rock 
outcrops embedded in sand (Fig. 3). Three 
species, Fucus spiralis, I? vesiculosus and E distichus 
were found growing there. At the more exposed 
site the vegetation on the rocks was dominated 
by ephemeral green algae of the genera Urospora 
and Enteromorpha. The vegetation at the more 
exposed site resembled the vegetation found on 
the extremely exposed littoral zone of Surtsey 
U6nsson et al. 1987). Similar vegetation of eph- 
emeral green algae has been found to represent 
the first stages of colonisation in a number of 
studies (Sousa 1979, 1984, van Zyl & Robertson 
1991, Dye 1993). The difference in vegetation 
between the two littoral sites of equal age on 
Heimaey is most likely due to the constant ero- 
sion of the exposed shore line. The same factor 
is likely to affect the littoral vegetation in Surtsey 
where hardly any part of the coastline is un- 
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Figure 3. Rock outcrops surrounded by sand at the harbour 
entrance in Heimaey. Fucoids dominate the vegetation o n  the 
rocks. 



changed from year to year (Norrman & Erlings- 
son 1992). It was only in 1997, 34 years after the 
eruption, that the first fucoid was detected in 
the littoral zone on Surtsey. A juvenile plant of 
Fucus spiralis was found in a small rock crevice in 
the lava U6nsson & Gunnarsson 2000). There 
has probably been no lack of fucoid germlings, 
as fertile fucoid plants have frequently been 
observed drifted ashore at Surtsey. 

In the sublittoral zone on the new lava in 
Heimaey stones were embedded in sand that is 
moved about by current and waves. On the 
smaller stones, less than 0.5 m in height, only 
small ephemeral algae were observed. It seems 
likely that the scouring and burial action of the 
sand prevents the establishment of perennial 
vegetation on the smaller stones. On top of the 
larger stones a dense vegetation of Laminaria 
hyperborea had developed. The Laminaria plants 
were up to 8 years of age (counting growth 
zones in the stipes) . Laminam'a hyperborea forest is 
considered to be a climax vegetation in the cold 
temperate region of the Northwest Atlantic 
(Svendsen 1972, Kain 1975). Both the number 
of species and the vegetation cover diminished 
rapidly below 15 m depth. At greater depths 
light is the most probable factor limiting the 
establishment and growth of the vegetation. 

In terms of number of species the vegetation 
of new lava in Heimaey has developed further 
than the vegetation of Surtsey. A total of 62 
species were found on Heimaey in 1998 com- 
pared with 44 on Surtsey in 1997. Many of the 
species that were found on the new lava on 
Heimaey have never been recorded on Surtsey 
(J6nsson et al. 1987, J6nsson & Gunnai-sson 
2000). In the littoral zone these are Elachista fu- 
cicola, Fucus distichus, Fucus vesculosus, Masto- 
caqus stellatus, Palmaria palmata, Prasiola stipita- 
ta, Rhizoclonium ripam'um and Rosenving-iella polyr- 
hiza. All of them were found at the sheltered site 
at the entrance to the harbour, although M. stel- 
lata and I-! palmata were also found growing on 
the more exposed littoral site. 

In the sublittoral zone Corallina officinalis, Cru- 
oria pellita, crustose corallines, Fimbn~olium di- 
chotomum, Pterosi'honia parasitica and Ptilota gun- 
neri were found on the new lava of Heimaey, 
species but have not been found on Surtsey 
(J6nsson et al. 1987, J6nsson & Gunnarsson 
2000). On the new lava at Heimaey the crustose 
corallines are a prominent element in the sub- 
littoral vegetation found at all depths from 5 to 
20 m (Fig. 4). At Surtsey this group is absent. 

Figure 4. Crustose coralli~le algae at depth of 30 In at the north 
trailsect on the new lava in Heimaey in 1998. 

The most likely explanation for this is that the 
spores of the crustose corallines are negatively 
buoyant and therefore have a limited dispersal 
capacity (Okuda & Neushul 1981). Crustose 
corallines have succeeded in colonising the new 
lava in Heimaey from nearby algal communities, 
while the distance from the nearest mature veg- 
etation (5 km) has presumably prevented the 
establishment of crustose corallines on Surtsey. 
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A survey of the benthic coastal fauna of Surtsey in 1992 
and a comparison with earlier data 

ADALSTEINN SIGURDSSON 
Vallarbraut 8,  170 Seltjarnarnes, Icela~~cl 

ABSTRACT 
This paper coilsists of a discussioil of the results so far obtained fi-om the samples of benthic ani~nals col- 

lected froin the subtidal zone at Surtsey in June, 1992, and an attempt LO cornpare these results with earlier 
clata from the same area. 

INTRODUCTION 
Already during the initial phases of the ~ulder- 

water eruptioil of 1963, which in the years that 
followed was to build up the new island of Surts- 
ey, and which first became visible to observers on 
November 14 of that year, maline biologists had 
begxu1 speculating on the extent of the iilflueilce 
that such an event might exert on marine life in 
the area. As a result, during this early period sci- 
entists from the Marine Research Institute in 
Reykjavik embarked upon research surveys of 
subsequei~t biological development in the regioil 
(Sigurdssol~ 1965, Sk6lad6ttir 1966). 

The first attempt to follow the coloilization of 
benthic fa~ula at Surtsey was made during the 
years 19661968 by Willy Nicolaisen, who used 
grabs and dredges (Nicolaisen 1967a, 1967b, 
1968, 1970). Howevei-, as the underwater slopes 
off the east, south and west coasts of Surtsey were 
largely found to be covered by rocks, it was not 
considered satisfactory to continue the use of 
such equipment to sample benthos in these areas. 
Therefore sampliilg by the method of SCUBA-div- 
ing was commeilced in 1967 U6nsson 1968, Sig- 
urdssoil 1968), excepting however the sandy sub- 
tidal bottom off the north coast, as no scieiltists 
were then available for work on the fauna of this 
type of bottom. As sampling by means of SCUBA- 

diving of fauila found on the subtidal slopes 
proved to be the best method available, it has 
been used exclusively after 1968 (Sigurdsson 
1968, 1970, 1972, 1974, Haukssoil 1982, 1992). 

I11 the beginning, the sampling was carried 
out annually; soon, however, the development of 
the fauna and flora proved to be so slow that it 
was considered satisfactory to collect samples 
every third year. It was also necessary to take 
accouilt of problems imposed by limited eco- 
ilomic resources. The interval between the last 
two samplings was five years. The ideiltificatioll 
of the animals has as yet not been completed. 
Thus in Tables 1-3, *: after the larger groups 
meails that there are still some species that have 
not been identified. The bryozoans were identi- 
fied by Dl-. I(ai-en Bille Hansen, while the author 
is responsible for the ideiltificatioil of the other 
groups found in the samples from 1992. 

THE SAMPLING 
The benthic animals from the subtidal zone off 

Surtsey down to 30 m were collected by the tech- 
nique of SCUBA-diving duliilg June 21-25, 1992. 
Samples were taken on the three maill trailsects 
off the east, soutll and west coasts (Sig~~rdsson 
1968, 1970, 1972, 1974, Hauksson 1982, 1992). 

Weather conditioils being bad, only one tran- 



sect, that off the east coast, could be worked as 
planned. The collections of samples taken off the 
south and west coasts therefore gave limited 
results, a fact that has to be borne in mind when 
the present attempt to compare them with earlier 
faunal records is considered. Particularly at the 
5m stations the surf was too heavy for adequate 
sampling, but the whole of the research work was 
difficult and some of the stations had to be omit- 
ted (see Tables 2 and 3). Adverse weather condi- 
tions did not allow access to the littoral zone. 

RESULTS 
Tables 1-3 show the distribution by depth of 

the benthic animals on the three transects at 
Surtsey which were sampled in 1992. It has, how- 
ever, to be borne in mind that weather condi- 
tions at the time were bad and the sampling, 
therefore, was ineffective, especially off the 
south and west coasts. Although the number of 
species may be different at the various coasts, it 
is not likely that the difference is as big as might 
seem to appear from Tables 1-3, where the fauna 

Table 1. Benthic animals from the subtidal zone off the east coast of Surtsey in June 1992 

Depth (m) 5 10 15 20 25 30 Depth (m) 5 10 15 20 25 30 

PORIFERA*) 
HYDROZOA*) 
ANTOZOA 

Alcyoizi~~i~z rligitatzen~ L. 
NEMATODA* ) 
POLYCHAETA*) 
BRYOZOA 

Tt~bzilipora liliacea (Pallas) 
Tubulipom sp. 
Diplosolen obelia (Johnston) 
Liclzetzopor(~ vermcaria (Fabc) 
Dispowlla hisl~ida (Fleming) 
Scrziparin attabig~ia (d'orbigny) 
Scrzi]~arin cl~elata (L.) 
Meolbrani/~ora nenzbrai~cicea (L.) 

X X X X X X  

X X X X X X  

. . X  X X X X  

.. X  X  X  . . . .  

. . X  X X X X  

Idotea izeglecta G .  0 .  Sars . . . .  x . . . . . .  
Jani7opsis 6revire17zis G. 0. Sars . . . . . .  r 
Janira i~mcz~losa Leach . . x  x . . . . . .  
Mz~itiza b~oiyeri Goodsir x x .. x . . . .  

AMPHIPODA*) x x x x x x  
DECAPODA 

Hyas coarctatus Leach .. x .. : x .. 
Galathea lzexa Embl. . . . . . . . . .  x 
Ezefiagurus bcrnharrlzls L. . . . . . . . . .  x 

POLYPLACOPHORA*) .. x .. . . . .  
PROSOBRANCHIA 

Helcion pellzicidze?n (L . )  x x .. 
Aritzecr tesludinalis (Miiller) .. x .. 
Margatites groozlandiczis (Chemn.) . . . . . . . .  x .. 

.. x x x x .. ~VIcip?ites heliciizzis (Fabn) x x . . . . . . . .  
Elecllri pilosn (L.) .. x x x . . . .  Lacuna divancata (Fabr.) 
Callol~om liiteata (L.) .. x . . . . . . . .  Skenol~sis lplanorbis (Fabr.) 
Callol~om crceticz~la (Alder) . . . . . . . . . .  x 011znlog)'ra atomus (Phil.) 
Tegelln z~izico~tz~s (Fleming) .. x .. x x x Nekt~inea des]~ecla (L.) 
figella arclica (d'Ot-bigny) . . . . . .  x x x Bzicciiat~?n uizdalzc~n (L.) 
At~zpl~iBlest,nit~flotzi17gii(Busk) . . . . . .  x .. x 
Menzb~a~zi/~orella izitirln (Johnston) . . . . . . . .  x .. 
Scr~~~~ocellaria s c ~ ~ ~ p o s a  (L.) . . . . . .  x . . . .  
Scrz~~~ocellaria eloizgala (Smitt) . . . . . . . .  x x  
TricellaricL te~rzato (Ellis & Solander) .. x  .. x  .. x  

Cribriliiza puizctala (Hassall) .. x . . . . . . . .  
Cribrilina cr)ptooecinim Norman .. x  .. x  x x 
Qz'briliiza aniznilata (Fabr.) .. x .. x x x 
U~nboizz~ln littoralis Hastings .. x .. x .. x 
Porella albn Nordgaard 

Bziccii~urn ztizdalunl vat: 
coeruleum (G.O.Sa1-s) 

Nassa incrassata (StrGm. ) 
NUDIBRANCHIA;') 
LAMELLIBRANCHIA 

Mytihls edulis (L.) 
Modiolniia discors (L.) 
Modiola j~linseoliiza (Phil.) 
Clzlai~zjs islaizdicz~s (Miiller) 

Esclznrella i~amersa (Fleming) . . x  . . x  . . . .  Kcllia subor6iczilarir (MOIIL.) 
Pnmsttzitliiza h-isl,iizosa (Johnston) . . . . . .  x  x .. Cn,.cliu?tz fascintual (Mont.) 
Microporclln ciliala (Pallas) . . . . . . . . . .  x $izdosi~~)la prisitmtica (Mont.) 
Cylindroj,o,alla lzebulosa (Norman) .. x  . . . . . . . .  Hiatclln arclica (L.) 
Celleporella Izynlina (L.) .. x  x  x  x  x  ASTEROIDEA 

X X X X . .  

.. X  . . . . . . . .  

. . . . . .  X  . . . .  
. . . . . . . .  X  

X  . . . . . . . .  

. . . . . .  X  . . . .  

. . X  X X X X  

X X  . . X X X  

X X X X X X  

. . . . . .  X  . . . .  

. . . .  . . X . . X  

. . . . . . . . . .  X  

. . . .  .. X X  

.. . . . .  X  X  

X  .. . . . .  
X X X X X  

. . . . . .  Cellcponnn Aassallii (Johnston) .. x  x Asterins rztbols L. .. x .. x x x 
A1c)ioizidizeiti i t ~ a ~ ~ t ~ l l a t ~ e i ~ t  Alder . . . . . . . .  x  .. OPHIUROIDEA 
Alcyonidiunz ?tzylth Dalyell . . x  . . . .  . . x  Oj~lzzoplzolzs aczehata (0.Fr.Muller) .. x  x  .. x x 
Alq~onidiunr~~arnsilicz~ttz(Fleming) . . . . . .  x  . . . .  ECHINOIDEA 

. . . .  .. A,ncl~izidizi?ts jibtosze~~l Hincks . . . . . . . . . .  x Eclzinus escz~lcntus (L.) x x x 
CIRRIPEDIA ASCIDMCEA*) x .. x x . . . .  

Verruca stroevein (Mdler) . . x  x x x x  Styela lrrstica (L.) . . . .  x x  . . . .  
Bnlaizzis bnlailus (L.) x x x x x x  Haloqizlhia j1)11ifo1 tlzis (Rathke) .. x x  . . . . . .  

ISOPODA Boltetzia eclzinnta (L.) . . . . . .  x . . . .  
Idaten gmwulosn Rathke x .. x . . . . . .  
- -~ 

*)Species a~nong tl~ese ~vcrc not iclen~ificd 



Table 2. Benthic a~linlals from the subtidal zone off the south 
coast of Surtsey in June 1992. 

Depth (m)  

POIUFEIW") 
HYDROZOA) 
r n T O Z O A )  

Alcjoniutu dig-ilalzott L. 
NEiVlATODA:':) 
POLYCHAETA"') 
BRYOZOA 

?itbzrlij,o,n lilirrcecr (Pallas) 
Tt~bu/t)orrl sp. 
Di/~losobt~ obelin (Johnston) 
Sci-~~/)j,arin clrelrrl~ (L.) 
Eleclm pilosrr (L.) 
Crzllol,o,u Gnealcr (L.) 
Crrllo/)otn crriliczrla (Alder) 
Tegello t~~zicortlis (Fleming) 
ii?n/~hiblcslru?,~ Je t~ i~ lg i i  (Busk) 
~4e;lzbtn,t.i/Iore/ln nitiicl (Johnston) 
Scr-zt/)occllarin clo?ol2gnlo (Smitt) 
E.iccllnrin tor~rrln (Ellis & Solander) 
Cribrilinn pzr?lclaln (Hassall) 
Cribrilinn cr)plooccizrm Norman 
Cribriliiln rrniatclnln (Fabn) 
Utt~bonzlla lillorolis Hastings 
Cclle/)orii~n /~rrssollii ~ o h n s t o n )  
Alqotzirlilittt /)armi/irtrna (Fleming) 

CIRRIPEUIA 
Ikrrztcrr s/roetr~ia (Mdler) 
Rola~rr~s balnntrs (L.) 
Bn1ann.r hrr~~~vrt~ri (Ascanius) 

ISOPODA 
M1ei~nn kro)9er% Goodsir 
Jrr?ziro/)sis brcvii-o~ris G. 0. Saw 
Jmziin t~~nclrlosn Lcacll 

rn1PH1PODkk) 
DECAPODA 

Hyis conrclrrtzu Leach 
PROSOBRANCHW 

Lnczinrr diuoriccrla (Fabr.) 
N[~ssa itlci-nssnlo (Strom.) 

NUDIBRANCHIA*) 
LAMELLIBRANCHW 

1\4yfilrts cdzriis (L.) 
~Vlodiolo phnseolincc (Phil.) 
Heierccnoit~icr sqtinnzzrla L. 
Hin/~l ln etclicn ( L . )  
Kellin szebo,6iculnris (Mont.) 

ASTEROIDEA 
Aslcrins rube1l.q L. 

OPHIUROIDEA 
O/~hio/~holis rrctilerclrr 

( 0 .  Fr. h,I<~lle~-) 
ASCIDWCEA;") 

Slyclrr i-uslicn (L.) 

::) Species among thesc Irere not irlcntilied 

at the east coast is represented by twice as many 
species as at each of the other two transects. 

The efficiency of the sampliilg may have been 
further affected by other factors than adverse 

weather conditions. Thus, for instance, some of 
the animals present may easily have been so 
small as to have escaped the attentioil of the div- 
ers. An example is the prosobrailch O~~znlogyrn 
ntomus (Phil.) which is only about llnm in diam- 
eter, being the smallest invertebrate dealt wit11 
in the present paper. Such small animals may 
even have been overlooked during the identifi- 
cation of the samples. 

It is noteworthy how few species were found 
for the first time at Surtsey in 1992 (see Tables 
49) .  It is only the bryozoans that include a num- 
ber of new species, thougl~ it should be men- 
tioned that samples fi-om this group for the 
years between 1971 and 1992 have not been 
identified, so nothillg is said here about new 
species in the latter yeac It is therefore obvious 
that the developmeilt of the benthic fauna at 
Surtsey has been very slow, and is likely to re- 
main so for a long time to come, especially if 
compared with the relatively much richer and 
more advanced beathic fauna at the other is- 
lands of the Vestmailnaeyjar archipelago. 

There would seem to be two main reasons for 
this slow development. In the first place, the 
underwater slopes of Surtsey are very unstable 
and therefore hostile to some of the colonizing 
species. Every year heavy waves forced by winter 
storms break off a large quantity of the southern 
lava field and trailsport lava blocks, gravel and 
sand northwards along the west and east coasts, 
thereby dist~~rbing the settlement of fauna and 
flora on the subtidal slopes and in the tidal 
zone. Secondly, difficulties in the way of ti-ans- 
port of animals to Surtsey from the adjacent 
islands can limit the development of the faunal 
communities, especially in the case of animals 
with no or short larval stages. 

It will clearly take a long time for the benthic 
communities at Surtsey to develop and stabilize 
to an extent comparable with what is to be 
fouild at the other islands. This holds good both 
for the underwater slopes and the littoral zone, 
though development in the latter is a loi~g way 
behind that found in the former, as a 1997 sur- 
vey would seem to indicate (Sigurasson 1999). 

COMPARISON WITH OLDER DATA 
Tables 4 9  demonstrate the arrival of benthic 

animals in the upper part of the underwater 
slopes and the tidal zone of Surtsey, as far as the 
presei~t stage of the work of ideiltification allows 
this to be determined. This topic was treated by 
Hauksson (1992), but as the data fi-om 1970, 



Table 3. Benthic animals TI-om the subtidal zone of[ the west 
coast oT Surtsey in June 1992 

Depth (m)  5 10 15 25 

PORIFEIW;!') 
H M R O Z O A )  
ANTHOZOA 

Alq~oizizi~~t ~1igitnt11 111 L. 
NEMATODA) 
NEMERTINI'g ) 
POLYCHAETA': ) 
BRYOZOA 

T~tbulipora liliacea (Pallas) 
Tiibulipom sp. 
Pkr~gioecin pntinc~ (Lamarck) 
Liclgo~o/~o,u uerrircnrirc (Fabn) 
Scru/~a~-ia ct~tzbigun (d'orbigny) 
Scrzil~a~-in clzelnln (L.) 
1\fet11b,nni~~oro,u aiett~b,u?zaccn (L.) 
Eleclro pilosn (L. ) 
SCI-zil~occlluria elotlguln  stn nil^) 
Tricellriria lo~lzatn (Ellis & Solander) 
Uii~bont~lrt litlorrtlis Hastings 
Celle/~olalln Itjlaliiza (L.) 
Cellcl)ori~za hassallii (Johnston) 

CIKKIPEDIA 
1lo-1-z~ca s1roe111ic1 (Mi~ller) 
Balmzzis bakanzts (L.) 

ISOPODA 
Idotcn grcr~zulosn Rathke 
Iaiziroi,sis brn~ire~~tis G. 0 .  Sal-s 
,/aizi~.a tnnculosa Leach 
1\41riznn /<I-ojeri Gooclsir 

M P H I P O D A )  
DECAPODA 

Hjjns coal.clatzts Leach 
PROSOBRANCHIA 

1\4nrprites gt.oozla~~clic~ts ( C h c t ~ ~ n . )  
i\ilnrgarilcs helicitzus (Fabn) 
Lncrino rlivcll-icflta (Fabn) 
B ~ ~ C C ~ ~ I ~ L I I ~  tiizclnltit~~ (L.) 

NUDIBRANCHIA:':) 
LAMELLIBRANCHIA 

1\4yLiltts erlzllis (L.) 
~lilorlioln phrrscoli~~n (Phil.) 
Hetercr7101t1in sqt~cia~zilr~ L. 
Caldiui~t Jrtscintti~tz (Mont.) 
Hintclln nrclica (L.) 

ASTEROIDEA 
Asterins rztbols L. 

OPHIUIZOIDEA 
O/~hiol~llolis c~cz~lec~tct ( 0 .  Fc Mi~ller) 

ASCIDIACEA) 

*) Specics among these were not identified. 

1971 and 1977 were not available to him, the 
subject will be resumed here. 

No other identifications of nudibranchs than 
those referred to by Hauksson (1992) are avail- 
able, so this group will not be treated further 
here. Hydrozoans, polychaets and amphipods 
have partly been identified but the results were 
not available to the present author. These three 
groups har~e all been represented in every sam- 
pling year since 1967. 

Although the samples are not quantitative, I 
have tried to give a rough idea of the density of 
the faunal elements at Surtsey by using frequen- 
cy of individual species in the samples in com- 
bination with the divers' reports and underwa- 
ter photographs. 

Scyphozoa (Table 4 )  
HaZycZyslus ocloradiatus (Lamarck) is the only 

species of this group found at Surtsey. It seems 
to be very thinly scattered as only a few individ- 
uals have bee11 found i11 the samples, and these 
not every year. 

Alzthozoa (Table 4 )  
Alcyo7zium diptaturn L. This species, which was 

first fouild in 1969, and again every sampling 
year fi-om then on, is very common (Fig. 1).  

Tealiafelina (L.) has only been determined in 
the samples from 1987. 

Table 4. Arrival atid occurl-ence of Scyphozoa and Antliozoa at Surtsey. 

Bryozoa (Table 5) 
The bryozoans from Surtsey have only been 

identified from 4 sampling years, so their immi- 
gration to Surtsey cannot be followed in the same 
measure as for some of the other groups of bea- 
thic animals that are treated here. However, as can 
be seen fi-om the table, the number of species has 
increased fairly rapidly, 38 of these having been 
identified, the bryozoans thus being among the 
most diverse benthic groups at the island. One of 

Year G9 70 7 1 74 77 80 83 84 87 92 

SCYPHOZOA 
HnltrIqslzts orlo~rtdzaltts (Lama~ck) x x x x 

rnTHOZO.4 
Alcjoizzzinz dlgttnlzti~z L. x x x x x x x x x x 
Tcahn fikztzn (L.) x 



Table 5. Bryozoa fou~ld at Surtsey in 1967, 1968, 1971 and 1992. 

~Mci~~bmniporn etenzbralancea (L.) 
Celleporclln I~yali~ta (L.) 
Scrz~paria atnbigtia (d'orbigny) 
Scn~l~aria cl~e/ala (L.) 
Elecllo pilosa (L.) 
As~phible.~lrz~n~ fi~izingii (Busk) 
Trimllaria leriiala (Ellis & Solander) 
Cvibrilina pz~iiclaln (Hassall) 
Alqtonidizin~ parasiticziaz (Flem.) 
Alqto~zidizi~~~ P O ! ~ I C ) I L  (Hassall) 
Un~boizzila lilloralis Hastings 
Flztstra folincca (L.) 
Callo~~om cluliclila (Alder) 
Tcgclla ~uniconzis (Fleiii.) 
Meiitbmiiiporcllc~ lzilidn (Johnston) 
Scrzif,ocellaria elongala (Smitt) 
Escltarella imvtosa (Flem.) 
P(~rasii?,illiiin Lrisfliiiosn Uohnston) 
Alcyonidit~111 ii~nstilltlzinr Alder 
Dis/~orella hisl~ida (Flem.) 
Porella alba Nordgaard 
Callopora cluinerilii (Audouin) 
Porella iitinzila (Norman) 
Porella smilli ICluge 
Tzibzili/~o,u liliacea (Pallas) 
Plagioecia palina (Lamarck) 
Diplosolen obelia (Johnston) 
Licl~e~zo~~ora verrucoria (Fabr.) 
Callopora liize(~1a (L.) 
Tegcllu arcttca (d'orbigny) 
Scrupoccllririn scrn~i,osa (L.) 
Cribia'li7zci rryf1loocciz~i1z Norman 
Cvibrili~za anizzilala (Fabn) 
1\4icro/~orella ciliala (Pallas) 

X X X X  

X . . X X  

.. X  X  X  

.. X  X  X  

.. X  X  X  

.. X  X  X  

.. X  X  X  

.. X  X  X  

.. X  X  X  

.' " Figure 1. Alqonium digit at ti?^^ at Surtsey in 1974. (Photo. Halld6r 

.. Dagsson). 
X  X  

X  X  

X  )1 

X  X  

X  X  

X  X  

x x so unstable that normal littoral animal commu- 
, x .. nities have still not developed there. During the 
, X  .. 
, x .. winter the young barnacles have been destroyed 

.. X  by surf caused by frequent winter storms. This 

Cyli~zdo/~oella tzibr~losa (Norman) x 

Cellcpoi-inn hassallii Uohnston) x 
Alqoizidi~im nzytili Dalyell .. x 
Alncl~~zidiuiir /ibrosz~ei Hincks .. x 

species has occasionally been fouild down to a 
c depth of 15 m at Surtsey. 
i 

Balanus balanus (L.) was first found in 1968 
c and every sampling year since and seems to be 
c fairly common. 

Balanus hammeri (Ascanius) has only occasion- 
ally been found at Surtsey and is presumably 

the species, Membraniljma rnembranacea (L.), is very 
conspicuous, being at once very common and cov- 
ering extensive parts of algae. It has been found 
in every sampling year since 1967. 

Cirripedia (Table 6)  
Verruca stroemia (0. Fr. Miiller) is commonly 

found living on stones and on shells of other 
animals at Surtsey and has occurred in every 
sampling year since 1967, except in 1984. 

Balanus balanoides (L.) was already found in 
the tidal zone in 1967, and in every summer and 
autumn sampling in the same area since, 
though only in its first year of life. This barnacle 
is very common in the neighbourhood of Surts- 
ey, where its larvae arrive every spring and settle 
down in the tidal zone. However, this habitat is 

rare at the island. 

Isoljoda (Table 6) 
Janiropsis breviremis G. 0. Sars was first found 

at Surtsey in 1971 and has occurred in subse- 
quent sampling years except in 1983. In that 
year the sampling was ineffective on accouilt of 
bad weather conditions. This species is by no 
means rare at Surtsey. 

Munna kriiyeri Goodsir was first found in 1971 
and again in subsequent collections, except in 
1984 and 198'7. Because of its small size it may 
well be more common than its occurreilce in 
the samples might seem to indicate. 

Janira maculosa Leach has only been fouild in 
samples from 197'7 and 1992, which indicates 
that it might be rare. 

Idotea granulosa Rathke has only occurred in 
samples from 1987 and 1992, and then only 
some few individuals found at depths from 5 to 
20 metres. 

Idotea neglecta G. 0. Sars. Only one specimeil 
was found at a depth of 15 m off the east coast 
in 1992. 



Table 6. Arrival and occurrence of Cirripedia, Isopoda and Decapoda at Surtsey. 

Year 67 68 69 70 71 74 77 80 83 84 87 92 

CIRRIPEDIA 
%ruca stmeacicc ( 0 .  El-. Muller) x x x x x x x x  x .. x x 
Baluizus balanoides (L.)  
Balanus bal<~nnu (L.)  
Balanus hancirzeri (Ascanius) 

ISOPODA 
Jaiziropsis brmirenzis G. 0. Sars 
Mziizna krii)leri Goodsir 

X X X  

.. X  X  

X X X  

X X X  

Jaizira smcillosa Leaell 
Idotca g,nizulosa Rathke 
Idotea neglecta G. 0. Sars 

DECAPODA 
Hym coarclaltis Leach X X X  

P O ~ L Z L ~ Z L S  holsalus Fabc 
Eualus pzcsiola (Ih-oyer) 
Galathea nexa Einbl. 
Pandalus scontag~ii Leach 

X X X  

X X X  

X  X  .. 

Table 7. Arrival and occurrence of Prosobranchia at Surtsey. 

Year 68 69 70 71 74 77 80 83 84 87 92 

PROSOBRANCHIA 
Laczi7ia rliva~-icatn (Fabr.) 
A/)o,-rlzais l~es-l,elicani (L.) 
Orlosto~~~ia uizidozlata (Mont.) 
S1tenopsi.s planorbis (Fabr.) 
VEltitina uelzitinn (Mi~ller) 
Bztccinurrt zlndatzl~n (L.) 
Margarites groe~zlaizdicus (Chemn.) 
Nassa iizcrassala (Strijm.) 
Acr~lnea testudinalis (Miiller) 
Onoba striata (Mont.) 
Lacriiza pallidula (da Costa) 
Helcion pe11z~cidri1~z (L.) 
Acntaea virginen (Mi~ller) 
Natica clnz~sa (Brod. & Sow.) 
Gibbulrc lumida (Mont.) 

~emalogyra atos~us (Phil.) x x 
~Mnrgariles helieinus (Fabr.) x x 
Neptunea desj~ecta (L.) .. x 

Decapoda (Table 6) 
Hyas coarctatus Leach, having occurred in the 

samples since 1967, appears to be quite com- 
mon at Surtsey 

Portunus Izolsatus Fabr. was sparsely represent- 
ed in the samples from Surtsey in 1967-69 and 
again in 1971, but has not been found later. 

Eualus pusiolus (Kroyer) occurred in samples 
from 1967-80, except for 1968. This is a swim- 
ming decapod which is probably still in the area. 

Galathea nexa Embl. has been found at Surtsey 

80 

since 1969 and is probably not rare there. 
Pandalus montagui Leach has only occurred 

twice in the samples from Surtsey; nevertheless, 
it is not uncommon in the surrounding region. 

Eupagurus bernhardus (L. ) was found at Surts- 
ey in 1980, 1984 and 1992 only, which might 
point to its rarity at the island. 

Prosobranchia (Table 7) 
Lacuna divam'cata (Fabr.) was first found at 

Surtsey in 1968. Its frequent occurrence in later 



sampling years sl~ows it to be common at the 
island. 

Apmlznis 11es pelicani (L.) . Only one juvenile indi- 
vidual was found at Surtsey in 1968, but ilone later. 
This must be considered nat~~ral as a convenient 
habitat for this species is absent fi-om the sampling 
area. However, the species has been found in the 
surroundings of S~~rtsey, and its shells were brought 
to the surface during the eruption and were found 
in the tephi-a part of the island. 

Odosto?nia zmidentatc~ (Mont. ) occurred first at 
Surtsey in 1969 and was found in the next 5 col- 
lections, but not later, being represented by a 
small number of individuals only. Howevei-, as it 
is a very small prosobranch, it may have been 
more frequent than the records indicate, and 
might still be living at the island. 

Slzenopsis planorbis (Fabr.) . This prosobranch 
was first found at Surtsey in 1971, and again in 
1980 and 1992. It seems to be rare, but might 
have escaped the divers' attention on account of 
its small size. 

Velutina velutina (Miiller) occurred in the sam- 
ples in 1974, 1977 and 1980. It is rare at Surtsey, 
and likewise not frequent at the south coast of 
Iceland. 

Buccinu~n undntunz (L.) has been found in the 
samples from 1974, 1977 and 1992. It is still in- 
frequent at Surtsey. 

Margnrites groenlandicus (Chemn.) occurred 
first in 1977 and has been found in every sam- 
pling year since then. Howevei-, up to now it 
does not seem to be common at Surtsey. 

Nnssn incrnssntn (Strom.) has been found at 

Table 8. A-rival ailcl occurrence of Lamcllibranchia at Surtse)~. 

Surtsey since 1977, except in 1984, and appears 
to be fairly common. 

Acmnen testudinnlis (Mi~ller) was only found to 
occur in the samples from 1977, 1984 and 1992. 

Onoba stm'ntn (Mont.) is one of the small pro- 
sobranchs which were only brought up in sam- 
ples with other animals or algae and are only 
fouild in the samples from 1977 and 1980. 

Lncunn pallidulr~ (da Costa) only occurred in 
the samples from 1977 and 1987. 

Helcion pellucidum (L.) was only found in the 
samples from 1977 and 1992. 

Acnzaea virginea (Miiller) was only found once, 
i.e. in 1977. 

Nnticn clausn (Brod. & Sow.) like thk last-men- 
tioned species, only occurred in the samples 
fi-om 1977, so nothing f~irther can be said about 
its presence at Surtsey. 

Gibbuln tumidn (Mont.) has only been found 
in samples from 1980, and must thus be consid- 
ered to be very rare at Surtsey. 

Margnrites oliunceus (Brown), found in 1984 and 
198'7, did not occur in the 1992 samples, and call 
thus be presumed to be still uncommon. 

Omnlogyrn ntomus (Phil.) was rare in the 1987 
and 1992 samples. As this prosobranch is ex- 
tremely small, it can easily have been missed by 
the divers, and even by sorters of the samples. 

Margnrites lzelicinus (Fabi-.) was first fouild in 
1987; again in 1992 several individuals were dis- 
covered at 3 stations at the east and west coasts, 
so it can now be assumed to be a resident ill the 
fauna at Surtsey. 

Neptunen despectn (L.). Only one individual has 

Year 67 68 69 70 71 74 77 80 83 84 87 92 

LAMELLIBRANCHM 
1\4j~/il1ts erlzilis (L.) 
Hetern7zo?1zia s q t ~ n ~ ~ ~ t c l n  L. 
Hiatelll arcticn (L.) 
Cl~lrrnz~s pzlsio (L.) 
Cr~rrliuni fnscintzc?~z (Mont.) 
S)~~idoso~)w ~zilidn (Miiller) 
illodiolrc phnscolincr Phil. 
Spisziln solirln (L.) 
i lbn  tru~zcntn (L.) 
Clz1n11i)~s Ligri7zcc (~l<iIlei-) 
L)~o~zsicl t~orug.icn (Chemn.) 
Kellia srrbo,6icularis (MoII~.) 
i\.lorliolrcrin discors (L.) 
C / L ~ ~ I I I ~ S  isln~z~lic~cs (bl<iIler) 

X  X  X  

X X X  

X  X  X  

.. X  X  

X  .. X 



Figure 2. Colony of ~VIytilzts edz~16 with Asterins rubens feeding on it 
at 20 111 depth at Surtsey in 1970. (Photo. Halld6r Dagsson). 

been found, in 1992. This large prosobranch is 
not likely to settle down on the hard bottom 
sampled at Surtsey although it is common in the 
surrounding area. 

Larnellibranchia (Table 8) 
Mytilw edulis (L.). The common mussel had 

already settled down at Surtsey in 1967, having in 
the years that followed formed quite extensive 
colonies on the underwater slopes (Fig. 2),  and 
being now the most common bivalve at the island. 

Heteranornia squarnula L. has been found at 
Surtsey in every sampling year since 1967, being 
common at the island. 

Hiatella arctica (L.) is very common at Surtsey, 
being first recorded there in 1967. 

Chlarnys pusio (L.) occurred first in the sam- 

ples of 1968, and then on five subsequent occa- 
sions, though not after 1983, which points to its 
being relatively rare. 

Cardium fasciaturn (Mont.) was first found at 
Surtsey in 1968, but is not common there. 

Syndosmya nitida (Miiller) has only been col- 
lected once at Surtsey, i.e. in 1968, so it is hard- 
ly an inhabitant of the underwater slopes of the 
island. 

Modiola phaseolina Phil. was first recorded at 
Surtsey in 1970, and three times subsequently. 
This small bivalve might easily have been missed 
in some of the samplings, but as it was fairly fre- 
quent in the samples of 1992, it seems to be get- 
ting common in the area. 

Spisula solida (L.) was only found at Surtsey in 
1970 and 1977, thus being very rare. 

Mya truncata (L.) only occurred in the sam- 
ples of 1971 and 1977. It is an unlikely inhabi- 
tant on the hard bottom from which samplings 
are made at Surtsey. 

Chlarnys tigm'na (Miiller) was only found in 
1971 and is thus hardly an inhabitant at Surtsey. 

Lyonsia norvegica (Chemn.). As was the case 
with the previous species, this was only collected 
in 1971, and the same observation applies to its 
inhabitation at Surtsey. 

Kellia suborbicularis (Mont.) was found in the 
samples from 1977 and again in those of 1992. 
The latter year so many individuals were found 
that it is obviously one of the inhabitants at 
Surtsey. 

Modiolaria discors (L.) occurred at Surtsey in 
1987 and again in 1992. In the latter year some 
few animals were collected from a depth of 20 m 

Table 9. Arrival and occurreilce of Asteroidea, Ophiuroidea, Echinoidea and Ascidiacea at Surtsey. 

ASTEROIDEA 
Asterim rtibc17s L. 
HijIpnstn.in pArygia?za (Parelius) 

OPHIUROIDEA 
O/~hiojIltolis aczilcata (0. Fr. Mdler) 

ECHINOIDEA 
Ecl~i?zzu escz&leiztzls (L.) 
Stro~z~locentrotnu droebacltie~uis 

( 0 .  Er. M~llek-) 
ASCIDIACEA 

Ascidia callosn Stimpson 
Styela rzistica (L.) 

Haloqtnthia jI)~rifort~iis (Rathke) x x x x x x 
Ascidia olrliqua Alder x 



at the east coast, so this appears to be a begin- 
ning to permanent settlement. 

Chlamys islandicus (Miiller) was only found in 
1987 and 1992. In the latter year only a solitary 
young individual was collected, so little can be 
said about its settlement except that it is rare at 
Surtsey. 

Syndosmnya prismatica (Mont.) . Only one young 
animal was brought up in the samples of 1992. 

Asteroidea (Table 9) 

one' of the inhabitants on the uilderwater slopes 
at Surtsey. 
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A survey of the benthic coastal fauna 
of Surtsey, Iceland, in 1997 

ERLINGUR HAUKSSON 
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ABSTRACT 
During the period of 4th to 10th of July 199'7, samples of benthic animals were collected by diving at Surts- 

ey, South-Iceland, on three transects, east, south and west off the island, in the shore and on 5, 10, 15, 20, 25 
and 30 meters depths. 

Number of species was similar in the collection depths of the east and south transects, but at 15 and 25 
meters depths number of species were somewhat lower off the west coast, than the east and south coasts. The 
species composition of the three transects was quite similar. The isopod, Janiropsis breviremis was only found off 
the south coast, whereas the gastropod Patina pellucida was only found off the east coast. Many of the species 
most frequently collected had wide depth distribution. The exception from this was the octocoral Alcyonium 
digztatum that was only found below 15 m depth. 

No new species was found in 1997 and not all of the species recorded in 1992 were found again in 1997. 
The total number of species was similar in 1997 as in 1992. 

INTRODUCTION 
The colonisation of marine organisms on the 

new land formed in the Surtsey eruption in 
1963, has been followed ever since (Sigurdsson 
2000). From the year of 199'7 the author has 
been responsible for the marine invertebrate 
part of the investigation. 

The geological development of the island of 
Surtsey has been spectacular. The erosion of the 
island due to wave-exposure is immense and the 
island has decreased considerably since its for- 
mation. The heaviest erosion occurs on the 
southern coast of the island, due to prevailing 
southerly winds and intense wave exposure. The 
most stable shores are on the eastern side of the 
island, where some parts of the cliffs have 
endured since 1984. 

MATERIAL AND METHODS 
During the period of 4" to 10" of July 199'7, sam- 

ples of benthic algae and animals were collected by 
diving, at the same time photographs were taken of 
the bottom in order to estimate the cover of the 
benthic biota. Orginally the plan was to collect sam- 
ples of flora and fauna, as well as taking photo- 
graphs, on three transects, east, south and west, 

Table 1. Number of species of marine animals found at each 
depth on each of the three transects investigated. 

Depths (m) Littoral 5 10 15 20 25 30 

East 3 16 22 21 20 23 22 
Soutll - 20 27 - 20 
West 2 22 15 19 18 4 

Surtsey Research 11 :85-88, Reykjavz72 2000 



Table 2. Benthic animals from the intertidal and subtidal zone off 
the east coast of Surtsey in July 1997'. 

Depth (m) Intert. 5 10 15 20 25 30 

PORIFERA 
Sycon ciliatum (Fabr.) X  
Grantia compressa (Fabr.) X X X X X X  

SCYPHOZOA 
Haliclystus octoradiatus (Lamarck) X  

HYDROZOA X X X X X X  
ANTHOZOA 

Alcyonium digitatum L. X X X  
NEMERTEA X  X  
POLYCHAETA X  X X X X X X  
BRYOZOA X X X X X X  
CIRRIPEDIA 

Balanus balanus (L.) X X X X X X  
Balanus balonoides (L.) X  
Balanus hammeri (Ascanius) X  
Verruca stroemia (MulIer) X  

ISOPODA 
Idotea granulosa Rathke X X X  X  
Idotea pelagica Leach X  
Idotea neglecta G. 0. Sars ' X  X  X  
Janira maculosa Leach X  X  
Munna kroyeri Goodsir X  

AMPHIPODA X X X  X  X  
DECAPODA 

Eupagurus bernhardus L. X  
Hyas coarctatus Leach X X X  

PROSOBRANCHIA 
Acmaea virginea (Muller) X  
Acmea testudinalis (Muller) X  X  
Buccinum undatum (L.) X  X  X  
Lacuna divaricata (Fabr.) X X X  X  
Margarites groenlandicus (Chemn.) X  X  
Margarites helicinus (Fabr.) X  X  
Nassa incrassata (Strom) X X X X X X  
Patina pellucida (L.) X  X  

NUDIBRANCHIA X  
Doto coronata (Gmelin) X X  
Archidoris pseudoargzls Rapp X  

LAMELLIBRANCHIA 
Heteranomya squamula L. X  X X X  
Hiatella arctica (L.) X X X X X X  
Kellia suborbicularis (Mont.) X  
Modiola phaesolina (Phil.) X  
Modiolaria discors (L.) X  
Mytilus edulis (L.) X  X X X X X X  

ASTEROIDEA 
Astem'as rubens L. X X X X X X  

OPHIUROIDEA 
Ophiopholis aculeata (0 .  Fr. Muller) X X X X X  

ECHINOIDEA 
Strongylocentrotus droebachiensis 

( 0 .  Fr. Muller) X X  
Echinus esculentus (L.) X  X  

ASCIDIACEA 
Styela rustica (L.) X  
Halocynthia pymjCormis (Rathke) X  X  X  

PISCES 
Liparis montagui (Donovan) X  

both in the shore and on 5, 10, 15, 20, 25 and 30 
meters depths. It turned out to be impossible to 
take samples at all depth on each transect (Table 
1). Sampling in the intertidal zone on the south 
and west shores had also to be abandoned, due to 
heavy surf. The 5, 20 and 25 meters stations of the 
south transect had to be left out due to heavy 
winds, and on the 30 meter station off the west 
coast little or no hard substrate could be found. 

Samples were processed on-board of the 

Table 3. Benthic animals from the subtidal zone off the south 
coast of Surtsey in July 1997. 

Depth (m) 10 15 30 

PORIFERA 
Sycon ciliatum (Fabr.) 
Grantia compressa (Fabr.) 
Halichondria panicea (Pallas) 

HYDROZOA 
ANTHOZOA 

Alcyonium digitatum L. 
POLYCHAETA 
BRYOZOA 
CIRRIPEDIA 

Verruca stroemia (Muller) 
ISOPODA 

Idotea granulosa Rathke 
Idotea pelagica Leach 
Idotea neglecta G. 0 .  Sars 
Janira maculosa Leach 
Janiropsis breviremis G. 0 .  Sars 

AMPHIPODA 
DECAPODA 

Hyas coarctatus Leach 
Pandalus montagui Leach 

PYCNOGONIDA 
Nymphon sp. 

PROSOBRANCHIA 
Lacuna divaricata (Fabr.) 
Margarites groenlandicus (Chemn.) 
Margarites helicinus (Fabr.) 
Nassa incrassata (Strom) 
Onoba striata (Mont.) 

NUDIBRANCHIA 
Eubranhus pallidus (Alder & Hancock) 
Dendronotus frondosus (Ascanius) 
Tergipes t e p e s  (Forskal) 
Coryphella verrucosa (M. Sars) 
Onchidoris bilamellata (L.) 
Doto coronata (Gmelin) 

LAMELLIBRANCHIA 
Hiatella arctica (L.) 
Modiola phaesolina (Phil.) 
Mytilus edulis (L.) 

ASTEROIDEA 
Asterias rubens L. 

OPHIUROIDEA 
Ophiopholis aculeata ( 0 .  Fr. Muller) 

ASCIDIACEA 
Halocynthia pyriyormis (Rathke) 

PISCES 
Cyclopterus lumpus L. 



Table 4. Benthic animals from the subtidal zone off the west 
coast of Surtsey in July 1997. 

several species is under revision and hence these 
are not represented at the species level. 

Depth (m) 5 10 15 20 25 30 

PORIFERA 
Grantia compressa (Fabr.) X X X X  
Sycon ciliatum (Fabr.) X X X X  

SCYPHOZOA 
Haliclystus octoradiatus (Lamarck) X 

HYDROZOA X X X X X  
ANTHOZOA 

Alcyonium digitatum L. X X 
POLYCHAETA X X X X X  
BRYOZOA X X X X X  
CIRRIPEDIA 

Balanus balanus (L.) X X 
Verruca stroemia (Muller) X X 

ISOPODA 
Idotea granulosa Rathlze X X X 
Idotea felagica Leach X 
Idotea neglecta G. 0 .  Sars X X 
Janira maculosa Leach X X X  X 

AMPHIPODA X X X X X  
D E W O D A  

Hyas coarctatus Leach X 
PROSOBRANCHIA 

Acmaea virginea (Muller) X X 
Buccinum undatum (L.) X 
Gibbula tumida (Mont.) X 
Lacuna divaricata (Fabr.) X X 
Margarites groenlandicus (Chemn.) X 
Margarites helicinus (Fabr.) X X 
Nassa incrassata (Strom) X X X 

NUDIBRANCHIA 
Coryphella verrucosa (M. Sars) X 
Onchidoris bilamellata (L.) X 
Onchidoris muricata (Muller) X 
Ancula cristata (Alder) X 
Doto pinnatijida (Montagu) X X X X  
Eubranhus pallidus (Alder & Hancock) X 

LAMELLIBRANCHIA 
Chlamys pusio (L.) X 
Hiatella arctica (L.) X X X  
Mytilus edulis (L.) X X X  

ASTEROIDEA 
Asterias rubens L. X 

OPHIUROIDEA 
Ophiopholis aculeata ( 0 .  Fr. Muller) X X X X  

ECHINOIDEA 
Strongylocentrotus droebachiensis 

( 0 .  Fr. Muller) X 

research vessel, identified to species or species 
groups and preserved in iso-propanol. In- 
vertebrates belonging to the following groups 
were identified to species; porifera, isopoda, cirri- 
pedia, gastropoda, lamellibranchiata, echinoder- 
mata and ascidiacea. Animal groups like amp- 
hipods, nudibranchs, hydroids, bryozoans, pygno- 
gonids and polychaetes are undergoing more 
thorough identification work. Identification of 

RESULTS 

Intertidal zone 
Only three species were found on the rocks in 

the intertidal zone on the east coast of Surtsey: 
the barnacle Balanus balanoides, the polychaete 
Pornatoceros sp. and the edible mussel Mytilus 
edulis. The individuals found were all young-of- 
the-year. 

Subtidal zone 
The most frequently recorded invertebrates 

on 5-30 m depth range were the poriferan 
Grantia cornpressa, the edible mussel, the bivalve 
Hiatella arctica, the ophiurid Ophiopholis aculeata 
and the sea-star Asterias rubens, which occurred 
on almost all depths on the three transects. 
Other frequently recorded animals were; the 
isopods Idotea granulosa and I. neglecta, the 
poriferan Sycon ciliaturn, gastropods Margarites 
groen landicus and M. helicinus, and Nassa incras- 
sata. The octocoral Alcyoniurn digztaturn was com- 
mon too, especially in the deeper parts of the 
area. 

Number of species was similar in the collec- 
tion depths of the east and south transects, but 
at 15 and 25 meters depths number of species 
were somewhat lower off the west coast, than the 
east and south coast (Table I ) .  

The species composition of the three tran- 
sects was quite similar, the same species being 
the most frequently recorded (Table 2, 3 and 4). 
The isopod, Janiropsis brevirernis was only found 
off the south coast, whereas the gastropod 
Patina pellucida off the eastern coast only. 

Many of the species most frequently collected 
had wide depth-distribution and were found on 
depths from 10 to 30 meters (Table 2, 3 and 4). 
The exception from this was the octocoral 
Alcyoniurn diptaturn that was most frequently 
recorded in the deeper part of the subtidal area 
and only found below 15 m depth. 

DISCUSSION 
No new species was found in 1997 and not all 

of the species recorded by Sigurdsson (2000) 
were found again in 1997. The number of 
species seems to be similar as five years ago, as 
far as is comparable. 

The further enrichment of the marine subti- 
dal algae and invertebrates community off 



Surtsey is hard to foresee occurring the next 
decades. The constant erosion of the shores 
must have pronounces influences on the settle- 
ment and development of the marine biota. 
Unstable substrate must retards the succession 
of the community and make it rather stochas- 
tic. 
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Benthic Arnphipoda and Isopoda (Crustacea) from the sublittoral 
zone off Surtsey and Heimaey south of Iceland 

ANTON GALAN 
M. ,111ne : Rescarch Institu~e, Skillaga~a 4, 101 Reykjavik, Iceland, c-mail: .~n~onOhafro.is 

ABSTRACT 
The volcanic island Surtsey, in the \rest~llannaeyjar archipelago, was formed in a series of submarine erup- 

Lions, cluri~lg the years 1963 to 1967. M'hen the rocky shores began LO build up, research of the marine colo- 
nization started. The most cotnlnoll crustacean gl-oups in the epifaunal assemblage of subticlal hard bottotns 
are Amphipoda and Isopoda. This paper deals ~ 6 t h  studies on these groups in the nineties. Species abun- 
dance, faunistic changes and differences in distribution pattern of 30 species of peracaridans are clisc~~ssecl. 
The group of peracaridan crustaceans ~vas fou~lcl to have a diversity index of 2.3 on a transect at the east coast 
of Surtsey, both in 1992 and in 1997. The same value was fou~ld on a comparati\~e transect surveyed in 1996 
at the old lava grounds west of Heimaey, the main island or the Vestma~lnaeyjar archipelago. Therefore it is 
co~lcluded that during the 25 years since the formation of the island, the colotlization of crustaceans in the 
subtidal marine corn~nu~lities east of Surtsey has reached the same successional level as thc older islands. The 
more eroded south and west coasts of Sui-tsey have not yet reached the same successional level due to the 
illstability of the hard bottom. 

Four species of amphipods are recorded herein new for the Icela~ldic fauna: Garttritw-ellzrs n~?g~.ltlosns, iVlelo/~c~ 
Oorecclis and IV. solsbergi from off Surtsey and Jassn pusilla fi-om off Heimaey. 

INTRODUCTION 
The coloilizatioil of marine orgallisins of the 

new lava gi-ouilds formed during the Surtsey 
eruption, started in the year 1963 and has been 
studied periodically ever since (Sigui-dsson 1999). 
The author has taken part in the collectioil of 
sainples fi-om Surtsey dui-iilg the summer expe- 
ditions of 1987, 1992 and 1997, iloticiilg differ- 
ences and similarities with ileal-by islands. Lack 
of iilfoi-ination about peracai-idail crustaceails 
(Hauksson 1992) initiated studies on these abund- 
ant groups: amphipods and isopods. For com- 
parative studies, similar samples were collected 
in the sulnlner 1996, off two nearby islands in 
the Vestmanl~aeyjai- arcl~ipelago. 

Arnphipods and isopods are mainly sedentary- 
epibenthic crustaceans with eggs-carrying brood- 

pouch (not planktonic larval stages) and are 
very coilspicuous and ilu~nei-ous on hard bot- 
tom substrates. They are impoi-tailt secoildary 
producers, 1-ailgiilg in size fi-om about 2 to 20 
inin, and are an iinportallt colnpoileilt of the 
maci-ofaui~al benthic-cominunities. In the pres- 
ent paper, a diversity index is used to coinpare 
the iluinber of amphipod and isopod species 
and their relative abuildance in samples of the 
hard bottom communities, between new and old 
lava gi-ouilds in the sublittoral zone off Sui-tsey 
and Heimaey. 

STUDY AREA, MATERIAL AND METHODS 
Sui-tsey (63" 18'N, 20" 36'W) lies about 30 km 

southwest off the Icelaildic inaiillaild in the 
Vestmaililaeyjar archipelago. It was formed in a 
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main emphasis of the diving work was a biological 
surveying, therefore the collectioils were qualita- 
tive. However, the same statioils were i-esampled in 
each of the years: 1987,1992 and 1997, by the same 
diving team. Therefore, the samples offer soine - 
semiquantitative illformation, as well as data for 
studying the distributional pattern of organisms. 

Duriilg the period fi-om the June 20 to June 
26, 1992 the east trailsect off Surtsey was sampled 
at six different depths 5, 10, 15, 20, 25 and 30 
meters. 011 the soutl~ uansect it was impossible to 
dive at the 5 m statioil due to heavy surf, and the 
20 in station had to be left out due to stroilg wind. 
At the 30 in station on the west trailsect no hard 
substrate was found, oilly sandy bottom, and hence 
no collectioil of hard substrate 01-gallisins was pos- 
sible. Duiiilg the peiiod fi-om the 4"' to the loo1 of 
July in 1997 the same thing happened, with the fur- 
ther limitatioil that the weather did not allow div- 

20'30' 20°20' 200'0'W 
ing at the 25 m station on the so~1t11 ti-ansect. 

Figure 1 .  Thc \'estmannacyjar archil,clago. Thc stt~tly tlxnsccts are The collectioi~ of animals in the last three 
shown with thick lines. Surtsey expeditions, as well as the collectioil at 

the island of Heiinaey and the adjacent Hzna  
island (Fig. l ) ,  were inaiilly done by the same 
diver. From the 11'" to the 2ZnC1 of August in 

series of subinariile eruptions, duriilg the years 
1963 to 1967. The biggest island of the archipe- 
lago is Heiinaey and close to it, to the west is a 
small island, Hzna (Fig. 1). The waters around 
the Vestinaililaeyjar archipelago are very produc- 
tive and diving-visibility is fi-equently less than 5 
meters dui-ing summer. The waters around 
Surtsey origiilate fi-om the North Atlantic current 
with temperatures about 10 to l l °C dui-iilg sum- 
mer and 5 to 6 "C dui-iilg wiilter and salinity of 
35.2 (Stef6nsson 1969). The pi-evailing south- 
westerly winds and surf activity coilstailtly erode 
the exposed southwestern part of Surtsey, shap- 
ing the island severely since its formatio~~. 

The 1-ocky bottom ai-o~~ild Surtsey and Heiinaey, 
generally extends to a water depth of about 30 
meters, which marked the lower depth limit of the 
sampling. The tides are seinidiui-ilal with ampli- 
tude of about 2.5 meters at spring tide in the area 
of st~tdy. I11 Surtsey sampliilg and photogi~phy of 
the subtidal area were carried out by scubadiving 
along three different transects, east, south and west 
of the island (Fig. 1). The slope of the bottom 
aloilg the trailsects is about 30". Six sa~npliilg sta- 
tioils were at each transect, at five meters depth 
intervals, fi-om 5 to 30 meters depth. The collec- 
tioils were made on one dive at each station. Three 
divers worked at each station: one collecting algae, 
one ailiinals and one taking photogi-aphs. The 

- 
1996, two transects, one allnost l~orizontal west 
of Heimaey and the other near vertical at Hzna,  
were sampled with 5 meter depth intervals, in a 
similar way as in the Surtsey survey. Two or three 
dives were coilducted at each station. The 
emphasis was on the collectioil of all organisms, 
in a quarter of square metel-, raildoinly selected 
by throwing a frame soine inetei-s above the bot- 
tom, at every sainpliilg depth of each transect. 
All orgallisins were collected in 0.5 min mesh 
plailktoil nets, uiltil the diver had scraped the 
hard bottom bare. 

In the Surtsey expeditioils the material was 
sorted on board a research vessel under a dis- 
secting microscope and trailsferred to 70 % iso- 
propallo1 with seawatei-. The Hzna and Heima- 
ey samples were fixed in 5% filtered seawater 
forinaliil on board and later sorted under a dis- 
secting inicroscope in the laboratory and then 
trailsferred to alcohol for preservation. The 
crustaceails were sorted and identified to 
species. The iildividuals of each species were 
counted. The proportioil of males, females, 
gravid females and juveililes were also evaluated, 
when appropriate for assessmeilt of the species 
life cycle. The diversity index (Mai-galef 1974) is 
defined as the total ilumber of species (S) inillus 
one divided with the ilatui-a1 logarithm of the 
total number (N) of individuals ( (S-1 ) /ln N) . 



Table 1. Species and number of individuals collectecl in Surtsey in 1992. 

* For total trallsect "For total survey 

The diversity index was calculated for each of cates how common the species are. Below is a 
the transects and for each year. list of species arranged in phylogenetic order, 

with general comments on their distribution 
RESULTS and biology. New records for the Icelandic fauna 

are marked with a11 asterisk. 
Faunal conzposition and distribution 

A total of 6,164 peracaridan animals were Order Isopoda 
counted and identified to 30 species: 22 species Family Idoteidae 
of Amphipoda and 8 species of lsopoda (Tables Idotea granulosa Rathke, is a common species 
1, 2 and 3) .  resident between tide~llarks and below. It has 

The nulnber of animals found in Surtsey indi- predolnillantly beell found ill 0 ~ 1 -  study at 10 

Surtsey 1992 

Depth meters: 

I(lolea gm?rl~losa 
Jmziru ?~tncziloscr 
Jmiro@sis b~-evireirris 
M L L I Z ~  Iiroyeri 
Hyperia gc~lbn 
Gn?tzma,-ellz/s ongliloszu 
P(~ra,blcz~stes bicirs/)is 
Plelisy 71ztes glabw 
SIer7,olhoe n~oiaocziloides 
Afetopo solsbergi 
Gamm.o,bsis w i l i d ~  
Iscliylacerus n~igtiipcs 
J(isst~ falculn 
Cr~/)i-ellrj lin earis 
Ca/)relln sc/)ten/tio~lnlis 

N 
S 
(S- l ) /h  N 

Table 2. Species and ~lulilbers of individuals collected in Surtsey in 1997. 

West transect 

5 10 15 20 25 A 

1 

3 3 1 

2 1 
15 10 

G 3 70 26 1 
29 

22 20 

9 3 141 60 1 214 
6 7 1 8 1 5  

1.3 

B" 

746 

2.1 

East transect 

5 10 15 20 25 30 A;* 

9 
2 1 

1 
1 

1 
1 

1 2  
5 6 

36 47 65 7 1 
2 7 

1 2 
3 21 13 

49 60 103 22 1 20 255 
5 7 7 3 1 2 1 4  

2.3 

* For total transect "For total survey 

9 1 

South transect 

10 15 25 30 A": 

1 2 

58 22 1 

4 I 
7 1 

5 8 51 45 
2 
1 

40 24 

64 30 108 74 276 
3 2  8 4 8 2 1  

1.2 

B" 

558 

2.3 

Sr~rtsey 1997 

Depth meters: 

Idolecc gwtl  tlluso 
Iclolccr /)elngicrr 
Idolcci ~ieglecln 
Ja~?ircc r?inaalosn 
Jci?~i,ro@sis brcvi~rsiis 
ikliinrr lr roj~eri 
H ~ / ~ o o c l l c  me( /~isar~ct~f  
Gn?nnznrellus n?ig~.lrloszts 
A/~hcrusn jtiri?fci 
Sle~zolhoc ittoiioculoi~les 
11felrtopn burcnlis 
P1etrs)~utfcs glnbo- 
Iscl~ymreru.~ niiglii/~es 
Jnssn /c~li:cifn 
Cr~prellci litzc(~cr,%s 
Cr~/~relI(c sc/)teiilrioii(~lis 

N 
S 
(S- l ) /h  N 

South trallsect 

10 15 30 A $  

1 
2 
1 1  
1 1  

1 

38 30 
4 
1 

1 
1 

14 18 1 
2 

3 5 5  

60 63 9 132 
7 

2.4 

East transect 

5 10 15 20 25 30 A:" 

1 1 1  
1 

1 1  
1 1  

1 

2 
1 

47 17 38 10 
4 12 37 12 

1 7  
1 3 21 38 2 1 

54 37 101 72 2 4 270 
5 8 8  8 1 3 1 4  

2.3 

West transect 

5 10 15 20 25 A:': 

1 1  1 
4 

1 I 
1 2 1  

30 24 1 

I 1 
3 20 18 12 11 
1 1 2  
2 8 

2 

38 54 24 23 17 1.56 
9 5 1 3 6 8 G 4 5 1 1 1 6  

1.9 



Table 3. Species and number of' individuals collectetl at the Hzna ant1 I-Ieimaey Lransecu; in 1996 

meters depth. Soine females had brood pouch 
with eggs, and juveililes were observed, suggest- 
ing at least a two year life span. 

Iclotec~ pelngzcc~ Leach, was the next commoil 
species in our study that was pi-edoinillalltly found 
at a depth of 10 meters, replacing the preceding 
species on the more exposed transects. Off 
Surtsey it first appeared in the samples in 1997. 

Idoten negkctn Sai-s, is a sublittoral species fouild 
in small numbers, along all trailsects off Surtsey. 

Idoten Onlticn (Pallas), has only been fouild 
occasioilally in our study off Heimaey, but not 
off Surtsey. 

1996 

Depth ~neters: 

I(lalco grr17rulasrr 
Iclalco pclc~gicn 
I(lolcf1 11cglcctff 
Iclalccr bnllicrr 
Jcroo c~lbij,-a~zs 
J(11~irrr ~~laculascl 
Jrt ~zira/~sis 6rmirc11iis 
1\4u1,rr Iiraycri 
Go~nrnar-elltrs l~o~rrari 
Gn11~11rrrd1us o~lg~rlosrrs 
APheruscr jtiri~lci 
Ple~~s)~nr/es glrrl~o- 
~' (r~-r~/ )~euslcs  biclts/~is 
S'1~11alha~ I I I O I I O C U ~ O ~ ~ ~ ~ ~ S  

1\4cla/)n borcrrlis 
1\4c/a/)n nlrlcri 
Accr~ztlra~lalazo~~~n sermlu~~r 
Dcsa~~ziize 111cr1 
A ~ ~ l / ~ i l h a e  rc~bricrrlo 
Iscl?y,vco.us n ~ ~ g ~ t i j l e s  
Jr~ssa fnlcrtfn 
J(rssa pusillrr 
fi rrljrrssa /~el (rg ic~ 
Caral~hiu111 bo~rclli 
Cn/~~.ellrr li~lcnris 
Cr~/~~.cllrr se/~io~lriorrolis 

N 
S 
(S-l)/ln N 

Fainily Janiridae 
Jnern nlOi~5-o7zs Leach, is mainly a littoral species 

fouild oilly off the island of Hzna at a 5 meter 
depth. 

Jnnirc~ ??zncz~losn Leach, is a sublittoral species 
found only in small numbers in the samples off 
Heimaey and Hzna in 1996 and off Surtsey in 
1992 and 1997. 

Jnniropsis Orevire77zis Sars, is another colnlnoil 
sublittoral species fouild in moderate numbers. 

Family Muililidae 
fl.lulzn kroymi Goodsii-, is a sublittoral species. It 

is often overlooked because it is very sinall 
although it is very numerous, and is found along 
the east trailsect off Sui-tsey, Heimaey and Hzna. 

Hzna  transcct 

5 10 15 20 25 30 A": 

1 1 
4 81 I 
1 

1 
10 18 1 
15 83 1 
18 105 15 

2 
1 2 

53 
27 155 37 

26 35 
12 110 18 

2 12 

2 
2 

130 1 
45 159 23 

31 77 

53 43 12 
38 7 10 7 55 

204 1054 156 286 141 120 1961 
13 14 13 10 10 8 22 

2.7 

Order Amphipoda 
Family Hyperiidae 

Hyperin galbn (Montagu), is a pelagic species, 
ilormally associated with jellyfish. Its appearance 
in benthoic samples was coilsidered accidental. 
One iildividual was found off Sui-tsey in 1992. 

Hjeroche medusnrz~m (Muller), is also a pelag- 
ic species probably accideiltally occurriilg in 
beilthos samples. Only one animal was found off 
Surtsey in 1997. 

Heimaey transect 

5 10 15 20 25 30 A": 

83 2 
8 3 2 

6 

2 
34 
14 

404 5 
20 4 
8 4 

62 32 
2 

1 
5 57 11 2 

263 5 2 
54 

855 278 195 130 14 
2 7 

40 
1 

30 58 12 2 

1771 434 361 295 31 7 2899 
11 10 6 12 8 1 20 

2.3 

Fainily Calliopidae 
Gn~7zvznrellus nng~~loszls (Rathke)*, is a shallow SLI- 

blittoi-al species commoil and locally abundant in 
south~vesterl~ Icelaildic waters. It appeared in sam- 
ples off Surtsey in 1992 and 1997, well 1-epresented 
by males, females, some with eggs and juveniles of 
dlffei-eilt size. The same applied to the island of 



Hzna. This suggests that G. angul0su.s pi-oduces succ- 
essive broods in a one year life cycle. It was fouild 
clinging to algae and other growths in highly expos 
ed areas. The author has observed it preying upoil 
newly dead seabirds (Alcidae) in large q~~antities. 

G. nngulosus is recognized herein as a different 
species from G. homcdri, therefore it is a new record 
for the fauna of Iceland. Previously, G. honznri has 
been reported for Iceland by Stephensen (1940) 
who wrote: "G. Izonzccri and G. nngulosus are no 
doubt synonymous; most of the Icelandic speci- 
inells are big and belong to the form G. Izo?nnri." 
This synonymy has been maintained in the litera- 
ture (Enckell 1980). Steele (1972) has however 
shown them to be separate species as is also con- 
sidered in the present papel-. 

Gam~narellus homnri (Fabricius), is a large sub- 
littoral species for an amphipod, solitary but 
widespread around Iceland. It is up to 40 mm in 
length, double that of G. nngulosz~s, with which it 
has often been conf~~sed. G. Izo?7zari occurred 
only in the sample from 15 meters depth at Hxna. 

Aljlzerma jurinei (Milne-Edwai-ds) , is a shallow 
sublittoral species that was locally colnmoil amongst 
algae off the islands Heimaey and Hxna. It w a s  also 
fouild at 15 meters depth off Surtsey in 1997. 

Family Pleustidae 
Pnrc~l~leustes bicusljis (K-oyer) , is a sublittoral 

species found in moderate ilumbei-s in the 
Heimaey and Hzna  samples. It appeared on the 
east trailsect of Surtsey in 1992 but it was not 
found there in 1997. 

Plewynztes gkder (Boeck) , is a inodei-ately commoi~ 
species on rocky subtidal areas. It was collected 
along all -sects, with some females carrying eggs. 

Family Steilothoidae 
Stenothoe rnonoculoides (Montagu), is a sublit- 

toral species commoil amoilgst algae and hydi-- 
oids, it was found along all trailsects with the 
fernales fi-equently cari-yiilg eggs. 

Metopa nlderi (Bate), is a rocky sublittoral 
species, that was only found at 30 meters depth 
off Hxna. 

Metopn borealis Sars*', is a rocky sublittoral 
species found off Hxna and Heimaey in 1996 
and Sui-tsey in 1997. It is a Northeast-Atlantic 
species distributed fi-om Norway to the English 
Channel, but it is not widely recorded and it is 
reported hereill for the first time in Iceland. 

Metopn solsDerg.2 Schneider", is a sublittoral 
species rarely recorded from Greenland and 
Norway. It was found for the first time in Iceland 

off Surtsey in 1992 at a depth of 30 meters at the 
east trailsect. 

Family Acan tho110 tozomatidae 
Acnnthonotozoma serrntunz (Fabricius) , is a sublittor- 

a1 species found on just one occasioil off Heimaey. 

Family Dexaminidae 
Dexn~zine tlzecl Boeck, is a shallow sublittoral 

species, which appeared locally abuildailt off the 
islands of Hxna and Heimaey. 

Family Arnphithoidae 
Amn~~lzillzoe rz~bricnln (Montagu), is a sublittoral 

species wl~ich lives in tubes attached to hard sub- 
stratum. It was found locally abundailt at the 
islands Hzna and Heimaey. It was not collected 
at Surtsey in 1992 and 1997 but it appeared in 
some samples from 1987. 

Family Isaeidae 
Ganznr$sis niticln (Stimpson), is a sublittoi-al 

species that was found oilly at a depth of 30 meters, 
east off Surtsey in 1992. Of the animals 50% were 
females and one half of them carried eggs. 

Family Ischyroceridae 
Isclzyrocertu nng~1ipe-s 16-oyei-, is a sublittoral species 

locally very common all ai-ound Iceland. It was the 
most abundant species off Surtsey in 1992 and 
1997. It was also common off the islands Hzna and 
Heimaey, most abundant between 10 and 20 
meters depth, usually in the compaily of Jmsn fnl- 
cntn. It is a filter feeder, which coilsti-ucts hlbes 
amoilgst algae or hydroids. The proportioils of ani- 
mals found in summer were about 30% males, 30% 
females with brood pouch, 20% females without 
brood pouch, and 20% j~veniles of different sizes, 
suggestiilg successive broods in a one year life cycle. 

jnssa fnlcntn (Montagu), is a sublittoral species, 
very abuildant locally. It was found to be the 
most abundant species off the islands Hzna  and 
Heiinaey and was also quite commoi~ off Surtsey, 
along with lsclzyrocerus nnguipes. It is also a filter 
feeder constructing tubes on solid surfaces and 
the sex and age proportiolls of ailiinals are sim- 
ilar to those of I. nnguipes. 

jnssn pusilln (Sai-s):!:, is a sublittoral species 
recorded in Icelaildic waters for the first time, 
off Heimaey in 1996, at 20 and 30 meters depth, 
associated with sponges, hydroids, and carapace 
of spider crabs. This is a species not widely 
recorded, distributed fi-om northern Norway to 
the Bay of Biscay. 



Parajnssu pelapz'ca (Leach), is a shallow sublit- 
toral species locally common at 5 and 10 meters 
depth off the islands Hzna  and Heimaey. This 
is a filter feeding amphipod, which builds nests 
amongst algae, hydroids, and bryozoans. 

Family Corophiidae 
Corophium bonelli (Milne-Edwards) , is a shallow 

sublittoral tube-building amphipod that was 
only present in one sample off Heimaey. 

Family Caprellidae 
Cnprelln linenris Ih-oyer, is a be11 tllic species 

found in moderate numbers off surtdey in 1992 
and 1997, as well as off Hzna in 1996. 

Caprelln septentrionnlis (Linnaeus) , is a benthic 
species extremely common, found ill almost all 
the samples off Surtsey, Hzna, and Heimaey. 
The proportions of males, females, ovigerous 
females and juveniles were about 25 % each. 

Faunal dqferences i n  space and time 
There is a difference in the species composi- 

tion and numbers of individuals of the peracari- 
dan crustaceans, between the Vestmannaeyjar 
islands, as well as within Surtsey in the years 
1992 and 1997. A list of the 30 species found 
during the surveys with their relative abundance 
is shown in the table 4. 

A total of 21 species were collected off Surtsey, 
15 species were collected on the transects of 
Surtsey in 1992 and 16 at Surtsey in 1997. There 
were 22 species collected at Haena and 20 at 
Heimaey. The species lists of the different surveys 
at Surtsey were similar, even though 4 species col- 
lected at Surtsey in 1992 were lacking in 1997, and 
5 species found in 1997 were missing in 1992. 
Likewise, 4 species collected along the Heimaey 
trailsect did not appear in the Hzna samples 
which contained 5 species not found at Heimaey. 
Further comparisoi~s revealed that 4 species col- 
lected on the Surtsey transects were not found in 
the samples from Hzna and Heimaey in which 9 
species were lacking fi-om the Surtsey samples. 

Considering the vertical distribution of species 
and the number of individ~lals sampled, the sta- 
tions at 15 meters depth off Surtsey, particularly on 
the east transect, both in 1992 and 1997, yielded 
the highest number of species and animals. 
Howevei-, off the Hzna island the maximum num- 
ber of species and animals was found at 10 meters 
depth. Off Heimaey island the highest number of 
species and animals was found at 5 meters depth. 

Finally, fi-om a total of 30 species, 1'7 were 

Table 4. List of species and relative abundance (x= 1-10 animals; 
XX= 10-100 animals; xxx> 100 animals). 

Transecn: Snrtsey Surtsey H e n a  Heilnaep 
1992 1997 

I(loIe(i p n u l o s a  
Irlolcri j~elngicri 
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~Mz~izn 1iro)reri 
Hfict-ia g(ilba 
Hzi/~erocl~e s~cdzrsni-ut~i 
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common to Sui-tsey, Hzna, and Heimaey. These 
species are very typical of hard bottom benthos 
all around Iceland. 

Species diversity 
The diversity indices (Tables 1-3) of the tran- 

sects off Surtsey in 1992 show the highest value of 
2.3, for the east transect. The number of animals 
was very similar for each transect but the number 
of species was different, 14 on the east transect 
and 8 on the south and west transects. Com- 
bining the three Surtsey transects gives an index 
value of 2.1, with a total of 15 species. The survey 
off Surtsey in 1997 gives similar results, the east 
transect had a diversity index of 2.3 and 14 
species and the combined index for the survey 
was 2.3, with a total of 16 species. 

On the almost vertical slope transect off 
H ~ n a  the diversity index reached the highest 
value, 2.7, with 22 species. On the near hori- 
zontal slope transect off Heimaey the index was 
2.3, with 20 species. 

The diversity index shows this natural vari- 
ability from one transect to another and at dif- 



ferent times of collection; but the index from 
the east transect of Surtsey both in 1992 and 
1997 was 2.3, the same as for Heimaey in 1996. 
In addition the total number of species found on 
the east transects of Surtsey in both year surveys 
together was 19, very similar to the 20 species 
found in the survey at the isIand Heimaey. 

DISCUSSION AND CONCLUSION 
The new lava grounds at Surtsey have a steep 

slope and large parts of the shoreline of the island 
was eroded away by the action of the sea. The rocky 
shore in the southwestern area has been most 
severely affected and several hundred meters of 
seashore have been washed away. The east area is 
the most stable and there the community at the 
upper 5 and 10 meters depth, comprises seaweeds 
as the most conspicuous organisms, mainly: Alaria 
esculenta, which is replaced by Laminaria hyperhea 
at 15 meters depth (J6nsson et al. 1987). A deep 
water community situated between 20 and 30 
meters depth is dominated by a faunal assemblage 
of filter feeders, where the soft coral Alcyonium dig- 
itaturn and hydroids are dominant (Fig. 2). - 

On the old gently sloping lava grounds off Figure 2. T h e  faunal assemblage of Alc~oniziin digilatutlz at a depth 

Heimaey the kelp forest of L. hypmborea is domi- of 30 meters off the island Hzna. 

nating at 5 m water depth. At the nearby vertical 
transect off Hzena, A. escuhta is the most promi- 
nent species at 5 m water depth and L. hyperborea 
at 10 m. On both transects the deep water com- 
munities are dominated by the faunal assemblage 
of A. digitatum and hydroids (Galan 2000). 

Amongst the crustaceans 4 species of Cirripedia 
and 6 of Decapoda are known off Surtsey (Hauks- 
son 1992), which were also found at Hzena and 
Heimaey in 1996. Cirripeds with pelagic larval 
stages are early invaders on hard substrates. Deca- 
pods have a pelagic larval stage, are relatively 
large and are very mobile. In contrast amphipods 
and isopods are mostly sedentary, developing 
youngs from eggs carried in a brood-pouch or 
marsupium, therefore with limited dispersal capa- 
bilities. In spite of their small size, they ai-e impor- 
tant secondary producers because of their abun- 
dance in the benthos (Calman 1911). Therefore, 
the 30 species of amphipods and isopods dealt 
with here are an important component of the 
benthos off Surtsey and Heimaey. 

In general, the highest value of the diversity 
index for the peracaridan crustaceans and the 
highest number of species and animals, in the pres- 
ent shtdy were at the sampling sites where the kelp 
forest of L. hyperl,orea was dominant. This was at 15 
m water depth off Surtsey in 1992 and 1997, 10 m 

off Hzena and 5 m off Heimaey in 1996. Ischyrocerus 
anguipes, Jassa falcata, Capella stiptentrionalis and few 
other species are most numerous in the kelp forest 
of Laminaria hyperbwea. The reason for their abun- 
dance is most likely the extensive space, which the 
holdfast of this kelp species provides. The first two 
species mentioned are actually tube builders and 
the caprellids hang amongst hydroids and other 
sessile organisms. The difference in biomass and 
depth distribution of L. hyperborea at different tran- 
sects are mainly the combined outcome of physical 
and biological factors (Galan 2000). 

The new record of Gammarellus angulosw was 
found in the exposed southwestern transects off 
Surtsey and vertical one off Hzna. It was however 
absent from the horizontal transect off Heimaey 
and it was rare in the more stable one of east 
Surtsey. This is likely an opportunistic species 
because it has a short life cycle, numerous broods, 
it is resistant to exposure and it has diverse feeding 
habits. Metopa borealis, M. sokbergi and Jmsa pwilla 
ai-e new records for the Icelandic fatma, being 
rarely recorded in the Northeast Atlantic. At least 
23 species of the genus Metopa are reported from 
the area, all small species and thus easily over- 
looked. Jmsa pusilla is very difficult to distinguish 
fromJ falcata and Ischyrocm anguipes. The females 



and young males of these three species are appar- 
ently identical and sometimes present in large 
quantities in one sample. These facts may explain 
their recent discovery. 

The new records for the Icelandic fauna are 
not only from Surtsey but also from Heimaey, 
which probably is the result of a lack of studies 
on hard substrates. Faunal studies of hard bot- 
tom subtidal fauna around Iceland is needed. 

There are fewer species present off Surtsey than 
off the nearby islands (Table 4) and there ai-e also 
fewer animals collected off Surtsey than off the 
nearby islands (Tables 1-3). This can partly be ex- 
plained by the difference in working methods 
between the two areas. The sampling methods were 
relatively qualitative at Surtsey and quantitative at 
the nearby islands. Altl~ough, taking into account 
that we are dealing with motile animals in different 
space and time, the differences in the total number 
of species and animals collected in the surveys can 
also be explained by nahll-a1 variability. If we ass- 
ume that the relative abundance of each species is 
reflected in the number of iildividuals of the 
species in the sample. Thus the differences in num- 
bers of species and individuals between ti-ansects, 
can be coilsidered 1-easonably comparable. In the 
present paper the nat~ll-al logalithln of the total 
nuinber of animals related to the number of crus- 
tacean species in the benthos is used as diversity 
index (Margalef 1974) in order to evaluate the col- 
onization off Surtsey with reference to nearby 
islands wit11 ca~ltion and some reserve. 

The diversity indices of the south and west 
trailsects of Surtsey are very variable and lower 
than indices of the east transect in Surtsey and 
those of the nearby islands. This may be ex- 
plained by the fact that the southwestei-11 area of 
Sui-tsey is in constant renovatioil because of the 
retreat of the shoreline and sometimes the addi- 
tion of huge rocks fi-om above, due to the ero- 
sive forces of weather and sea. Therefore, the 
number of species is lower off the south and 
west ti-ansects. In addition high numbers of the 
opportunistic species Gnm~narellus n~zpcloszls f ~ ~ r -  
t l~e r  reduces the index. The almost vertical tran- 
sect off Hzna presents a different picture. Algal 
cover is less and sessile macrofauna is more 
abundant in the shallow water depths. Over- 
hanging cliffs adjacent to the ti-ansect reduces 
daylight reaching the sublittoral zone. The num- 
ber of species and the diversity index was high- 
est off Hzna. However, the highest number of 
animals, was in the kelp forest off Heimaey. The 
number of species and the indices are very sim- 

ilar in the east transect of Surtsey in 1992 and 
1997, and off Heimaey in 1996. 

For comparison the new lava g-ounds, formed 
off Jan Mayen in 1970, had established shallow 
water s~lbtidal communities, which had after 10 
years reached a successional stage similar to that of 
idle old grounds; because the severe physical con- 
ditions, like sea-ice, limited the complexity of the 
community, resulting in a low faunal diversity on 
both grounds (Gulliksen et nl. 1980). Biogeo- 
graphical reasons like latit~tde and the lack of kelp 
forest in Jan Mayen, might help to explain longer 
time of coloilizatioil compared with Surtsey. 

By compaiillg the diversity indices for amphipods 
and isopods it can be stated that colonization and 
successioi~al evolution of the east subtidal area of 
Surtsey has 1-eaclled a similar level of mat~liity to 
that of the old lava grounds at Heimaey, after 25 
years. How long it will take the subtidal biocenosis 
of the south and west coast of Surtsey to reach the 
same successional stage is a question, that can prob 
ably be answered by f~lm-e studies. 
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ABSTRACT 
Aspects of the geological inoilitorillg of the volcailic island of Surtsey 1967-1998, are described. A hyclro- 

thermal system was developed within  he tephra craters in late 1966 to early 1967. Temperat~~res in a drill hole, 
situated at the eastern border of the hydrothermal area, illdicate that the l~ydrothermal system at that site has 
been cooling at an average rate of < 1°C per year since 1980. 

The tephra was altered rapidly within the hydl-othermal area, producillg the first visible palagoilite tuff ill 
1969. A substantial part of the tephra pile above sea level was probably collvertecl to tuff by 1972. The visible 
area of tuff has gradually increased since then, primarily due to erosioil of tephra at the surface. By 1998 52 
% of the exposed tephra area had been converted to palagonite luff. By volume, however, some 80-85% of 
the tephra pile above sea level had been coilverted to tuff in 1998. 

The area of Surtsey has shrunk from its original 2.65 kin' (1967) to 1.47 kin' (1998) due LO ~llarille abra- 
sion. The geological formations on Surtsey have, howevei-, respoilded quite variably to erosion. The tephra pile 
was easily eroded, but inarine abrasion has also caused rapid cliff recessioil of the lava field, and longshore 
currents have deposited a sand-gravel spit on the north shore. The palagonite tuff, however, is very resistant 
to lnariile abrasion. The central core of palagollite tuff is estimated to be 2 0.39 km'. 

Statistical estimation of models of the decrease of Surtsey indicate that it will last for a long time. The 
numerical experiments indicate that it will take over 100 years until only the palagonite tuff core is left. I t  is 
postulated that the final remnant of Surtsey before complete destruction will be a palagonite t ~ ~ f f  crag, coin- 
parable to those of the other islailds in the Vestlnanllaeyjar archipelago. 

INTRODUCTION 
The island of Surtsey was constructed from 

the sea floor by volcanic activity during 1963- 
1967, on the Vestmannaeyjar shelf off the south 
coast of Iceland. The sea water depth prior to 
the eruption was 130+2 m. The eruption history 
of Surtsey has been described in detail (T116r- 
arinsson et nl. 1964, Th6rarinsson 1966, 1968), 
and summarised in numerous papers (e.g. 
Jakobsson & Moore 1982). 

Several research groups have monitored the 
development of Surtsey within various fields of 
geology after the eruption ceased in 1967. Some 

of these projects were initiated during the erup- 
tion. Coastal erosion and geomorphological 
changes until 1993 have been followed by 
Thorarinsson (1968), Norrmail (1980, 1985) 
and Jakobsson (1995), and the submarine mole- 
phology of the Surtsey volcanic group 1967-1989 
by Norrman & Erlingsson (1992). The consoli- 
dation and palagonitization of the Surtsey tephra 
and the development of the hydrothermal area 
1968-1979 has been reported by Jakobsson 
(1978), and Jakobsson & Moore (1986). 

Geomagnetic field measurements were car- 
ried out repeatedly between 1968 and 1973 
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Figure 1. Geological map of Surtsey as in August 1998, modified after Jakobsson (2000). 

(Sigurgeirsson 1974). The subsidence of Surtsey accurately both vertical and horizontal move- 
until 1991 has been measured by Tryggvason ments in Surtsey. The area is also closely moni- 
(1972) and Moore et al. (1992). Precise GPS tored seismologically, as the Vestrnannaeyjar 
measurements, first carried out in 1992 (Einars- archipelago falls within the area covered by the 
son et al. 1994) and to be repeated in the sum- seismographic net in Iceland (Einarsson & 
mer of 2000, will make it possible to record Bjornsson 1987, Stefgnsson et al. 1993). 
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Figure 2. Mapped exlerlt (~III ' )  of the hyc l~ -o t l~e~-~~~s l  area in the 
tephra craters and the area of palagoni~e tuff, 1968-1998. Field 
observatiolls indicate that after about 1972, the expansion of the 
Iiydrothermal area and palagonite tuff is primarily clue to aeolian 
erosion. 

During the period 1967-1998, 29 geologic 
expeditioils were made to the island to follow 
the above mentioned changes and 24 air photo 
stereo sets were taken by Landmaelingar Islands, 
at the request of the Sui-tsey Research Society. 
The extent of the hydrothermal area and the 
palagonite tuff has been mapped with the aid of 
air photos on the scale of 1:5,000. Temperat~~re 
measurements at the surface were carried out 
with conventional mercury thermometers until 

Temp. "C 

Figure 3. Temperature measurements ~vithin the drill Irole, as of 
September 1980 and August 1993. Sea \vatel. level is at 58 111 depth 
and the hole is cased do~vn to 165 111 depth. 

1979 and after that with electronic thermome- 
ters. Temperature measurements in the drill 
hole were carried out with a thermocouple. 
Samples of tephra and tuff have been collected 
regularly to follow the process of palagonitiza- 
tion. 

The subject of this report is the monitoring of 
Surtsey fi-om 1967 to 1998 as regards the devel- 
opment of the hydrothermal system of the vol- 
cano, the coilsolidation of the tephra to palago- 
nite tuff and the marine abrasion of the island 
(Jakobsson et nl. 1998). An attempt is also made 
to predict the future development of Surtsey by 
simple models, estimated fi-om the observed area. 

ERUPTION HISTORY 
During the initial phreatic phase of the erup- 

tion, from November 1963 to April 1964, tephra 
(hyaloclastite) was deposited as air fall tephra 
and base sui-ge flows, creating two horseslloe- 
formed craters (Fig. 1). The tephra is gellei-ally 
finely bedded and fine grained, with 60-70 % in 
the coarse ash (0.06 - 2 mm) fraction. Less than 
0.5 % falls into the fraction blocks and bombs (> 
64 mm). About 85-90 % of the tephi-a is basaltic 
glass, the remainder being olivii~e and plagio- 
clase phenocrysts, and rock fragments. Initial 
total porosity of the tephra at surface is as high 
as 45-50 % (Oddsson 1982). 

Lava started to flow from the western crater in 
April 1964 and continued to do so until May 
1965. A lava shield, dipping towards the south 
and southeast, was gradually built up with fore- 
set-bedded breccia forming at the same time 
below sea level. This lava shield has a thickness 
of 100 m at the western lava crater. Lava again 
erupted fi-om A~lgust 1966 to June 1967, this 
time fi-om a new fissure inside the eastern tephra 
crates, Surtur, foi-miilg an irregular lava shield 
towards the southeast (Fig. 1). I11 December 
1966 and January 1967 small lava flows erupted 
fi-om five different fissures in the eastern tephi-a 
crater (T116rarinsson 1968). The Surtsey lavas 
are generally thin and fractured. At the east 
coast individual lava units average a few meters 
in thickness, while at the southwest coast the lava 
flows are often less than 1 m thick. One lava flow 
at the south coast exceeds 20 m in thickness. 

When the eruption ceased the volume of Sui-ts- 
ey itself was about 0.8 km3, of which 0.12 km"as 
above sea-level. The island had then reached a 
maximum height of 174 m above sea level and 
an area of about 2.65 km" The material erupted 
is alkali olivine basalt. Morpl~ologically, Surtsey is 
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Figure 4. Maximum tclnpcratures (at 101-104 m depth) in the 
drill hole 1980-1993. The boiling point for sea water at this depth 
is also i~ldicated for tnid 1967, when the hydrothertnal system 
probably was established. 
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Figure 5. Temperature measurements at surfacc at a locality on 
the southern rim of the S ~ ~ r t ~ w g ~ u -  (western) lava crate]; 1971- 
1998. Only maximum temperatures tneasurcd each time are reg- 
istered (cf.J~kobsson 1978, his Fig. 2, curve 1). The vertical shad- 
ed area indicates the time period \\,hen the fissurcs at the westet-n 
lava crater opencd up. 

a marine tuya (table mountain, stapi), built up in 
the same manner as the Pleistocene sub- and 
intraglacial tuyas (Kjartansson 1966). 

THE HYDROTHERMAL SYSTEM 
Anomalous temperatures were first detected 

at the surface in the tephra pile in April 1968 
(Jakobsson 1978). A thermal anomaly is clearly 
visible on the surface of the eastern tephra crat- 

er on an infrared image taken on August 22, 
1968 (Friedman & Williams 1970). It has been 
suggested that the hydrothermal system was 
developed as a consequence of iiltrusive activity 
in the eastern tephra crater during December 
1966 -January 1967 (Jakobsson & Moore 1986). 
The hydrothermal system is vapour-dominated 
above sea level and temperatures around 100" C 
will therefore prevail in the porous tephra pile, 
except close to the surface where temperatures 
were lower because of precipitation and circula- 
tion of air. 

Since the hydrothermal area was detected in 
1968, it has, as measured at the surface, contin- 
ued to expand within the tepl~ra craters (see 
Fig. 2). It is tentatively suggested that the birth 
and development of the hydrothermal system is 
recorded in the increase in the surface exposure 
of the hydrothermal area from 1967 to 1970. In 
1970 the conversion of tepllra to tuff may have 
started to affect the heat flux, resulting in a slow- 
ing down of the expansion of the hydrothermal 
area. It takes about 1-3 years for the Surtsey 
tephra to coilvert to compact tuff at 80-100" C 
(Jakobsson 1978). The decline in surface tem- 
peratures after 1971 is probably also due to the 
sealing effect of the newly formed palagonite 
tuff. The surface extent of the hydrothermal 
area continued to expand in 1972-1979, partly 
because the vapour was forced to the sides of 
the almost impermeable core of palagonite tuff, 
but probably more importailtly due to removal 
of loose tephra from surface by wind and water. 
After 1979 it was difficult to get accurate esti- 
mates on the extent of the hydrothermal area, 
and in 1998 its extent was estimated to be less 
than the area of palagonite tuff (Fig. 2). 

Temperature ineasui-ements in a 181 m deep 
hole, wllich was drilled in 1979 at the eastern 
border of the hydi-otherinal area (Takobsson & 
Moore 1982), show that the hydrotl~erinal sys- 
tem in that area has cooled down in a regular 
fashion with the greatest cooling occurring near 
the surface, at the bottom, and at middle depth 
where the hole is hottest (Fig. 3). The cooling 
varies wit11 depth in the well. The region of max- 
imum temperatures at 101-104 m depth appar- 
eiltly caused by heat fi-om ileal-by dykes 
(Jakobsson & Moore 1986) declined from 154" 
C in 1967 to 133" C in 1993, 01- at a general rate 
of <I0 C per year (Fig. 4). 

Fairly coiltinuous surface temperature meas- 
urements are available from a 40x30 m area at 
the soutl~ern rim of the western lava crater (Fig. 



Coastal sediment 

Palagonite t ~ ~ f f  

Scale 

0 500 1000 m 

I I I 

Figure 6. Four simplified geological maps of the central part of Surtsey showing the expansion of the mapped area of palagonite tuff, 
from 1970 to 1985. Aeolian sand and talus is omitted. Different outlines of the island are traced after air photographs (Landmaelingar 
islands) from respective years. Different height contours are from maps after Norrman (1970), Landmaelingar islands (pers. comm. 
1977), Norrman (1978) and Norrman & Erlingsson (1992). 

5). A series of E-W fissures in the surface lava 
widened about 10-20 cm between September 
1983 and August 1985. An unexpected rise in 
temperature was observed at this site in 1985 
and was apparently caused by subsidence of the 
southern part of the 100 m thick lava pile, open- 
ing of these fissures, and conduction of hot 
gases from below. A small rise in 1985 of the 
maximum temperature at 101-104 m depth in 

the drill hole (Fig. 4) was evidently produced by 
this event. 

CONSOLIDATION OF THE TEPHM 
The hydrothermal activity caused rapid alter- 

ation of tephra, producing the first visible palag- 
onite tuff in 1969, in the southeastern corner of 
the eastern tephra crater (Jakobsson 1978). Fig. 
6 shows how the surface exposure of the palag- 
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Figure 7. Variations (km') in  he exposed area or palagonite turf 
~elatecl to the area of ~wallered tephra, 1967-1998. It is inferred 
that the area of palagollite tuff is 5 0.39 km' when all tephra has 
been altered to tuff or eroded wvay. 

onite tuff has gradually increased from 1969 to 
1998, when 52 % of the exposed area of tephra 
in Surtsey had converted to palagonite tuff. 
However, the unaltered tephra is a relatively thin 
blanket encircling the tuff area, and it is estimat- 
ed that by volume some 80-85 % of the remain- 
ing tephra pile above sea level had been altered 
to palagoilite t ~ ~ f f  in 1998. 

The expansioil of the area of palagoilite tuff 
is fbi-ther elucidated and compared to that of 
the l~ydrotherinal area in Fig. 2. The expansion 
of the surface exposure of palagonite tuff is 
probably directly linked to the expailsioll of the 
hydrothermal area in 1969-1972. After that field 
observations indicate that the mapped expan- 
sion of the t ~ ~ f f  area is prilnarily due to removal 
of loose tephra fi-om the surface by wind and 
water. The rather irregular curve of the area of 
palagonite tuff after 1972 (Fig. 2) is probably 
primarily reflecting the frequency of heavy win- 
ter storms. By comparing the variations in the 
mapped areas of tephra and palagonite tuff 
from 1967 to 1998 (Fig. 7), it is inferred that the 
area of palagonite tuff is I 0.39 km' when all 
tephra has been altered to tuff or eroded away. 

Palagonitization of fine grained air fall and 
base surge tephra such as found in Surtsey and 
subsequent depositioi~ of secoildary minerals, 
produces a coinpact mass of rock, which has 
t ~ ~ r n e d  out to be extremely resistant to marine 

abrasion. Layering is hardly conspiceous in the 
tuff and fractures are relatively few. 

EROSION 
Heavy storms, mainly during winters, produce 

high wave activity at the southwest coast of Iceland 
(Vigg6sson et nl. 1994). Marine abrasioil has 
therefore caused rapid sea cliff recession in Surts- 
ey (Th6rarinssoi-1 1968, Norrman 1978, Jakobsson 
1995). The loose unconsolidated tephra was easi- 
ly eroded, even during the phreatic phase of the 
eruption. Since the lava units are generally rather 
thin and fractured they have also been heavily 
abraded, particularly the thin pahoehoe sheets. 
The palagonite tuff, however, is much more resist- 
ant to maline erosion. This agrees with observa- 
tions on the otlzer islands in the Vest~nannaeyjar 
archipelago, where marine erosion of cliffs made 
of palagonite t ~ ~ f f  appear extremely slow, although 
no reliable records exist on the rate of marine 
erosion in Vestmannaeyjar. 

Longshore currents have deposited a sand- 
gravel spit on the north side, see Figs 1 and 6. 
The material is primarily derived from the west 
and east lava cliffs, carried by heavy surfs 
towards the north. Wllen marine abrasion 
reached compact palagonitized tuff at the west 
coast in 1981 and water depth increased at that 
site, less and less material was transported to the 
northern spit. The result was that after 1981 the 
northern spit has slowly been moved towards 
the east (Figs 6 and 9). 

The unconsolidated tephi-a is also easily erod- 
ed by wind and running watei-. Exact figures on 
aeolian erosion in Surtsey do not exist, however, 
it is estimated that several inetei-s have been 
eroded from the crest of the tephra craters. In 
the center of the western bowl of the eastern 
tephra crater (Surtur), it is estimated that some 
10-15 m (vertical thickness) of tephra have been 
eroded by aeolian action. Much of the eroded 
tephra has been carried into the sea, the rest 
being deposited along the sides of the tephra 
craters and 011 the lava Uakobssoil 2000). The 
palagonite t ~ ~ f f  is also somewhat sensitive to wind 
erosion and at places in the eastern tephra crater 
a few meters of the surface have evidently been 
eroded after the tephra was consolidated to tuff. 

AREAL CHANGES 
The three principal geological formations of 

Surtsey react quite differently to marine abra- 
sion. Fig. 8 shows the cumulate areal change of 
Surtsey and separately the changes of its three 
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Fig. 8. Aerial cliangcs (kni2) of S~~rtsey and its three principal geologic ror~ilations, 1963-1998. The measurements are d o ~ l e  on air pho- 
tograpl~s taken by Landmaclingar islands, aL the scale 1:5,000. Aerial measurements during the erup~ion 1963-1967 are mainly from 
Tli6rarinsson (19GG, 1968). 

geological formations during the period of con- 
struction in 1963 to 1967 and subsequent de- 
struction after the eruptions ceased in 1967. 
The diagram demonstrates that the erosion of 
lava dominates the reduction in size of the 
island. The total area of tephra plus palagoilite 
tuff has only changed to a millor degree fi-om 
1967 to 1998, but the area of lava has been 
halved in this period. The area of tlle coastal 
sediment of the 1101-tllei-11 spit shows perceptible 
variations, probably primarily due to variatioils 
in intensity of winter storms, and was generally 
seen to diminish slightly during tlle period. 

Fig. 9 sl~ows changes in the outline of Surtsey 
fi-om 1967 to 1998. During this peiiod the area of 
Surtsey sl~runk froin a maximum of about 2.65 
km' in 1967 to 1.47 lunYin 1998. It appears that 
the marine abrasion will proceed at a considel-- 
able speed until the core of palagonite tuff, vol- 
canic necks and lava resting on palagonite tuff, 
have been reached. When the core is reached the 
erosion will slow considerably. 

FUTURE DEVELOPMENT 
OF SURTSEY 

I11 order to predict the future developinent of 
the size of Surtsey with some certainty we would 

need a credible theoretical model with satisfacto- 
ry fit to the observed values according to statisti- 
cal ciiteiia. The shape of the island callnot be 
closely approximated by any simple geometiical 
model and the main geological formations, i.e. 
lava, tephra, tuff and sediment, have different 
properties with regard to erosion. But the data are 
not sufficiently accurate or numerous to estimate 
complicated inodels with many parametel-s. Our 
inodels are therefore gross simplifications of the 
actual circumstances and we call only hope to 
obtain some idea of the order of magnit~tde of the 
rate of erosioil in the future. 

Our observatioils are ineasui-einents of the 
area of Surtsey at given points in time. The total 
area at a particular time is 

where B is the area of the palagoilite tuff, which 
constitutes the permanent part of the island, 
and Z is the area of formations subject to ero- 
sion. 

The rate of erosion at any time depends 
upon the weathei-, tides and curl-eilts and is 
highly variable. But our investigation is ollly 
concerned with long term changes so we ignore 



R2 = 0.994 (adjusted for degrees of freedom), 
s = 0.026 krn2 (estimated standard error of the 
residuals) 
logL = 54.72 (L = likelihood function). 

Estimation by least squares is maximum likeli- 
hood estimation when the residuals are serially 
uncorrelated, normally distributed with zero 
mean, constant variance and independent of ti. 
The model passes statistical tests based on these 
premises and also tests whether the parameters 
are constant in time. (The assumption of con- 
stant residual variance is not realistic for this 
equation but an estimation, taking into account 
decreasing variance as the area approaches B, 
produces similar parameter values). 

This statistically satisfactory model predicts 
that the erosion ceases long before the area has 
reached the estimated size of the palagonite 
tuff, which contradicts the geological evidence 
about the future development of the size of 
Surtsey. The mathematical model of equation 

o 500111 (1) is widely applied to describe the decline of - mass or populations where each element of Z is - - 
Figure. 9. Changes in the outline of S~1rt.q fmrn I967 to 1998, liable to at of 
traced after air photographs taken by Landmaelingar islands. The time. But the assumption that the rate of erod- 
estimated extent of the central core of palagonite t ~ ~ f f  (brown), vol- ed area is proportional to the total area is 
canic necks (black) and lava resting on tuff (violet), is indicated. implausible. The sea is the main erosive force 

and it is only active along the coastline. 
Let us now try and derive a formulation based 

these variations. Let US first consider a rather ollly on collsideration of erosion by the sea. We 
na'ive model and assume that the rate of reduc- ignore the actual shape of the island and differ- 
tion of the area at any time is proportional to ent properties of the eroded geological forma- 
the area of geological formations subject to era- tions and consider the erosion of a regular cone 
sion, i.e. of initial height H and radius R. We assume uni- 

form erosioi~ along the coastline so that the cir- 
dZ = -aZdt. (1) cumference remains a circle. When the erosion 

proceeds the height at the coastline becomes h 
Solution of this equation gives the model and the radius r. Let us now assume that the rate 

of erosion by the sea is proportional with the 
Yi = A-"~ + B + E ~  perimeter so that the change of volume in time 

interval dt is 
for the observed area at time ti with tl=O and 
Z=A at the first observation. The rate of erosion dV = -2nrkdt, (2) 
is determined by a. Measurement errors and 
irregularities in the process of erosion are rep-  here the constant k is a property of the erod- 
resented by the residuals ei, Estimation of ed material and erosive forces. The change in 
parameters by least squares gives volume when r changes by dr is 

yi = 1.223 e-0.0G7GQ + 1.309. dV = 2nrhdr 

(0.030) (0.0045) (0.035) where h is the height at the perimeter. From the 
geometry we have H/R = h/(R-r) so that 

Standard deviation of estimated parameters are 
presented in parentheses below respective value. dV = 2nrH (1 - r/R) dr. (3) 
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Figure 10. Observed area, fitted tnoclels and exLrapola~iotl, 3 decades ahead 

Equatioils (2) and (3) provide a differential 
equation for the change of r and with the initial 
value 1-=R at t=O the solution is 

I11 this equation t=O must be wheil r=R and 
this may not coincide exactly with the first obser- 
vation so we add a constant to t. By inserting the 
area for r we obtain the model 

for the observed area. Yo is the initial area, to 
the time between r=R and the first value and 

Estimation by least squares gives 

The fit of this model is slightly worse thai~ the 
expoileiltial decay and it fails the test of con- 
stant parameters. According to this inodel the 
time when the area reaches 0.39 km5s 148 years 
after the first observation, i.e. about year 2115. 

But as the inodel fails the test of collstailt 
paraineters this is not a reliable forecast. In view 
of the impeccable fit of the model with expo- 
nential decay a much loilger time until only the 
palagoilite formation is left is hardly inconsis- 
tent with the data. 

Both models are based on the assuinptioil of 
a hoinogeileous inaterial with respect to ei-o- 
sion. Obviously the actual geological formatioils 
have different physical properties, geometry and 
exposure to the erosive forces. Fig. 8 shows that 
the rate of erosioil has in fact differed consider- 
ably between the formations. However, the fits 
obtained whell the models above (or simple 
polynomials) are estimated with the area of each 
foi-mation were worse than we obtained for the 
total area. One reasoil for this is probably that 
the geometry of each fol-mation is less regular 
than the whole island. We have not attempted 
ally iiltei-pretatioil of these results. 

Fig. 10 shows the observed values of the total 
area, fitted models and extrapolation, 3 decades 
ahead. The two curves are hardly distinguish- 
able until the end of the interval of observa- 
tions, but the predicted courses diverge rapidly. 
Future observations will therefore sooil provide 
valuable additioilal iilforinatioil for this kind of 
model building. 
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ABSTRACT 
The Sui-tsey volcailo is situated off the central-south coast of Iceland and was formed by a proloi~ged sub- 

marille volcai~ic eruption between Noveinbei- 1963 and June 1967. The prominent features oil Sui-tsey are two 
abutting -140 in high tuff cones and small pahoehoe lava flow field that caps the southern half of the island. 
Althougl~ best known for its surtseyan explosive activity, the eruptioi~ feat~ii-ecl avo distinct subaerial eff~~sive 
phases that produced two small pal~oehoe lava shields. The first effusive phase lasted for 13.5 inoiltlls and pro- 
duced a 100 in high lava shield wit11 a total volume of 0.25-0.30 km" The secoizd effusive phase forilled a 70 
m high lava shield (volume -0.1 kin') and lasted for 9.5 inoi~ths. The observatioils pi-eseiltecl here show that 
the Sui-tsey lava shields coilsist of two principal sti-uctrli-a1 units, the lava cone and the outer lava apron. The 
lava cones forined duriilg the early stages of each effusive phase by surface flows that emanated fro111 lava 
poi~ds in the suil~mit lava craters and produced sl~elly pahoehoe and sheet flows. The lava api-oil is a later 
stage construction, formed wheil the level of the lava ponds had dropped well below the rims of the summit 
lava craters. At this stage the flow of lava to tile active flow fi-onts was esseiltially confii~ed to iilterilal pathways 
such as lava tubes. As the lava enlerged from the tubes it spread to forin either a series of sinall budding lava 
lobes or broad but thin sheet lobes. 

INTRODUCTION 
Surtsey islalid is a small (-2.5 km2) volcanic 

island situated about 33 km off the central-south 
coast of Icelalid that belongs to the mildly alka- 
lic Vestmaiinaeyjar volcanic system which is 
located on the seaward extension of the Easterii 
Volcanic Zone (Jakobssoll 1979). The promi- 
iient features on Surtsey are two abutting -140 
m liigh tuff cones aiid a small pahoehoe lava 
flow field that caps the souther11 half of the 
island (Fig. 1). The island is the subaerial part 
of the larger Surtsey volcano, a 6 km long east- 
northeast (E65"N) trending submariiie ridge 
that rises from a depth of 125 m and covei-s -14 
km2 (Fig. 2). The volcano was produced by a 
prolonged eruption that began in early 
November 1963 and lasted until June 1967. 

Although best kiiown for its explosive ('surt- 
seyan'; Walker 1973) activity, the eruption fea- 
tured several distinct eruptive phases including 
two prolonged subaerial effusive phases that pro- 
duced two small partly overlappiiig pahoehoe 
lava shields and five much smaller a'a lava flows 
(Table I ) .  Effusive phase I lasted for 13.5 rnoliths 
(4 April 1964 - 17 May 1965) aiid produced a 100 
m high lava shield with a subaerial coverage of 
1.53 km" The total volume of lava produced by 
this phase was about 0.25 -0.30 km3 when the vol- 
ume of the submarine foundatioii is included. 
Effusive phase I1 lasted for 9.5 months (19 
August 1966 - 5 June 1967) aiid produced an -70 
m liigh lava shield that above sea level covered 
-1 km2, of which 0.5 km2 was a new addition to 
the island. The total volume of lava produced by 
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Surtur I and II tuff cones 
Nov. 1963 - April. 1964 

Surtur II lava shield 
April 1964 - May 1965 

Figure 1. Simplified geological inap of Surrsey s11o.iving the outlines of' the islancl as they were in 1975. Heavy broken line indicates the 
l~oundar)~ between the la\ia cones and the lava api-om, .ivllich are the main structrtral 1tilits of the lava shielcls. Solid line G D  illclicates 
locatioil of the cross sectioil shown in Figure 3.  See key for other explanations. Moclifiecl fro111 Jakobssoil and Moore (1982). 

the Surtur I lava craters ~ ~ a s  -0.1 km". The total 
volume of tephra and lava produced by tlie Sui-ts- 
ey eruptioii amounts to 1.0 - 1.2 h", of which 
-30% (0.3 - 0.4 km') were erupted as lava. The 
original volume of lava above sea level did not 
exceed 0.1 kmz aiid most likely was of the order of 
0.07 km". 

Here I report 011 miscellai1eous volcanological 
observations made on the Surtsey lavas during a 
weeklong visit to the island in the summer of 1991. 
The implications of these observations for the 
characteristic lava emplacemen t mechai~isins at 
Surtsey are briefly discussed aiid will be reported 

in inore detail elsewl~ei-e. The termiilology used 
here to desci-ibe lava flows and structures is adapt- 
ed fi-om Macdonald (1967), Swanson (1 973), 
MTalker ( 199 1 ) , Self el al. (1 997), and Thordarson 
& Self (1998). Howevei-, it should be noted that 
here the terins sheetjow and sheet lobe are used to 
describe two distinct lava types. Sheet flow is used 
here to desci-ibe broad and sheet-like surface flows, 
which oi-iginated in the lava craters as fountaiii-fed 
01- overbank flows similar to those described by 
Swansoil (1973). On the other hand, the term sheet 
lobe is used to describe tube-fed inflated pahoehoe 
flows of sheet-like geoineti-y (e.g., Self et al., 1998). 



i d  tuff 

Figui-e 2. Map of the Surtsey ~~olcano showing the submarine (July, 1967) and subaerial (July 1968) topography. Also shown are the vol- 
canic Gssui-es, submarine ailcl subaerial cones ailcl the lam flow Iielcl on Su1-tsey. 

THE SURTSEY U V A  FLOW FIELD 

Geonzetry and general structure 
fs pointed out in previous strtdies (e.g. Einars- 

son 1965, Tlzbrarinssoiz 1966, 1968, I/jartaizsson 
1966a 1966b, 1967, Jakobssoii & Moore 1982), 
tlze geometry and profile of tlie subaerial parts 
of the Surtur I and 11 lavas are identical to tlzat 
of other lava sliields in Iceland (Fig. 3). Con- 
sequently, tlie Surtsey lava flow field can be vie- 
wed as consisting of two small overlapping lialf- 
shields. The shields are capped by 70 m to 130 
rn wide lava craters encircled by 48 m liigh spat- 
ter rings. The lava craters are nested in tlie ear- 
lier formed Sui-tui- I aiid I1 tuff cone craters 
(Fig. 1).  The spatter ramparts, standing 10 to 20 
m above tlze current crater floors, coizsist of red 
to black spatter bombs iiztercalated with cen- 
timetre-tlzick layers of lava. Individual spatter 
bombs are 150-300 cm long aiid 20-30 cm thick. 
The lava craters are flanked by a relatively steeply 
sloping lava field, wl~icli forms tlie most elevat- 
ed part of tlie shields and referred to as the 

"lava cone". Tlie Surtui- I lava cone has an aver- 
age slope of about 6.5" (range 6-7"), whereas the 
slopemf Surtur I1 lava coiie are somewhat steep- 
er, 01- 9.5" 011 average (range 8-1 1"). Tlie outer 
limits of tlie lava coizes are marked by slzarp 
change in surface slope, wliicli occurs at a dis- 
tance between 350 m and 450 in from the lava 
craters (Fig. I ) .  Beyond the lava cones the 
Surtsey shields consist of broad aiid gently slop- 
iiig (average 2.5"; range 0.5-4.5") lava field, 
which formed a 400-500 m wide "lava apron" 
that originally bordered the southern half of the 
island. Large parts of the lava apron have been 
1-einoved by erosioii, especially 011 the western 
side of the island (Fig. 4). 

A sinall pit crater is on the Sui-tur 11 lava cone 
(Figs 1 aiid 4). Rim to rim distance of the pit 
crater raizges from 14 m to 27 in, and its depth 
extends to 21 m. It occurs above a large lava 
tube (115 rn wide) t l~at  lies from the Surtur I1 
lava crater towards the western coast of Surtsey 
(Hrbarsson 1990). Aerial pliotograplis slzo~v that 
it  was forined during the eruption sometime 



Table 1. Maill eruptiol~ episodes identified during the Sui-tsey eruption. Data fi-om Th6rarinsson (196.5, 1966, 19(57a, 196713, 1968) ailcl 
Jakobssoll and Moore (1982). 

Events 

Start of eruption on sea floor 

Visible explosive hyclromagmatic eruption on Surtur I fissure 
Appeal-ance of Surtsey isla~lcl 
Submarine activity on Surtla fissure first noticed 
Submal-ine activity ceasecl on Surtla fissure 
Explosive 1l)rdromagmatic eruption ceased at Surtur I vent 

Explosive hydron~aginatic eruptioil began at Surtui- I1 fissure 
Col~current hydromagmatic eruption alnd l~alvaiian fouiltai1lil1g 
at two vei~ts on Sui-tur I1 fissure 
Change to purely hydromagmatic eruptioi~ at Surtur 11 vents 
Northel-11 lagoon on Surtsey forined 

Trailsfonnation from explosive hydromagmatic eruptiol~ to effusive 
lava eruption. -120111 \vide lava pond foi-111s ill Surtur I1 crater 
Effusive activity clominatecl by surface flows produced by o\ierspills 
El-om the lava pond or clirectly fed hy lava fountaii~s 
Einissiol~ of surface flo~vs stops at Sui-tur I1 crater; lava pol-~d reinains 
active but its level subsided well below the crater rims 
Ttibe-fed lava fi-om Surt~ii- I1 crater extruclecl 011 seafloor soutllwest 
of Surtseji 
Einissiort of surface flows resumes at Surtur I1 lava crater 
Graclual transition El-om surface flo.c\rs to channel- and tube-fed flows: 
Surface flows beconle more and Inore iilterlnittellt and trallspoi-t 
of lava from \rent illcreasiilgly coilfit1ecl to lava chanl~els ai3d tubes 
L,ava transport alnlost exclusi\lely confii~ed to lava tubes, 
although fcatul-ing short periods of surface flolv activity. 
Eruption ancl lava effr~sioll ceased at Surtur I1 lava crater 

Begilliliilg (?) of s~tbln;~riile activity at Syrtlingur eruption site 
Visible exl>losive hyclrounagmatic er~iption in Syrtliilgur fissure 
First appearance of Syrtli11gti1- islallcl 
Eruption ceased at Syrtlillgur fissure 
Syrtlingui- islallcl colnpletely .i\~ashecl awaj7 

Begini~ing (?) of submarine activity at J6111ir fissure 
\Jisible explosive hyclromagmatic activity on J6lnir fissure 
First appearance of J6lnir islai~cl 
Eruption ceasecl at J6li1ir fissure 
J6lnir islallcl completely washed away 

Iiesumecl eff~isive activity 011 Surtsey by eruption on a short fissure in 
the S~irtur I tuff cone crater: Lava einissioi~ prii~cipally via surface 
flo~vs 
Activity ceiltrecl oil northernmost vent 011 the fissure, wllic11 l~ecalne 
the Snrtnr I lava crater that colltailled a sillall lava poild 
Initially eff~isive activitji domillatecl by surface flows pi-oclucecl by 
overspills fi-om the lava pond or directly fed by lava fountains, 
follo~~recl by gradual trailsition fro111 surface flows to cl~an~lel- and 
tube-fecl flo~vs 
Lava trailsport almost exclusi~iely collfii~ecl to lava tubes, although 
1vit11 short periods of surface floiv activity. 
Effusive el-uption on a vent on iililei- northr\rest wall of Sui-tur I tuff 
cone and pi-oclucecl a sinall a'a lava flow 
Eff~isive eruptioll on vents 01-1 outer north slopes of Surtur I t ~ ~ f  cone 
that producecl a stnall a'a lava florv, which flowed into the lagooil 
Eff~isive eruption 011 a vent 011 inner 1101-tl1 .ivall of Surtur I tuff cone, 
produced a sinall a'a lava flow that flo.ivec1 south past the drill hole 
Effusive eruption on a \ ~ n t  on outer 1101-theast slopes of Surtur 
I tuff cone that produced a tiny a'a lava flolv 
T~vo ring faults formed on inner east ~vall of Surtur I tuff cone; 
a vent 011 the lower er~ipted a tiny a'a lava floiv 
El-uptiot~ ancl effusion of lava ceased at the Surtur I lava crater 

Date 

early.11.63 

14.11.63 
15.11.63 
28.11.63 
6.01.64 
31.01.64 

1.02.64 
1-8.02.64 

9.02.64 
1.03.64 

4.04.64 

429.04.64 

29.04.64 

0506.64 

9.07.64 
07-08.64 

inid 08.64 

17.05.65 

11.05.65 
22.05.65 
28.05.65 
17.10.65 
24.10.65 

end 10.65 
26.12.65 
28.12.65 
10.08.66 
31.10.66 

19.08.66 

end 08.66 

08-1 1 .G6 

1.12.66 

12-1 7.12.66 

14.01.67 

18.01.6'7 

2.01.67 

27.01.67 

5.06.67 

Eruption phase and 
type of activity 

1 Submarine activity 
early 11.63-14.1 1.63 

2 Subaerial ex~losive activity 
14.11.63-31.01.64 

3 Subaerial explosive 
ac tivi ty 

2.02.644.04.64 

4 Subaerial effusive activity 
4.04.6417.05.65 

5 Subinarine activity 
11.05.65-17.10.65 

6 Submarine activity 
late 10.65-24.08.66 

7 Subaerial eff~isive activity 
19.08.66-5.06.67 

Eruption 
site 

Surtur I 
fissure 

Surtur I 
and 
Sui-tla 

Surtur I1 

Surtur I1 

Syrtlii~gur 

J6lnir 

Surtur I 
and 
parasitic 
vents 
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Figure 3. Profile illustrating the geometry of the Surtur I lava shield in cross section. The profile is constructed from topographic map 
by Norrinail (1978). The extent of the lava cone and tlle lava apron is inclicatecl. Location of the profile is sho~vn 011 Fig. 1. 

between June 1964 aiid October 1966, presum- 
ably by piecemeal collapse of tlie tube roof and 
overlying lavas into a partly filled and/or hollow 
t~.tbe. 

At the eiid of the eruption tlie Surtsey lava 
flow field terminated at the slioreliiie in 3-20 m 
high cliffs, which due to continued marine ero- 
sion iiow reach lieiglits of -50 m on the western 
side of the island. Tliese cliffs provide excellent 
outci-ops, revealing the internal structure of the 
lava shields. In general they show that tlie 
shields are built of multiple lava flows of variable 
thickness and lateral extension. The most con- 
spicuous units are a meter to a few meters thick 
aiid several tens to hundreds meters wide (or 
long) sheet-like lava bodies that most coinmon- 
ly are of the sheet lobe variety and to lesser 
extent of the sheet flow type. 

The lava shields rest on -130 m thick subma- 
rille formdatioii, assumed to be a foreset-bedded 
lava delta constructed by submarine lava effu- 
sion and disintegration of the subaerial lava 
flows by wave erosion and/or quenched frag- 
inelitation of lava as it entered the sea (Eiiiars- 
soil 1965, Tl16rariiissoii 1 966, 1968, ILjartaiissoii 
1966a7 1966b, 196'7, Jakobsson & Moore 1982). 

Lava szc?-fnce nzor-hology 
The followiiig descriptioiis of surface iiior- 

pliologies are based 011 recoi~naissance on-site 
examiliatioil that only cover the lava coiies aiid 
tlie Surtur I l a ~ a  apron because the rest of the 
flow field was removed by erosion (Fig. 4). Infor- 
mation on diagnostic surface structures witliiii 
the parts of tlie flow field that have beell 
removed by erosion was obtained from analysis 
of aerial photographs takeii by the National 
Land Survey of Iceland in July 196'7. 

I11 the proximity (<I00 m distance) of the lava 
craters the surface of tlie steeper (Go-11") lava 
cones are largely covered by 52 m tliick lava con- 

sisting of numerous small, often budding 
pahoelioe lobes. Typically the lobes have very 
thin crusts (1-5 cm thick) and hollow interiors, 
which are either large gas-blisters formed by 
exsolving gases or small lava tubes formed as tlie 
lava was draining of tlie molten interior. The 
appearance of this lava strongly resembles the 
cavernous lava type called shelly palioehoe 
described by Swansoii (1973) from the summit 
region of the 1969-19'73 Mauna Ulu lava shield 
at Kilauea in Hawaii. Patches of slabby palioe- 
hoe also occur in this area and i11 places larger, 
smooth- or ropy-surfaced pahoelioe lobes out- 
crop between tlie smaller lobes. Tliese lavas 
resemble those exposed in the walls of the pit 
crater, which consist of a few 1-2 in tliick and 
poorly vesicular sheet flows that are either capp- 
ed by smootli pahoelioe or cavernous slabby 
pahoehoe flow surfaces (Fig. 5a). On-site obser- 
vations during the Surtsey eruption show that 
slabby pahoehoe or clinkery a'a-type surfaces 
were commoiily formed on tlie rapidly ad- 
vancing sheet-like surface flows, although such 
flows also feat~~i-ed smootli and ropy palioehoe 
surface inorphologies (Einarsson 1965, Tli6rar- 
iiissoii 196'7b). 

011 tlie outer slopes of the lava coiies at 100- 
300 in distance from tlie lava craters tlie surface 
lava type is typically slabby palioelioe, wliicli is 
distinguislied by its mislimasli of crustal frag- 
ments that often are piled up in untidy heaps as 
high as 1 m (Fig. 5b). Small lava channels flank- 
ed by levees and copious subsidiary overflows 
are common in this sector of the lava field. 
Some channels are partly crusted over and 
downslope they transform into tumuli ridges. 

The nioi-e gently slopiiig lava apron has a 
hummocky surface morpliology (Fig. 3) and 
chiefly coiisists of tube-fed palioelioe flows, 
ranging in size from small pahoelioe toes to 
broad sheet lobes. Two of the distiiiguishiiig 



Figure 4. Iiecertt (August 1998) aerial photograph of Surtsey with annotations referring to lava structures and localities referred to in 
the text. Broken line shows the western lnargins of the Surtut- I lava shield. Also shown is the o~itline (black and white line) of Surtsey 
in July 196'7. Courtesy of the National 1,anti Survey of' Iceland. 

structures in this sector of the lava field are genetically linked to lava tubes (see below). 
tumuli and tumuli ridges (Fig. 5c). Tumuli are Tumuli ridges are similar structures except they 
isolated cupola-shaped mounds that protrude have an elongate form and are as long as 350 m 
from the lava surface and typically are 1.5-3 m (Fig. 5d). Although many tuinuli structures are 
high (maximum 8 m) and 5-15 m in diameter well-exposed, others are completely coated with 
(maximum 70 m). They consist of tilted crustal small surface breakouts, such that they some- 
slabs that are split by inflation clefts and are times look like heaps of entrail pahoehoe (Fig. 



Fig~~i-e 5. Photographs of lava flows aild their surf:ice struc~ui-es at Surtsey. (A) Lavas in wall of pit crater. Scale I3ar is -1 In. (B) Surface 
of slabby pahoehoe lava oil the lowers slopes of the lam cone of the Sr~i-tr~r I lava shicld. Person for scale. (C) T ~ ~ m u l i  i l l  Surttir I lava 
apron. L,argest tumulus is -5 rn high. (D) A -3 111 lligh t~~tnulus ridge within the Sui-tur I lams alillost comy>letely disgtlised by sinall sur- 
face breakouts. (E) A pile of small flow lobes rese~nblii~g hcaps of elltrail pahoelioc, but \vhei-e formed as surface breakours from the 
t~~mulus  in tile upper right corner of the photogi-aph. Hammer is 35 cm long. (F) Large slightly tiltccl cl-ustal slabs on the surface of a 
sheet lobe. Persoil for scale. 

5e, Macdonald 196'7). These surface breakouts pliology of the flow. Field evidence show that 
are one of the characteristic features of the these surface breakouts emerged tl~rougli cracks 
Surtsey lava flow field and typically occur as a in the lava surface or through skylights above 
stack of small lava lobes ( I1  rn wide and 0.2 - 0.5 lava tubes. Surfaces of broad sheet lobes are 
m high) that are superimposed on the original partly exposed i11 places as large but variably 
sheet lobe or tumulus surface. In places they tilted crustal slabs (Fig. 5f). 
completely disguise the original surface mor- Many of the tumuli that were inspected are 
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;ure 6. Photographs showing rele\lant exa111ples of internal structures in :I sl-teet lobe. (A) Terminus of two sheet lobes in the SLI 
a shield in the cliffs at the eastern sl1o1-es of Surtsey. The lower lohe features mega\~esicles (Rin's). (R) Ty~ica l  basal ancl uppe 
-faces on sheet lobes. Ruler is 20 cl-t~ long. (C) Close-LI~ view of the basal CI-ust ant1 a vesicle cylinde~ extencling froin the basal 
illto the lava core. (D) \Tesicular lava crust of a sheet lobe unc1e1-lain by mcgavesicles ant1 associatctl horizontal vesicle sheets. 

:et lobe at locality 1 (see also Figs 5 ancl 7 ancl 2).  Ruler is 20 c111 long. (E) A megavesicle, close-up \~ic\\r slio~\iing its chat 
c dome-shaped geometry al-tcl vesicular scgregatecl material at its base. Ruler is 20 c111 long. (F) Close-up of the vesicular la\u 
,wing the top three vesicular ~ 0 1 1 ~ s  of the sheet lobe at locality 1 (see also Figures 5 ancl '7 and Table 2). Scale bar is 1 
breviations are BVZ, basal vesict~lar zone, VZ, \iesicular zone, BITZ, vesicle poot- zol-te in the basal crust, \'C, vesicle cylinclei 
~gavesicle, IWS, horizontal vesicle shect. 
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Table 2. Detailed log from a \fertical section 11leasu1-ec1 through the secollcl sheet lohe from the top of the cliif' at the eastern shores 
of Surtsey (Locality 1 on Fig. 4) .  The  sheet lobe helongs to the Surtur I la\la succession. Graphic log is illustratecl on Fig. 7. Abbreviations 
are as follows: VZ, \lesicular 7one; V'PZ, \~esicle-poor zone, VTC, vesicle cylincler; MV-HVS, 1101-i7011 of lllegavesiclcs (1hN) ancl horizontal 
vesicle sheets (I-IVS) . 

hollow inside, featuring a large chamber roofed breakouts illustrating that at some stage their 
by relatively thin crust. The surface of these chainbei- was fill1 to the brim with lava. Inspec- 
tumuli are usually covered by numerous surface tion of their iilteriors shows that individual 

Description 

Purple to red oxiclisecl flo\\~-top rt11111le of pahoehoe slabs alicl clinker, il~tercalatecl 
\uith slllall (20.5 m )  Ilo\\r lobes 131-ocli~cecl by surl'ace breakouts. Smooth ailcl c o h e r e ~ ~ t  
pahoelloe surface is esposecl nearby. 

Vlesicular upper c r~ ts t  consisting of' hypohyaline to hypocrys~t"l1ine lava \\lit11 clo\\ln\\farcl 
increase it1 crystallinity. Joints are irregular 1vit11 typical spacing of 0.4-0.7 In. Mihen the 
original l ~a l~oehoe  stll-face is preser\iecl it features clistinct Ilo~\r top jointing \\illere 
20-30 cm long regular joints are spacecl at 10-20 em. 
The lava c r~ts t  features clistinct vesicle ronatiotl, which is as follo\\ls: 

Bluish purple to rusty red oxiclisecl \~esicirlar  one with average \iesiculai-ity of 
30-35 vol.% ancl featuring 0.2 ctll \lesicles at the top increasing to 23.0 clll at the base. 111 
top 5-17 cm, the vesicle s i ~ e  is 0.2-0.4 em. Vfesicle outlines arc spherical. 11-1 the next 
7-10 cm, the average vesicle sire is 0.5-1 .0 cm. V'esicle olrtlines are irregular ancl 
slightly elo~~gatecl. In the lolrrest 3 cn1 the ~.csicle size ranges fi-om 0.5 cln to 3.0 em. 
Vesicles are nornrally elongated \\lit11 irregular ancl con\~olutecl outlines ailcl sho\\~ 
e\iiclencc of having gro\vn by coalescence of slnaller b~tbbles. 

Vesicularity 30-35 \iol.% with 0.2 cm spherical \resicles at t l ~ c  top increasing to 
0.5-1.0 ell1 spherical or  slightly elongate \iesicles at the IIase. These \lesicles have 
convolutccl outlines reflecting growth hy coalescetlce of srtlaller hul~bles. Il~distinct 
ccntimetre-thick bancling is see11 in places in the vesicle fitl~ric. 

X clistinc~ horizon Sealuring .?-I 2 crn long ancl 1-5 em high elollgatc segregation \lesicles 
ancl scattered 1-2 cill spherical \iesiclcs. The hase of larger vesicles is llat cllre to 
accumulation of segregated ~naterial. Tfesict~larity is -2.5 \~ol.O/o. 

VTesicularity .5-20 \fol.% \\fit11 cleci-easii~g \~esiclc al~unclance from top to bottom. It 
features 1-6 c111 spherical vesicles and a gmclual clo\\rnwarcl increase in \~csicle sire. This 
~~es ic lc  lone  partly o\~crlaps the rnega\fesicle 11ori~oi-1 belo\\~. 

l'oorly vesicular holocrystalline lava exhibiting the follo\\litlg features: 

A distinctive hori/on of mega\1esicles ancl horirontal vesicle sheets. The h1Vs are 
10-50 c~ l l  long ant1 7-28 cill lligh. Aitl1ot1gh the M\is have some\vhat irregular ancl 
con\iolutecl outlines, they generally feature arched rook coated by 0.5 ell1 thick smooth- 
surf'acecl glassy skin. The  RiNs have flat Iloors ancl a 3-8 thick bottonl fill of 
vesicular segregated material that oliell connects laterally to 1-2 clll thick cliscontinuous 
horirontal vesicle sheets. Overall \~csicularity is -1.5-20 \~ol.% 

Poorly \resicular holoc~-ystallinc lava \\rith irl.egular ant1 crookccl 1-4 cln \viclc vesicle 
cylinclers. Each cylincler can be follo~\iecl \rertically Ibr 10-15 em, ancl the outcl-op pattern 
shows illat some extend up  into the mcga\lesicle ho~.i/on. One 20 ell1 long and 2-4 ell1 
wicle vesicle cylinclet- was founcl to terlllillatc ~ i~ i th in  the lava core. It had risen fl-om 
amoeboid-shaped blob ol'vcsicular material that cxtci~clecl from the hasal \iesictllar 
rone. Boulclers of pool-lj. vesiculai. holocrystalline law 011  tlle shore in fi-ont of the cliff 
fi-attire \\?ell-cle\~elol~ecl vesicle cylinders u p  to 10 cm in cliametcl; ancl some \i1ere 
founcl to connect to 2-4 cln thick 1101-irontal sheets. 

Mypohyaline to holocrystallinc lava ~vith the follo~ving vesicle  ona at ion: 

Vfesicularity 5-10 \lo].% with 0.2 ern spllerical vesicles at the I~ase ailcl 51 1 cm elongate 
segregation \~esicles at the top. 
Non-\resicular lava. 

V~esicularity -25-30 \~ctl.% wit11 0.5-2 cm spherical and elongate (stretchecl) vesicles at 
the top, decreasing to 0.1-0.2 cln spherical vesicle at the base 

Convolutecl base \\rith spinous basal surface ancl cliscontin~~ous hor i~ons  of centimetre- 
large clinkel-. 

Structural 
component 

Flow top 

Lava crust 

L a 1 7 2 1  core 

Basal crust 

Basal surf3ce 

Thickness 

40-70 crn 

100 cm 

205 cln 

55 ctn 

Internal 
structures 

\'%-I 
15-20 c111 

1"-2 
20 cln 

VZ-3 
15-20 cnl 

VZ-4 
40-50 clll 

hlVT-HVTS 
40-50 cm 

Lava \\.iih 
T'C 

170 el11 

BVZ- 1 
10 em 
BTTP Z 

10-15 cm 
BVZ-2 

20-40 cru 



Structural Jointing Vesiculation 
components styles features 

Figure 7. Representative graphic log showing vertical clistribution of internal stl-uctures in a sllect lohe within the Surtur I lava flow 
(1,ocality 2 in Fig. 4). Tllc lnaiil structural components; the lava crust, lava core, and basal crust arc shown 011 the lef't. The  left column 
illustrates the jointing of the lava, thin lines inclicate crustal joints anel thick litle clenote colrtmnar joints (Thorclarson ancl Self, 1998). 
The right colutnn shows vesiculation features. Al>breviations are as follows: V L ,  vesicular Lone; Rill', megavesicle; HT'S, horizontal vesicle 
sheet; VC, vesicle cylit~cler RVZ, hasal vesict~lar ronc; S\li-l'\< segregation atlcl pipe vesicles. illso sho~rn  arc 131-oliles clepicting vertical 
changes in vesicularity and crystallinity as clctel-mined by visual estimates in tl:c Iielcl aiclecl by microscopic examination of a representa- 
tive suite of' hancl sa~r~plcs  anel thin sections. \ksicularity scale is nloclal percent ancl it~tervals of' crystallinitj. are h,  hyaline (0-10% c rp -  
tals); 11): hypollyaline (10-40% crystals); hc, hypocrystalline (50-90% crysrals); and c, holocrystalline (90-100% crystals). 

tuinulus chamber connects to lava tubes on t l ~ e  
upflow aiid tlie downflow side. At locality 3 in 
Fig. 4 tlie tumulus roof is partly collapsed and 
allowed for easy access to tlie chainbei-. This 
t~rinulus chamber. is 5-8 in wide aiid -10 in long. 
Originally it must have been 3-4 in deep with its 
roof stailding at least 2 in above surroundiiig 
lava surface altliougli the or-igiiial tumulus 
geometry is now solnewhat obscured by numer- 

ous surface breakouts that cover the outer 
slopes(Fig. 5e). The chamber has one 2 m higli 
aiid 4 in wide tube entry on tlie upflow side, but 
three 1-3 in wide tube exits on the downflow 
side. Tliese observations sl~our that the tuinulus 
formed by inflation of the crust over a ratliei- 
broad pool of molten lava that was fed by a rel- 
atively lai-ge lava tube. Tuinuli with partly col- 
lapsed roofs and empty tumulus pools are scat- 



Table 3. Detailed log fi-om a vertical sectioil measured tl~rough a tumulus in the third sheet lobe from the top of the cliff face at the 
southeastei-11 shores of Surtsey (Locality 2 in Fig. 4) .  Tlle lobe lnost likely belongs to the Surtur I lava succession. Graphic log is illus- 
trated on Fig. 8 and a sketch of the t u m ~ ~ l u s  is shown in Fig. 9. Abbreviations are as in Table 2. 

tered about in the lavas at Surtsey. 011 one occa- 
sion, I saw that a surface flow lnad reentered a 
tube system through such an opening, which is 
probably a common occurrence in this type of 
lava. 

General characteristics of tlze Surtz~r I ZavnJZows in a 
vertical successio?~ 

T11e eastern slnoi-es of the islaild feature 3-10 m 
high sea cliffs that provide readily accessible expo- 

Description 

Vesicularity is -20 \~ol.%. Tresicle size i~~crcases clow~lwarcls, ii-om 10.4 cm spherical 
vesicles at the top to 12  cm elongate stretched \~esicles at the base. X gas-parting surf~tce 
and a gas-blister separate zones X ancl B. 

Vesicularity is -15 vol.%. Vesicle size illcreases downrvarcls fi-om 10.4 c l l~  spllerical 
vesicles at the top to 1 3  c111 elongate stretchecl vesicles at 15cm depth. Lo~vest 5 ~111, 
l~o~vevei-, coiltaill 11  vol.% of snlall (11.0 cm) spherical vesicles. 

These zones connect clirectly with the uppermost vesicular zones in the lava oil either 
side oi' the tumulus. 

Void b o ~ ~ ~ ~ d e c l  by an arched roof alrcl a flat Ilooc 

\'esicula~-ity -25-30 ~01.96 with -0.1 till spherical vesicles at the top, increasing in size 
clownwa~~cls to -0..3 cm. 

Sharp tninsitiotl to a hoiizon that is clominatecl l ~ y  3 7  ci11 long ailcl 1-3 clll l~igh ~egre~gation 
vesicles wit11 archecl roofs ancl a flat base 

Vcsicularity -25-30 vol.% with 1-2 cm spherical vesicles at the top decreasing to 

11.0 cm vesicles at the base. Lower contact is sharp and undulating. 

Vesiculat-ity 1 5  \~ol.% with a fe\v 0.5-3 cln vesicles evetlly clispersed tl~roughout the 
 one. Vesicles are usually spherical, hnt a feiv al-e elol~gatecl (stretched) in 1101-i~ontal 
direction. 

\iesicularity 15-25 vol.% ~vith 11  till spherical vesicles at the top, clecreasillg to 10.3 cm 
vesicles near base. Upper co~ltact is cliff~~sive because some of the larger vesicles were 
I~uoyant enough to rise across it and illto \&'%-I. 1.olver coiltact is knife sharp and the 
lava contains scattered r l c m  long stretched vesicles in the 5 c11-1 immecliately above the 
contact. Miclivay t l~ roug l~  the tube-fill VZ-2 thins s11a1-ply and continues as a parting 
surface. Near this transition a vertical -7 cm wick vesicular band cuts through IPZ-I,  
lillking VZ-2 to VZ-lc, and appearstto have formed by a cliapiric rise of vesicular musll 
clerivecl fi-om VZ-2. 

Very vesicle-poor (<1 ~ 1 . 5 % )  lava, 1vit11 only a Iew 1 clll spherical vesicles. This Lone 
has elongate and concave upward geometry ancl apparelltly a part of the tulle itself, ill 
similar fashion as \PZ-1. 

\~csicularity -10-1.3 vol.% with 10.4 clll spherical vesicles at the top increasing to 
11.0 c111 vesicles of spl-terical or  eloilgate (stretched) shalx. I11 places this zone is in 

contact ivith the hasal vesicular Lone of the tumulus ancl the 1 a ~ a  on eitller side. 

Discotltil~~~ous, ~veclge shaped zone of \~esicle poor lava within the I~asal cl-ust of the 
tumr11us 

Vesicularity -2.5 vol.% with 2 cm spherical to irregular vesicles in the top 10 clll 
showing evidence of up~\larcls migration. Next 5 cl11 features 13.0 cm long eloilgated 
(stretched) segregation \csiclcs,  hereas as lowest 5cm contain slnall (10.3 cm) spherical 
vesicles. 

Structural 
component 

Lava crust 
(tube roof') 

Hollo~v tube 

Tube-fill 

Basal crust 

sures through tlne lava successioii of the Surtur I 
shield. Hei-e, as well as elsewlnei-e along the s11oi-es 
of the lava field, the cliff consists of inumerous flow 
lobes of variable tlnickiness and lateral extension. 
The thickest lobes are 2-6 m and the tlniinnest 0.5 
in. Most of these flow lobes ai-e pahoehoe or slab- 
by pahoelloe. A few sinall a'a flow lobes ai-e present 
in the succession, wlnicll is also capped by small, 1.5 
to 2.0 m thick, a'a lava flow furtlner to tlne south 
(Fig. 1). The beach in front of the cliffs is covered 

Thickness 

55 elm 

70 cm 

180 cnl 

30 cm 

Internal 
structures 

VZ-X 
30-40 clll 

VL-B 
20 C I - ~  

VL-la 
10 cin 

VZ-1 b 
10-15 cm 

VZ-1 c 
3.5-40 clll 

\PZ-1 
40 cm 

VZ-2 
20-25 cm 

\PZ-2 
40-50 cm 

VZ-3 
10-15 cnl 

BIPZ 
0-10 clll 

RTfZ 
20-25 cm 



Figui-e 8. X graphic log illustrating tile vertical arrangement of 
internal structures in the tumulus at locality 2 (see Fig. 4). 
Xl,bi-e\iia~ions as in Fig. 7. 

by large (0.5 m) angular to subrounded lava boul- 
ders formed dui-ing the breakdown of the 1966- 
196'7 lava flows by wave erosion. However, this sec- 
tor of the Surtsey lavas has suffered much less ero- 
sion tllaii other parts of the flow field, today the 
shoreline is just inside its 01-igizal position at the 
end of the eruption in June 196'7 (Fig. 4). The 
desci-iptions that follow are based on observations 

made along these cliffs, wllicll represent the distal 
sector of the Surtur I lava apron. 

The most proinineilt lava units in these cliffs 
are pahoehoe sheet lobes that typically ai-e 50 m 
to 200 m \vide (or long) and 2-4 m thick (maxi- 
mum measured thickness is -6 m). For the most 
part the thickness of each sheet lobe is rather uili- 
forin or between 1.5 and 2.5 m (Fig. 6a). How- 
ever, tbe sheet lobes commonly swell above 0.5- 
1.0 in deep lows in the ~lndei-lying lava surface to 
inoi-e than double the tllickness of the lava 011 

either side. I11 profile these local swells bave 
shapesof a tumulus and hollow lava tubes ai-e 
routinely fouild in their cellti-es (see below). A 
0.5-1.0 m thick stack of much smaller pahoehoe 
lobes, wit11 typical dimensions between 0.2-1.0 m, 
often separate the sheet lobes. Lobes with slabby 
pahoehoe and a'a surface morphologies are also 
present. Discontinuous layer of flow-top rubble, 
up to 0.5 m thick and 20 rn long, coilsisting of a 
mixture of spii~ous cliilker and slabs of palloelloe 
crust sometimes separates the sheet lobes. 

Internal structures of sheet lobes 
The sheet lobes exposed ill the cliffs along 

the eastern shores have similar ii1teri1al struc- 
tures. They exhibit the threefold division of 
vesicular basal crust, crystalliile lava core, and 
an uppei- vesicular lava crust that is cornmon to 
this type of pal~oehoe lava (e.g., Self et ah, 
1998) . The geizeral ari-angeinent of iiltei-ilal 
sti-uctui-es and textures ill Sui-tsey sheet lobes 
are described below. The details of a sectioil 
measured through a sheet lobe at locality 1 (Fig. 
4) is given in Table 2 and illustrated in Fig. 7. 

The basal surface of the sheet lobes is eitl~er 
coi~voluted and spiilous 01- smootll and billowy 
pal~oehoe surface wit11 a 1-4 cm thick glassy sel- 
vage that marks the very bottom of the basal ci-ust 
(Fig. 6b). The basal crust is 1101-inally <lo% of the 
total flow thickness. It coilsists of hypohyaline to 
hypocrystalline lava featui-iilg a distinct basal vesic- 
ular zone wit11 vesicularity benveeii 25-35 vol. % . 
Sometimes the basal crust is locally split into two 
by a thin horizoil of vesicle-poor lava, wllich tei-- 
rninates abruptly when followed for several 
meters. Crystallinity and vesicle size gellei-ally 
increases upwards ill the basal crust, and the 
upper part of the basal vesicular zone sorrletimes 
features irregular and eloilgate segregatioil vesi- 
cles and, inore 1-arely, pipe vesicles. Sinall cylinders 
and amoeboid-shaped patches are often present 
above local irregulai-ities ill the basal lava surface, 
extei~ding tells of centimeti-es into tlle overlying 



Vesicular lava Poorly vesicular lava 

Figure 9. A field sketch of the tunllilus at locality 2 (see Fig. 4) o~~t l in ing  its ~norphology and its relationship \\?it11 the surrouncling lava. 
Bold broken line outlines the tube-fill lava, \\~hcreas thin broken lines indicate parting surlace\. The  tllreelolcl clivision la\'a crust (LCr), 
lava core (LCo), and l~asal crust (13Cr) are illclicatecl for the sheet lobes; 131 st;ulcls for small pahoehoe lohe (sui-Ctce I~reakout). Other 
abbre\riations arc as in Fig. 7. 

lava core (Fig. 6c). These structures clearly origi- 
nate witliin the basal vesicular zoi~e and contaii~ 
vesicular (-40 vol. % ) segregated material. 

The lava core is uniformly holocrystalli~~e and 
is norinally the thickest coinponeilt of each flow 
unit 01- be t~~eei i  50% and 55% of the total tlzick- 
ness (Fig. '7). Joints are irregular and typically 
spaced at 0.5-1.0 in. The lava core contains 2 
vol.% of centimeter-sized spl~erical vesicles and 
features scattered 0.5-4.0 cn1 wide vesicle cyliii- 
ders that call be followed vertically for 10-15 cm. 
Outcrop pattei-11s indicate that originally most of 
these cylinders extended all the way thi-ough the 
lava core, although some clearly terininate with- 
in the lava core (e.g. Fig. 6c). Vesicle cylindei-s 
were never found within the upper lava crust. In 
many sheet lobes a distinct horizon of inegavesi- 
cles (i.e., large segregation vesicles) occurs at 
the top of the lava core, immediately below the 
vesicular lava crust. At locality 1 these inegavesi- 
cles are 8-50 cm long and 9-20 c1n liigl~ with 
irregular outlines, flat floors, and arclied roofs 
(Fig. 6d). At the bottom of each megavesicle is 
a 2-9 cm thick acc~~inulation of segregated inate- 

rial with 3-15 vol.% ~esicula~ity (Fig. 6e). 
Horizontal vesicle sheets, 1-3 cm thick, are fi-e- 
q~~eiltly fo~uild in direct continuation of the seg- 
regated material in the megavesicles. Field rela- 
tions imply that the megavesicles are formed by 
localised gas accumulation within the horizontal 
vesicle sheets that develops into a giant gas hub- 
ble rising from the upper surfaces of the sheets 
into the viscous lava above. 

Closely spaced (0.3-0.7 in), highly irregular 
joints and a progressive upward decrease in crys- 
tallinity character-ise the vesicular lam crust, 
which makes up betcveeii 35% and 40% of the 
total flow thickiless (Fig. '7). Approximately two 
O L I ~  of every three crustal joints terminate 
abruptly at the lava core/lava crust boundary, 
\vhereas the remii~der inerges with the joints of 
the lava core. The lava crust usually feat~u-es sev- 
eral vesicular zones, each with 20-35 vol.% vesic- 
ularity and a downward illcreasing vesicle size 
(Figs Gf and '7). The sheet lobes are either 
capped by sn~ooth pahoehoe flow surfaces (Fig. 
6b), thin rubble of pahoehoe slabs and clinker, 
and/or sniall lava lobes (surface breakouts). 



Internal structures of a tumulus 
The descriptioiis presented below are based 

on a detailed vertical section measured through 
a tumulus within a slieet lobe in the lava cliffs 
along the southeastern shores of Surtsey (Loca- 
lity 2 in Fig. 4). Section measurements and de- 
scriptions are presented in Table 3 and illustrat- 
ed by the graphic log in Fig. 8. The tumulus 
geometry and arrangement of internal struc- 
tures are shown in Fig. 9. Tlie tumulus is -3.5 m 
high and 5 m wide and laterally it connects with 
an -2.0 m thick pahoelioe slieet lobe that can be 
followed in the cliffs for several lluiidreds of 
meters. The tumulus is located where there is an 
-1 m deep and -5 m wide low in tlie underlying 
lava flow, suggesting that the tumulus forination 
may have been initiated by irregularities in the 
subsurface. The lowest 2.1 m of the tumuli are 
composed of solid lava overlaid by a 0.7 m high 
and 3 rn wide cupola-shaped lava tube (Figs. 8 
and 9). Tlie tube is capped by 0.6 m thick 
arched roof that is partly covered by small sur- 
face breakouts and flow top rubble. Tlie tube 
roof contains two vesicular zones, whicli when 
followed sideways inerge with tlie vesicular lava 
crust in the sheet lobe on tlie either side of the 
tumulus. The upper vesicular zone (VZ-A) coii- 
iiects the topmost vesicular zone of the sheet 
lobe, whereas the lower zone (VZ-B) merges 
with the ui~derlyiiig one. Below the hollow tube 
is flat-topped lava representiilg the tube-fill, 
whicli is -1.8 m thick, implyiiig tliat at time of 
solidificatioii the tube was about two-tliirds f~lll 
of lava. The tube-fill features a complex zona- 
tion of stroilgly vesicular aiid poorly vesicular 
lava and contains higher number zones than the 
lava on both sides (Figs 8 and 9). Vesicular zones 
VZ-1 and VZ-2 aiid vesicle poor zones VPZ-1 and 
VPZ-2 are exclusively coiifiiied to the turnulus. 
The lowest vesicular zoiie (VZ-3), liowever, 
merges with the basal vesicular zone that under- 
lies the tube-fill aiid continues laterally along 
the base of the sheet lobe oil eitlier side of tlie 
tuinulus (Fig. 9). The contiiiuity of tlie basal 
vesicular zoi~e and the vesicle zones in the tube 
roof show that tlie tuinulus is an integral part of 
the sheet lobe. The internal structures of the 
tube-fill, however, demonstrate tliat it represents 
a separate lava batcli einplaced later tliaii the 
main body of tlie sheet lobe. The surface break- 
outs that cover tlie tumulus confirm that at 
some stage tlie tube was completely full of lava, 
in fact so full that it inflated to form the arclied 
tumulus roof. About 5 in to tlie west is another 

smaller tumulus in the same sheet lobe, and it 
displays similar internal arraiigement of struc- 
tures as tlie one described above. However, it 
does not feature a hollow tube and most likely 
represents a confined internal lava pathway or 
lava tube that was not drained of its lava before 
solidification. 

DISCUSSION 
Coiitemporary descriptions (e.g-., ThGrariiis- 

son 1965, 1966, 1967a, 196713, 1968, Einarsson 
1965) of tlie effusive activity clearly sliow tliat 
the construction of the Surtsey shields involved 
two distiiict lava traiisport and emplacement me- 
chanisms, exemplified by surface flows on one 
hand aiid tube-fed flows on the other. As is com- 
monly the case in natural systems these rnecha- 
nisms represent two end members in a continu- 
ous spectrum of processes that in detail are 
more complex. However, these flow types are 
usef~ll descriptors of these mecliai~isms because 
tliey encoinpass tlie principal processes iiivolved 
in construction of the Surtsey lava shields. As 
will be shown these mechanisms produce dis- 
tinct lava types that can be related to specific 
eruption processes, which are respoilsible for 
the constructioi~ of the two principal structural 
units of the Surtsey lava shields, the lava cone 
aiid the flailking lava aproii (Figs 1 aiid 3 ) .  

Tlie Surtur I aiid I1 lava cones are capped by 
lava craters, whicli at the time of the eruption 
were occupied by small lava ponds. I11 the vicin- 
ity of the lava craters tlie surface lavas ai-e typi- 
cally cavernous shelly palioehoe and, to a lesser 
extent, sheet flows. The outer slopes of tlie lava 
coiies are typically covered by slabby pahoelloe 
flows, altl~ougli it also features levee-bounded 
lava cl~annels a i d  subsidiary cliaiiilel overflows. 
However, the dominance of sheet flows in the 
pit crater exposure suggests tliat this lava type is 
inore coinmon in this sector of the shields tllaii 
indicated by the surface exposures. The overall 
morphology aiid structure of tlie lava cone flows 
at Surtsey sliow a striking resemblance to the 
fountain-fed aiid overbailk surface flows pi-o- 
duced by the suminit lava poiid at Mauna Ulu 
(e.g., Swanson 1973) and descriptions of lava 
effusion at Surtsey slio~v that they were formed 
in a siinilar manlier (see below). 

Coil temporary descriptions show that surface 
flows were the doininant type of lava extrusion 
in the early stages of each effusive phase (Table 
I ) ,  when the activity was cl~aracterised by peri- 
odic rise and drop of lava in the craters and 



episodic lava foui~tainiiig. The short periodicity 
of these episodes suggests that they were driven 
by pulsating degassing of the magma during its 
rise to the surface rather than variations in 
magma discharge. Soine surface flows were fed 
directly from lava fountains (i.e., fountain-fed 
flows), whereas others were formed as the gas- 
inflated lava pond rose to its brim and spilled 
lava over the crater rims (i.e., overbai-lk flows). 
Flowiiig away from the crater as broad sheets or 
wide and braided lava tongues they often ad- 
vanced at relatively high velocities (10-20 m/s) 
and commoilly featured spectacular red-glowing 
surfaces. Such flows are cl-laracterised by high 
cooling rates and rapid changes in lava rheolo- 
gy during emplacement, imposing stringent 
conditions on how far they call flow (e.g., 
Keszthelyi & Self 1998). Although a number of 
surface flows reached the sea, they typically 
advanced a short distance froin the lava craters 
and were the essential agents that built up the 
lava cones. This is confirmed by data on the 
summit elevation of tile cones, which show that 
they grew most rapidly in the early stages of each 
effusive phase when surface flow activity was most 
vigorous. Later, when lava ti-auspoi-t was essential- 
ly confined to tubes and s~ii-face flows were rare, 
the growth of the lava cones was virtually reduced 
to a standstill (Tl16ra~inssoii 1966, 1967a, 1967c, 
1968). 

The gently slopiilg lava aprons at Surtsey fea- 
ture distinct hummocky topography where 
tumuli, tumulus ridges and small lobes formed 
by surface breakouts are the distinguishing sur- 
face structures. Vertical sectioi1s, however, sl-low 
that the apron chiefly coiisists of compouild 
pahoelioe. Furthermore it shows tliat tube-fed 
sheet lobes and, to a lesser degree, stacks of 
small pahoehoe lobes are the character-istic lava 
types. The overall morphology and structure of 
the Surtsey lava aprons show stroiig resemblance 
to that of inflated palioehoe flows, which make 
up the distal sectors of tube-fed lava fields in 
Hawaii (e.g., Mattox et al. 1993) and on Ice- 
landic shield volcanoes (Rossi 1996, 1997, and 
unpublished obsei-vatioils by the autl~or) . Con- 
temporary observations show that tube-fed lavas 
were tl-le i~naii~ coi~tributors to the coi-lstruction 
of the lava apron (Table 1) and were largely 
responsible for the lateral growth of the Sui-tsey 
lava shields. It is therefore appropriate to exam- 
ine in more detail the chief compoilents of the 
lava apron and their importai~ce for assessing 
the lava emplacemei-lt mechanism. 

The sheet lobes at Surtsey have strikingly sim- 
ilar internal structures to that of inflated sheet 
lobes from the currently active Pu'u O'o- 
Kupaianaha pal-loel-loe lava flow field in Hawaii, 
as well as to structures of sheet lobes froin other 
inflated pahoehoe lava flows around the world 
(e.g., Fig. 20 in Thordarson & Self 1998). The 
three-part structural division of the slleet lobes 
into basal crust, lava core, and lava crust are 
equivalent to the bottom crust, molten lava 
core, and upper crust of actively inflating lobes 
(Hon et al. 1994, Thordarsoil 1995). These di- 
visions provide the keys for understanding the 
emplacemei~t meclianism of tlie Surtsey sheet 
lobes. 

Studies of segregatioil structures in basaltic 
lavas (e.g., Goff 1977, 1996, Thordarson 1995, 
Thordarson & Self 1998) have show11 that the 
segregation priilcipally occurs at the lower solid- 
ification front (i.e., basal crust to lava core 
boundary) and that it is an integral part of the 
lava emplacement process. As the flow of lava is 
coming to halt and immediately thereafter, the 
buoyaiit segregation melt rises as vertical vesicle 
cylinders through the molten lava core. When 
the cylinders meet the upper solidification 
boundary (i.e., lava core to lava crust boundary) 
they spread out as horizontal vesicle sheets. 
Megavesicles form at the upper surfaces of the 
sheets as a consequeilce of gas accumulation ini- 
tiated by local instabilities or irregularities with- 
in tlle sheets. They acquire their dome and flat- 
based shapes because they rose into the lowest, 
and t l~en viscous, part of the lava crust 
(Thordarson & Self 1998). The outcrop pattern 
of segregatioi~ structures in sheet lobes at 
Surtsey is consistent with this representation 
(e.g., Fig., 7). The estimated rise velocity for the 
segregation melt in a typical cylinder of basalt 
lava is of the order of 3.5~10-" cm/s (-3 m per 
day). Accoi-dingly, at that speed it would have 
taken just over a day (<29 hr) for the vesicle 
cyliilders to rise to the top of the lobe. However; 
the trai~sformatioi-l from vesicle cylinders to hor- 
izoiltal vesicle sheets and megavesicles in the 
Surtsey sheet lobe occurs well witlliil the lobe or 
at normalised height h/l = 0.47-0.58 (h = height 
to sheets and mega~~esicles in lava; 1 = total 
tllicki~ess of lobe). This illustrates that the solid- 
ification front was positioned at -1 m depth 
when the vesicle cylinders were transformed 
into horizoiltal vesicle sheets. Tlnus, it would 
have taken about half to three-quarters of a day 
(12-18 hrs) for the cylinders to rise this far. If 



the Surtsey sheet lobe at locality 1 was entir-ely 
molten when they came to rest, then the law of 
conductive cooling predicts that the depth to 
the solidification front after 1 day would be at 
0.4 m (e.g., Hon et al. 1994). Also it would take 
-7 days (range 5.6-8.3 days) for it to reach the 
depth of -1 in. There is a clear conti-adiction 
here and the logical conclusion is that a sur-face 
crust of considerable thickness was forined dur- 
ing the emplacement of the sheet lobe. This is 
an impoi-tailt conclusion because foi-mation of 
s ~ ~ c h  crust is one of the tradeinarks of lava infla- 
tion and endogei1ous growth (e.g. Hon et nl. 
1994, Thordarson 1995, Kauahikaua et ccl. 1998 
Self et al. 1998,). 

The general increase in vesicle size with depth 
in the lava crust is consistent with the conclu- 
sion that the crust grew in tl~ickness during lava 
emplacement. If the lobe was wholly molten 
when it came to rest, the largest vesicles should 
be concentrated towards the top of the crust 
and tlle sinaller ones at the base because larger 
vesicles rise faster than sinallel- ones (Vergniolle 
& Jaupart 1986). The fact that a 1-ever-se trend is 
observed is concordant with incremental growth 
of the lava crust during emplacement, because 
as the crust thickens the cooling rate decreases 
and, consequently, the bubbles that are trapped 
lo~ver in the crust have progressively more time 
to grow (Cashman & Kauahikaua 199'7). The 
same results are obtained fi-om e\ialuations of 
the two-tiered jointing pattern, crustal joints of 
the lava crust versus col~~mr~ai-  joints of the lava 
core (Fig. '7). The highly irregular crustal joints 
are formed by jostling of the lava crust during 
lava inflation, whereas columnar joints form 
under a inore relaxed stress field in a stagnant 
lava body (Thordarson & Self 1998). 

The distribution of internal structures of 
Surtsey sheet lobes are best explained in terms 
of endogenous ernplacernent, char-acter-ised by 
steady injection of lava into a molten core sui-- 
rounded by insulating ci-ust and wholesale infla- 
tion of the upper lobe surfaces (e.g. Hon el (11. 
1994, Thordarson & Self 1998). 

Tumuli and ~ L I ~ L I ~ L I S  ridges are one of the 
most distinguisl1ing lava inflation structures at 
Surtsey. They are surface inaiiifestation of lava 
tubes or pi-eferred internal lava pathways. How- 
evei-, their i-elationsl-tip to inflating sheet lobes 
inay not be instii~ctively obvious and thus are 
exainiiled here in more detail. The basal and 
top vesicular zones in the tumulus at locality 2 
clearly show it is an integral part of the sheet 

lobe, whereas the internal structures of the tube- 
fill indicate that it evolved separately fi-om the 
main lava body at a later stage in the einplace- 
ment. Not only did lava continue to flow 
through the tube after flow had ceased within 
the main body of the sheet lobe, but the r-oof 
above the tube continued to inflate as is evident 
by its arched geoineti-y. 

Observations in Hawaii show that lava trtbes 
and tumuli structures can forin during latei- 
stages of sheet lobe emplacement because of the 
localisation of flow along preferred internal 
pathways and continued inflation above active 
tubes (e.g., Mattox et al. 1993, Peterson et ccl. 
1994, Ihuahikaua et al. 1998). Consequently, the 
formation of t ~ ~ m u l i  (or t~~mulus ridges) and 
associated lava tubes, such as the one described 
previously, call be viewed as follows. Initially the 
sheet lobe is emplaced as an inflating sheet driv- 
en by steady ti-ansport of lava thi-oug11 a molten 
core surrounded by irrsulatii~g ci-ust. At that stage 
the upper surface of the sheet lobe is essentially 
horizontal, whereas its basal surface geilerally fol- 
lows the ii-regulai-ities in the undei-lying surface. 
Thus, from the start, the lava flux tllrough the 
inolten core is somewhat greater above lows than 
above highs. With continued inflation of the 
sheet lobe, the flow of lava gradually becomes 
more and inore redirected towards regioiis of 
higher flux. Eventually, thinner regions of the 
sheet lobe stagnate, and flow of lava is entii-ely 
restricted to a few preferred pathways or l a ~ a  
tubes that feed lava to the steadily advancing flow 
fi-ont where neb7 lobes are formed. Inflation of 
the tube roof continues as long as the tube is full 
with lam and the flow maintains excess hydi-o- 
static pressure. Hollow tubes are formed when 
the supply of lava is reduced 01- terminated and 
the slope is enough to proinote drainage of the 
internal lava pathway. At Surtsey slopes as small as 
1-2" appeal- to be sufficient to proinote such 
draining from the tubes. 

The formation of cupola-shaped tuinuli and 
tumulus ridges are easily explained by the mech- 
anism described above. The t ~ ~ m u l i  are formed 
by localised inflation of the lava crust above 
small pools in the internal lava rivers, wher-eas 
the ttlinulus ridges are forined by inflation 
above relatively straight sections of preferred 
internal lava pathways 01- tubes. The fact that the 
t~~mulus  chamber at locality 3 has more than 
one tube exit suggests that the lava pools inay 
sometime initiate bif~~i-cation within the lava 
tube system. 



In summary, tlze observations presented lzere 
show that the Surtsey lava flow field consists of 
two small lava slzields produced by two p1-o- 
longed effusive eruption phases. Each slzield 
features two principal structural units, the lava 
cone aizd the outer lava apron. The lava cones 
were constructed in the early stages of each effu- 
sive phase by surface flows tlzat emanated from 
small l a ~ a  ponds contained witlliii the s~~inmit  
lava craters. This activity produced shelly pahoe- 
hoe aizd slieet flows. The lava apron was con- 
structed in the later stages of each phase when 
tlie level of the lava ponds liad dropped well 
below the rims of the summit lava craters and 
the flow of lava to the active flow fronts was 
essentially confined to iiiternal pathways or lava 
tubes. As the lava emerged fi-om the tubes it 
spread to form either a series of sinall budding 
lava lobes 01- broad but thin (tens of ceiitiinetres 
thick) sheet lobes. As the sheet lobes spread aiid 
inflated, they attained lateral dimeiisioiis of tens 
to l~uizdreds of meters and tlzickiiesses of sever- 
al meters. The existing tube system was exteiid- 
ed by flux-induced localisatioii of flow witliin the 
slieet lobes, which carried the lava furtlzer to 
produce inore lobes in front of new tube exits 
and thus gradually enlargiizg the lava apron. 
Lava einergiiig from tubes near or at the slzoi-e- 
lines was the chief agent in extending tlie later- 
al diinensioiis of the lava aprons, wlzereas lava 
breaking out fi-om tubes farther up in the lava 
field piled 011 top of existing lobes and added to 
their vertical dimensions. 

CONCLUSIONS 
The Surtsey lava sliields consist of two priiici- 

pal structural units, tlze lava cone and the flank- 
ing lava apron. These structural units were 
formed by discrete lava emplacement ineclza- 
nisms aizd consist of distinct lava types ancl facies 
associations. Despite their mild alkalic affinity, 
tlie Surtsey lava sliields have morplzologies that 
are strikingly similar to that of tlioleiitic inono- 
genetic palzoelioe lava slzields in Iceland. This 
similarity in geoineti-y aiid morpliology implies 
tlzat the effusive activity at Sui-tsey aizd the lava 
types it produced can be used as an analogue to 
establish a conceptual model slzield volcaizoes, 
their eruption mechanism aizd tlzeir mode of 
construction. This could be accomplisl~ed by: 

(a) more coinpi-elzeiisive study of lava mor- 
phologies, types, aiid facies associations 
at S~li-tsey than presented in this report, 

(b) systematic analysis of the effusive activity 

as revealed by coiztemporai-y descriptions 
aiid other documents (i.e., pliotograpl~s 
aiid films), aizd 

(c) all-encompassing study compai-iiig the 
Surtsey lava shields to other Holocene 
lava slzields in Iceland. 

Such a study is highly desirable because it will 
enlighten us about the processes involved in 
construction of shield volcanoes and provide us 
with a valuable tool to recogiiise and inap vari- 
ous components of slzield volcaiioes in older vol- 
canic succession. 
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ABSTRACT 
The volumetric evolution of Surtsey has been estimated on the basis of digital elevation models derived 

from NASA scanning airborne laser altimeter surveys (20 July 1998), as well as digitized 1:5,000-scale topo- 
graphic maps produced by the National Land Survey of Iceland and by Norrman. Subaerial volumes have 
been computed from co-registered digital elevation models (DEM's) from 6 July 1968, 11 July 1975, 16 July 
1993, and 20 July 1998 (scanning airborne laser altimetry), as well as true surface area (above mean sea level). 
Our analysis suggests that the subaerial volume of Surtsey has been reduced from nearly 0.100 kmJ on G July 
1968 to 0.075 km' on 20 July 1998. Linear regression analysis of the temporal evolution of Surtsey's subaerial 
volume indicates that most of its subaerial surface will be at or below mean sea-level by approximately 2100. 
This assumes a conservahve estimate of continuation of the current pace of marine erosion and mass-wasting 
on the island, including the indurated core of the conduits of the Surtur I and Surtur I1 eruptive vents. If the 
conduits are relatively resistant to marine erosion they will become sea stacks after the rest of the island has 
become a submarine shoal, and some portions of the island could survive for centuries. The 20 July 1998 scan- 
ning laser altimeter surveys f ~ ~ r t h e r  indicate rapid enlargement of erosional canyons in the northeastern por- 
tion of the partial tephra ring associated with Surtur I. Continued airborne and eventually spaceborne topo- 
graphic surveys of Surtsey are planned to refine the inter-annual change of its subaerial volume. 

INTRODUCTION AND BACKGROUND 
The topographic evolution of isolated vol- 

canic islands has been uniquely observed at 
Surtsey, classified geomorphologically as a table 
mountain (e.g., Williams et al. 1983). Aerial 
photography acquired during the volcanic con- 
structional phase of island development (15 
November 1963 through 5 June 1967) (Th6r- 
arinsson 1965, 1967, 1968) has continued on a 
near-annual basis until present, thanks to the 
efforts of the Surtsey Research Society and the 
National Land Survey of Iceland. While quali- 
tatitive assessment of the subaerial landscape 
evolution of Surtsey has been described by 
Norrman and associates (e.g. Norrman 1980, 
Calles et.al., 1982 and Norrman & Erlingsson 

1992), it has previously been difficult to estimate 
quantitatively the change in subaerial island vol- 
ume. A number of studies have estimated the 
rate of erosion by area (Th6rarinsson 1965, 
1968, Calles et al. 1982, Jakobsson et al. 1998). 
Because Surtsey represents an unprecedented 
opportunity to evaluate the volumetric evolution 
of a recently formed volcano in an isolated, 
marine setting, we have focused on measuring 
its volumetric change using newly available re- 
mote-sensing methods. Here we present the first 
high-resolution digital elevation model (DEM) 
of Surtsey acquired exclusively by means of 
NASA-based scanning airborne laser altimetry 
(SALA). The laser-altimeter-based DEM provides 
- 20 cm vertical accuracy across all of the sub- 
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Figul-c 1 .  Digital Elcvatio~l hlotlel (DEh4) o S  Srll-tbcy acclr~iretl 2O.Jul:. 1998 via sc;~nning ;ii~.l,ol.~lc laser altimetry using thc NASA ArhI  
sensor. (:olo~-s ~ - e p ~ - c s c ~ l t  clcvalion I-elalive lo  Incan sc;i le\.cl. Sli;~tling is I,asc~tl Lipon local t o p o g r ; ~ l ~ l ~ i c  glxtlie~lt coml~l~ lc t l  li-onl the DLh4. 
T h c  spatial ~.rsolution ol' lllis im;~gr  is 3 m, ~vhile  tlrc vc~.ticnl ac-c11racy is - 'LO cm Rh4S. Colors m n g r  [I-om nC;w srn-level ( I ~ L I c )  to - 150 
m (~.ecl). C ~ I - n c l -  coor t l i~~a tcs  nl-c ;IS in Jnkol~sson (I!)!)$). Nortll is u p  in this i ~ n ; ~ g e .  Mean sca level col-respontls to ;In cllipsoiclal ele\.;r- 
lion of 66 nl. 



aerial landscapes of the island and permits 
computation of whole-island subaerial volumes 
at unprecedei~ted accuracy. We have taken the 
SALAbased DEM (Fig. I ) ,  acquired on 20 July 
1998, and compared it to independently-derived 
DEM's fi-om 6 July 1968, 11 July 1975, and 16 
July 1993. All of the DEM's prior to 20 July 1998 
were generated by digitizing contours on high- 
resolutioil topographic maps (Noi-rman & 
El-lingsson 1992) and by subsequently converting 
the data to a rastei-ized DEM format on a uni- 
forin spatial grid. Intel--DEM comparisons were 
facilitated only after careful co-registration at 
pixel-scales as fine as 2-3 m (spatial) and less than 
1 in (vertical). The temporal evolutioil of the sub- 
aerial volume (V) and of the true surface area 
(SA) of Surtsey from 6 July 1968 to 20 July 1998 
can then be assessed. Here we distinguish pro- 
jected basal area (i.e., the coastal outline of the 
island) from true surface ai-ea, in which tlie local 
relief is utilized in the coinputation of area. 

It is our intent to discuss the evolutioil of the 
subaerial volume of Surtsey in the context of 
those erosional processes presently known to be 
at work (Norrman 1980, Calles et nl. 1982, 
Jakobsson et' nl. 1993). This report develops the 
remote-sensing methods that were utilized and 
treats tlie preliininai-y iiiterpretation of the vol- 
umetric history of the island. Finally, simple pre- 
dictions about the future erosioiial evolution of 
the subaerial expressioil of Surtsey are pi-esent- 
ed. We acknowledge that additioilal data are 
needed, including repeat SALA surveys, to ade- 
quately refine and interpret the geomorphic liis- 
tory of the island. Howevei-, we assert that the 
trends presented herein are valid and useful in 
the coiltext of landscape-erosion rates in high 
latitude environments. There are additional sui-t- 
seyan landforms within Iceland, Jan Mayen, and 
elsewhere whose present state of erosion can be 
better understood on tile basis of the results for 
Surtsey that are preseilted in this paper. 

The National Aeroiiautics and Space Admini- 
stratioil (NASA) is interested in advanced orbi- 
tal aiid airborne 1-emote-sensing approaches that 
permit direct measuremelit of landscape rates of 
change in response to natural foi-cings sucl~ as 
climate, severe meteorological phenomena, vol- 
canic eruptions, and others. NASA is presently 
operatilig an orbital laser altiinetei- to map the 
topography of landscapes on Mars (Smith et nl. 
1999), and has flown similar instruments in 
Earth orbit aboard the Space Shuttle (Garvin et 
nl. 1998). Neal--term plans call for Earth-orbiting 

laser altimeters to be launched in the 2001-2002 
for the purpose of documenting the dyilamics of 
terrestrial ice sheets, as well as for measuring the 
relief of vegetation on a global basis. Scanning 
airborne laser altimeters (SALA) such as the 
Airborne Topographic Mapper (ATM) are pres- 
ently used to provide ''airborne ground-truth" 
for local areas in anticipation of future orbital 
monitoring efforts (Ibabill et nl. 1995). At pres- 
ent, SALA systems such as the NASA Wallops 
Flight Facility ATM can acquire spatially-dense 
(i.e., measurements every meter) topographic 
sainpliilg over local areas on the basis of laser 
pulse repetition fi-equencies exceeding 3000 
pulses per second. We operated the ATM sensor 
at 5000 pulses per second (i.e., 5000 Hz) at an 
altitude of approximately 500 m (above mean 
sea level) in order to acquire adequately dense 
spatial sampling to facilitate constructioii of a 3- 
in (per DEM grid cell) digital elevation inodel 
for Surtsey. This was accomplished by flying the 
ATM sensor in a NASA Wallops Flight Facility P- 
3B aircraft, together with differential GPS equip- 
ment, at an altitude that maximizes iilstruinent 
swath width (i.e., 0.5 "'{P-3 altitude]), while min- 
imizing laser i-angiiig errors. Thus, we required 
13 passes to exhaustively map tlie topography of 
Sui-tsey on a 3 in grid (Fig. 1). I11 places, the 
ATM scans overlapped to allow for dynamic 
cross-over error analyses. MTe have assessed some 
of these aiid tlie data from independent swaths 
agree to within 20 cm (RMS) under most cii-- 
cumstances. For more details concei-ning 
NASA's aircraft laser altiinetry efforts, the read- 
er is referred to Ibabill et nl. (1995), Gal-vin 
(1996), and to Garvin & Mrilliains (1992). Addi- 
tional details coiiceriling the ATM sensor system 
can be found at the following web site: 
littp://aol.wff. nasa. gov/ aoltm.11tml. 

Detailed chai-actei-ization of the topogi-apliic 
evolutioil of isolated, small islailds is largely 
uiiknown in the extant literature. Surtsey affords 
an ideal target for undertaking such an experi- 
ment on tlie basis of its isolation, as well as the 
wealth of existing data about the island since the 
time of its formation. Prior to the 1998 SALA 
surveys, we coilducted profiling laser altimeter 
experiments at Sui-tsey to understand the metel-- 
scale topographic charactel-istics of its key land- 
scape features, including for example the vol- 
canic collapse crater Surtur I, the northern ness, 
and the primary tephra rings (Garvin & Will- 
iams 1992). Improveineilts in laser ti-aiisinitter 
technology and in differential GPS tracking 



Figure 2. Aerial photograph of Surtsey draped atop the DEM that is illustrated in Fig. 1. The 23 August 1998 aerial photograph was 
acquired by the Iceland Geodetic Survey (photo ID: 0-9542) and digitized by NASA, before being "ray traced" atop the DEM, and then 
converted to a perspective view from the southeast. The resolution of this image is equivalent to that of the DEM in Fig. 1 or 3 m per 
pixel. Special thanks to the National Land Survey of Iceland (courtesy S. M. Thorvaldsson, Permit no. 216). Vertical exaggeration is -20:l. 

methods have now allowed us to adopt the 
SALA approach to completely characterize the 
landscapes of the entire island in three dimen- 
sions. On 20 July 1998, we conducted the ATM 
surveys of Surtsey under excellent conditions. 
What follows is a brief description of the data 
and our preliminary interpretations of it in com- 
parison with previous topographic mapping 
data from independent sources. 

THE LASER-ALTIMETER DIGITAL 
ELEVATION MODEL 

By combining more than a dozen SALA swaths 
of topographic data, and correcting for aircraft 
motion, radial position, and other factors, a seam- 
less DEM can be constructed, as depicted in Fig. 
1. This false-colored topographic map combines 
more than one million independent laser meas- 
urements into one image in which color repre- 
sents elevation above mean sea level. In Fig. 1, the 
"colder" colors such as blue represent the lowest 
elevations, while the "hotter" colors such as red 
indicate the greatest relief. We have modulated 
the topography with a shaded rendition of the 
topogaphy of Surtsey derived from the DEM to 
provide texture on the image. This texture reflects 

the 3 m scale "roughness" of the surface as meas- 
ured from the local distribution of slopes at 3 to 
6 m horizontal scales. Other than a berm of wave- 
emplaced boulders, the northern ness appears 
lower and smoother than all other regions on 
Surtsey. Individual flow fronts and other crenula- 
tions related to the emplacement of the lams that 
form the carapace covering the southern half of 
the island are readily visible. Several topograph- 
ic/roughness "units" can be observed from the 
DEM displayed in Fig. 1. First, the depositional 
northern ness appears as a smooth, low unit, with 
few features except the berm of boulders that out- 
lines its margins. Second, the middle of the island 
is dominated by arcuate tephra-rings that extend 
for 180 degrees in an "m-shaped pattern. These 
high-standing features appear to be flanked by 
aprons of mass-wasted material that transitions 
into the northern ness lowlands to the north. The 
third major surface unit is that of the lavas and 
collapse craters that dominate the southern 40% 
of the island. Surtur 11, to the west, is most clear- 
ly expressed as a nearly cylindrical volcanic "pit 
crater" reminiscent of many similar landforms in 
the Kilauea region of Hawaii. The lava flow fields 
that encircle Surtur I1 appear to form a discrete, 



but now eroded, lava shield. The lavas associat- 
ed with Surtur I to the east are multi-tiered, indi- 
cating multiple episodes of emplacement, and 
less association with a single circular vent. From 
the DEM displayed in Fig. 1, it is clear that 
intensive marine erosion has most strongly influ- 
enced the southwestern coast of Surtsey, leaving 
a linear coastline, with dramatic cliffs tens of 
meters in relief. 

On the basis of the DEM illustrated in Fig. 1, 
one can analyze the recent geomorphic history 
of the island. This is best accomplished by em- 
ploying multiple perspectives and by combining 
datasets. We have digitized vertical aerial photo- 
graphs acquired on 23 August 1998 by the 
National Land Survey of Iceland and co-regis- 
tered them to the SALA-derived DEM acquired 
on 20 July 1998. We can then "ray trace" the two- 
dimensional data from the vertical aerial photo- 
graph on top of a perspective view of the DEM 
to provide static views from different vantage 
points. Fig. 2 is an example of a ray-trace of the 
aerial photograph draped atop the DEM, as 
viewed from the southeast. In this view, one can 
visually correlate changes in surface albedo with 
topography at the same scale. For example, the 

palagonitized tephra (Garvin & Williams 1992) 
that outcrops in the tephra rings appears as a 
higher albedo "tan" unit in Fig. 2, in contast 
with tephra-covered lavas to their south. Small 
debris flows can be seen along the eastern and 
northeastern margin of the tephra ring com- 
plex, indicating water-related transport and sub- 
sequent outflow. Grassy surfaces have been 
established in the wind-protected areas of the 
southern part of Surtsey on the basis of rapid 
ecological colonization facilitated by sea birds. 
Fig. 2 also suggests that periodic overflow of the 
northern ness has produced a series of subtle 
topographic ridges that outline patterns of dep- 
osition as the water receded (Calles et al. 1982). 
Overwash of this region appears to have influ- 
enced the position of albedo features associated 
with very subtle relief variations. 

Fig. 3 presents an alternate perspective of 
Surtsey, as viewed from the northeast. In this 
case, the research hut is visible with its red roof. 
In addition, a series of rapidly developing ero- 
sional canyons, some of which are more than 5 
m in width, can be observed all along the north- 
ern face of the tephra rings. Albedo markings 
associated with the lowest points of the northern 
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Figure 4. Graphical and pictorial representation of progressive erosion of the subaerial expressio~l of Surtsey from 1968 through 1998. 
Shaded relief views of the topography of Surtsey in 1968, 1975, 1993, and 1998 are shown at the top, as derived from digitized topo- 
graphic ]naps (1968, 1975, 1993) and from scanning airborne laser altimetry (1998). The timehistory of the subaerial volume, true sur- 
face area (i.e., not projected onto a planar base), and basal area of the island is plotted against year (A.D.) at the bottom, illustrating 
the pattern of erosional loss over 30 years. More than 25% of the post-eruption subaerial volume of S~~rtsey has been lost to marine ero- 
sion and mass-wasting since 1968. See text for further details and for specific dates associated with each DEM. 
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ness can also be observed, near the cleft that 
separates that two sections of the central tephra 
ring complex. The evolution of the erosional 
canyons in the tephra rings has increased appre- 
ciably since 1991, when field measurements 
associated with NASA laser altimeter surveys 
were conducted by the senior author (Garvin & 
Williams 1992). 
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VOLUMETRIC ANALYSIS 
The 20 July 1998 SALA surveys produced a 

geodetic quality DEM of Surtsey, with better 
than 20 cm vertical accuracy. We have used this 
dataset as the basis for quantifying the volumet- 
ric evolution of the island in a subaerial sense. 
The subaerial volume of the island was comput- 
ed by numerical integration of the DEM, yield- 
ing a value of 0.075 k d ,  with an error budget of 

- 

1965 1970 1975 1980 1985 1990 1995 2000 
year 

less than 5%. By co-registering digital elevation 
models derived by digitizing three different 
topographic maps of Surtsey, we have been able 
to compute subaerial island volume for three 
other time steps. We digitized the 1993 topo- 
graphic map (1:5000-scale) produced by the 
Iceland Geodetic Survey (Jakobsson et al. 1993) 
to provide a 3 m DEM for the island from 1993. 
In addition, we digitized the 1:2000-scale maps 
produced from aerial photographs acquired on 6 
July 1968 and 11 July 1975 (Norrman 1980, Norr- 
man & Erlingsson 1992) to provide additional 
time steps for reference. In order to accurately 
co-register four different DEM's to the same ref- 
erence frame, we used our geodetic-quality 1998 
data (i.e., acquired using sub-meter quality GPS 
positioning) as a reference base and dynamical- 
ly adjusted each of the other maps so that fixed 
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features were co-aligned to within 1-2 m in a 
horizontal sense. Once we achieved adequate 
co-registration, we computed the subaerial 1101- 
umes of Surtsey for each time step: 6 July 1968, 
11 July 1975, 16 July 1993, and 20 July 1998. Fig. 
4 illustrates how the topography of the island has 
evolved fi-om 6 July 1968 to 20 July 1998, as well 
as how the volume has decreased since 6 July 
1968. The true surface area, basal area, and sub- 
aerial volume (Fig. 4) all follow the same trend 
fi-oin 6 July 1968 to 20 July 1998. The reduction 
in subaerial voluine fi-om nearly 0.100 km:' to 
0.075 kin:' in only 30 years of sustained marine 
erosioii fi-om sub-arctic cycloiles is remarkable. If 
one fits a liileai- relatioilship to the volume (V) 
data from 6 July 1968 through 20 July 1998, an 
equation of the form: 

V = -0.0007279 t + 1.53 
call be derived using least squares regressioil 
methods. I11 this equation, V 1-epi-eseilts subaeri- 
a1 voluine in km" and t is time in absolute years, 
such as 1968 aiid so forth. While it is clear that 
a linear relatioilship between volume and time 
is not expected, this equatioil fits the existing 
data with a high coilfideilce factor of nearly 0.98 
(i.e., correlatioi~ coefficieilt is 0.98). Using 
this voluine versus time relationship, it call be 
shown that Surtsey's volume converges to -0 km" 
in only another 100 years. This is a highly sim- 
plistic view of the voluinetric erosioil of Surtsey, 
because it does not take into coilsidei-atioil that 
Surtsey itself sits on a submarine socle (Noi-1-- 
Inail & Erliilgssoil 1992) and the erosivity of the 
iildurated cores of the coilduits of the Sui-tur I 
and Surtur I1 eruptive vents is unknown. 
However, it shows that the pace of erosioil could 
easily reduce the island to a series of areally 
iilsigilificailt sea-stacks (e.g., iildui-ated cores) in 
about a ceiltury Uakobssoil et al. 1998). Higher- 
order 11011-linear least squares regressioil analy- 
ses of the voluine versus tiine data have also 
been conducted, with largely similar results. I11 
the best-fitting polynomial solution, the subaeri- 
a1 voluine of Surtsey approaches zero in approx- 
imately 106 years. Power law ailalysis of the rela- 
tionship between voluine and time ii~volves fit- 
ting an equatioil of the form: 

V =  k f", 
where k is the pre-exponeiltial coefficient, and 11 
is the power-law exponent. In this case we meas- 
ure time t in years since 1960 and voluine in km" 
as before. When we adopt this approach, an 
eq~~at ion  of the form: 

= 137 -0.160 

results, which suggests a much longer lifespan 
for the bulk of the subaerial island. However, this 
approach implicitly assumes that the relatively 
rapid pace of erosioil Surtsey has experieilced 
over the past 30 years will drastically diminish, 
allowiilg for a different style of volumetric ero- 
sion in the f~lt~u-e. As yet, there is no evidence of 
a change in the style or magnitude of erosioil on 
the island from recent field observations Uakobs- 
soil 1998). While we believe the linear relation- 
ship discussed above is overly pessimistic wit11 
respect to the survival of the island, the power- 
law projectioll may be coilsidered optimistic. A 
reasoilable projectioil is likely to lie in behveen, 
suggesting a lifespan of several hundred years for 
the bulk subaerial volume of the island. 

The best-fitting liilear relatioi~sl~ip between 
true surface area (SA) and tiine (t) suggests that 
the majority of the land surface of the island 
could be reduced to ilearly zero in oilly 50 years. 
A more optimistic powel--law solutioil (SA = 

4.68 t-'.") would allow for hundreds of years of 
survival. While more data is needed and increas- 
ingly precise geodetic inetl~ods could be used to 
assess intei--annual change, our results suggest 
that the predicted lifetime of Sui-tsey as a unique 
locality for studying the evolutioil of an islaild 
may be limited. Uilless the pace of subaei-ial ero- 
sion dramatically shifts, the life span of the 
island is probably limited to - 100 years, al- 
though the more resistant sea stacks could sur- 
vive for centuries. 

SUMMARY 
We have used state-of-the-art airborne remote 

seilsiilg methods to capture the topography of 
the land surface of Surtsey as of 20 July 1998. 
The resultiilg DEM provides inore than one mil- 
lion point measui-eineilts of the elevatioil of the 
islaild in a geodetic coordiilate fi-aine, and facil- 
itates direct coinputatioi~ of the subaerial vol- 
ume. The subaerial volume coinputed from the 
SALAderived DEM is 0.0'75 kin", which is - 25% 
less than the volume of the island just after the 
end of its volcailic coi~struction phase (1968). 
The best-fitting linear relatioilship between is- 
land subaerial volume and time suggests that 
most of the island sliould be reduced to a volu- 
metrically-insigi~ificailt group of sea stacks in 
approxiinately 100 years. While this predictioil is 
based on very liinited snapshots of islalid vol- 
ume over a 30 year period, it suggests that inon- 
itoriilg the volumeti-ic erosioil of Sui-tsey over 
the next few decades could be an importailt 



activity if volcailic island erosioll patterns are 
ever to be quantified. Surtsey is uilique in that a 
high-q~~ality set of DEM's exist for the island 
since the terminal stages of its coilstructiollal 
phase. Over tlie past 30 years, there are four 
snapshots of island volume computed fi-om 
independent DEM's (G July 1968, 11 July 19'75, 
1G July 1993, and 20 July 1998) and prospects 
for geileratillg new DEM's in f~1t~u-e years both 
froin aircraft and spaceborlle methods are 
encouraging. Validatiilg the curreilt volumetric- 
erosioil t re i~d for tlie islaild by ineails of f~1t~u-e 
laser altimetry surveys appears to be amply justi- 
fied, if only to uilclerstaild whether there are ally 
shifts in the style or pattern of erosion in this 
sub-arctic environment. 
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ABSTRACT 
During two measurement ca~npaigns in 1997 and 1998, the Danish airborne Synthedc Aperture Radar 

(SAR) system, EMISAR, mapped a total of about 16,000 km' along the Northern and Eastern rift zones in 
Iceland. Although not specifically targeted, Surtsey was i~lcluded in the mapping of the Eastern rift zone o n  
Allgust 13, 1998. The  acquired SAR data have been used to generate a Digital Elevation Model (DEM) of 
Surtsey with a spatial resolutio~l of 5 111 and a polarirnetric LBand SAR image with a resolutio~l of 5 In. The  
po1a1-imetric SAR image shows cliffel-ences in surface morphology between the geologic units on  Surbey. 

INTRODUCTION 
I11 the early 1990s, tlie utilizatioil of satellite 

radar interferometry to measure the Earth's 
topography and changes of the Earth's surface 
became a widespread technique in geophysical 
research. In topographic mapping, tlie advan- 
tages of radar iilterferometry over coiiveiitiollal 
pl~otograinmetric techniques are the rapid data 
collection, lligli vertical resolution, and tlie abil- 
ity to collect globally coiisistei~t elevatioii data. 
Surface displaceineilts call be measured with 
competitive precision, but with a inucli larger 
spatial sainpliilg density coinpared to in-sit~u 
techniques. A coinpreheiisive summary of geo- 
physical applications of radar interferolnetry 
can be fo~uiid in Massoilnet & Feigl (1998). 

The utilization of radar images in classification 
of lava units and quantitative cliaracteiizatioii of 
lava surface morphology has been discussed in 
valious papers (e.g., Dierkiilg 1999, Campbell & 
Sliepard 1996, Farr 1992, Gaddis 1992, van Zyl et 
nl. 1990). The roughness scales typically observed 
on the surface of lava flows are of magnitudes to 
which radar sensol-s operatilig at frequency bands 
between Gbaild (wavelength about 0.05 m) and 

P-band (about 0.7 m) are very sensitive. Hence, 
the intensity of the radar signal, wliich is scattered 
back from the flow surface to the radar sensoi-, is 
in many cases comparatively large. 

A major advantage of airborne or satellite 
radar systems is that large areas (such as tlie 
Northern and Eastern rift zones on Iceland) call 
be imaged in a rather short time indepeiideilt of 
light and cloud conditions. The ERS satellites 
acq~ii-e several sets of images pel- month and 
airborne systems call perform regioilal mapping 
at a much higher rate tliail aerial photography 
(2.5 km2/s for the EMISAR). 

The Northern aiid Easterii rift zoiles in 
Icelaiid were mapped with the Danish airborile 
EMISAR system in the summers of 1997 and 
1998 with a two-fold purpose. Firstly, the data 
were combiiled with radar data fi-om the 
European Remote Sensing Satellites ERS-1 and 
ERS-2 acquired between 1991 and 1997 to study 
tectoilic movements and iiiflation/deflation 
events of tlie magma chambers i11 the area. 
Secondly, polari~neti-ic SAR iinages were used to 
study aspects of the geology in tlie area utiliziilg 
the fact that tlie radar sigiiature is related to the 



morphology of the surface (Dierking & Haack 
1998). 

SAR studies of terrestrial basaltic lava flows, 
like those in the active volcanic zones of Iceland 
are also useful in terms of interpreting the radar 
signatures of basaltic lava flows on Venus for 
which the only source of data are the Magellan 
SAR images (Johnson 1991). 

Principles of SAR mapping 
The EMISAR is an airborne radar system, 

which transmits and receives radar pulses per- 
pendicular to the flight track. During operation 
the radar pulses illuminate a strip parallel to the 

flight track. The width of the strip measured by 
the EMISAR is usually about 12 krn and the alti- 
tude of the airplane during mapping is between 
7 and 13 km. In a conventional radar the spatial 
resolution parallel to the flight direction is pro- 
portional to the antenna beam width that is 
smaller for long antennas and larger for short 
antennas. Due to the limited size of an antenna 
which can be mounted on an aircraft or a satel- 
lite the antenna beam is typically several degrees 
wide. The resolution is significantly better in the 
SAR system. Due to the relatively large beam 
width of the antenna the radar receives many 
pulses from a particular position on the ground as 

figure 1. Polarimetric EMISAR image of Surtsey. HV-red, HH-green, and W-blue. The units shorn1 are described in Table 1. 



the radar passes by the target. Since the radar is 
moviilg relative to the ground the time interval 
between consecutive pulses from a particular target 
is varying (Doppler shift). By combiniilg all pulses 
received from a particular target and utilizing tlle 
Doppler shift illformation it is possible to generate 
images similar to those that could have been 
obtained with a much longel- ailtenna or aperture 
(length typically in the range of kilometers) - thus 
the name Synthetic Apei-t~~re Radar. Moving targets 
will, however, not be cori-ectly focussed by this 
process. For example, reflections from ocean waves 
are somewhat defocused (Fig. 1). 

For each ~-esolutioi~ cell on the ground the 
magnitude and phase of the backscattered signal 
is calculated for eacl~ of the frequencies and 
polarization used. The magnit~~de of the back- 
scattered signal depends on the surface rough- 
ness and the dielectiic properties of the target as 
well as on the target's orientation relative to the 
radar beam. In general, a rough surface scatters 
more of the signal back toward the radar than a 
smooth surface (unless the surface is facing the 
radar). In this context rough means that the sur- 
face is rough on a scale similar to the wavelength 
of the radar pulse. The dielectric constant detes- 
mines the magnitude of the reflected and scat- 
tered signals as well as the attenuatioil of the sig- 
nal fi-action that penetrates into the medium. 

The EMISAR currently iilcludes Gband (wave- 
length 5 cm) and L-band (20 cm), which can be 
operated sim~~ltaneo~~sly. Both antennas call trans- 
mit hosizontally and vertically polarized pulses and 
can thus be used to generate images utiliziiig dif- 
ferent combinations of polaiizatioils (polaiimetlic 
images). 

Polarinzetry 
The color-coded polariineti-ic image shown 

here (Fig. 1) is based on three L-band EMISAR 
images, HH (green), W (blue), and HV (red) 
where the first letter designates the polarization 
of the transmitted pulse and the second letter 
designates the polarizatioil of t l ~ e  received pulse. 
Note that even though the transinitted pulse is 
either H 01- V, the backscattered signal from the 
Earth surface will in general include both polar- 
izations. A polarization change of a fraction of 
the signal occurs when the scattering surface is 
very complex. Many vegetation types and a'a lava 
flows are examples of scatterers that generate a 
stroilg HV (= VH) return. For more details on 
polai-imetric SAR see Ulaby & Elachi (1990). 

I?zterferonzeLry 
The radar signal carries amplitude and phase 

information. The phase difference between two 
different SAR iinages at a given position on the 

Table 1. Interpretation of raclar signature a ~ i d  field observatio~l. Units are outlined in Fig. 1. 

I. Coastal areas in Surtsey sliotv up as very bright areas in Fig. 1 indicating tliat tlie si~rface is rough 011 a 20 cm scale. This is in 
coherence with the morphology of tlie coastal areas. Field obsel-vations [luring the sutlllller 1998 co11fil.m tliat tlie bright areas 
are covered by boulders in tlie size range of 0.5 to a ferv meters in diameter. T\vo narronr strips co\~crecl ~vitli sancl (a and b) shol\' 
UP as dark units \vi~hin tlic hright li11it 1 (Fig. 5). 

11. This  unit represents the highest benchmarks on tlie northern peninsula in Surtsey. Densely clistri1,uted boulders ancl tree logs 
are observed in this arca. In behveen the boulders ancl the logs \ve obser\led that eolian sand mecli~un to coarse grained had 
accumulated. The darker appearance of this unit relative to ~111it I can be related to lhe smoothing effect of thc sand (Fig. 5). 

111. A s~nall area within the boulder field ~i'here the HH rellectio~i is significantly stronger than the 14' reflection (Fig. 2). The area 
in question is characterized by eolian sand, slio~iing ripplcs in the range of c~i i  to tens of cm (Fig. 5). 

IV. Unit 4 is tlie darkest or the units on tlie Northern peninsula. The area is co\,erecl by a thin layer or eolian sancl, ~vhere occasional 
boulders stick out and solnc beach debris is scattered. Tlie I;~rgest arm is a remnant oftlie oldest part of tlic peninsula. The L~vo 
smallcr areas are siiiiilarly built, covered rvith thin layer of eolian sand and are formed in-behvecn older bo~tlcler coasts. Common 
for the three al-eas is that they are flooded during xuinter time. This makes them denser and flatter than other areas covcrecl ~\~i l l i  
eolian sa~id like area 111. 

1. The steep ancl variable slopes in the interior of the island clo~lli~late tlie \,ariation in mclar characteristics. The three blue areas 
on the crater slopes are cliaracterizecl Ily large HH and 14' backscatten The HI' channel is, howevel; co~liparativcly weak \vliicli 
is consistent ~vitli tlie ~11100th surface of these slopes. Tlie surface is composed of sii1oot111y polished hyaloclastite. The reason 
~ v l i y  these areas are so bright in HI-I and 14' is tliat they are facing the radar beam, ~\~Iiich was transmittecl from ~ l i c  SE, and thus 
reflect tlie radar pulses like a mirror back toward the plane (Fig. ti) 

1 .  Tlie tunit is relatively dark compared to tlie southern part of tlic island. The area inside the Surtur vent ancl along thc crater 
~vall is al~ilost black. This darkening of the unit is correlatecl \\it11 tlie eolian sand cover. Tlie N\I-most area is lightly brighter 
consistent with tlie less significant sand cover in Surtlungw (Figs ti, 7 and 8). 

I South~vai-cl to tlie coast, tlie lava mol-phology plays a sig~iificantly greater role in raclar signal scattering, and tlie iinage becollies 
brighte~: In this area occasional a'a lava streams are observed. A~lost significant in the area are heavily fractured palloehoe flotvs 
and shelly type pahoehoe flotvs. The highly fractured swfaces or these palioehoe tlolvs make them very rot~gh and thereSore give 
them raclar backscattering characteristics similar to the a'a flolvs. Thin lava plates illore or less trvisted and tilted characterize 
shelly pahoehoe flolvs. The more massive palioehoe floxvs slio~v fractures clue to deflation (Figs 7 ancl 9).  
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Figure 2. Chal.acteristic I~ackscattering coefficients of the units 
shotvn in Fig. 1. The I~ackscattering coefficients are measures of 
lhe intensity of the received signals relative Lo [Ire inlensity of the 
t~xnsmitted signals. Units I, ant1 \'I1 are [he brightest oS all units, 
I~oth  in [he HH ;uncl \?' clla~l~lel .  Unit 1'1 is clarker \vhich illus- 
tratcs the smoothing elf'ect of an increase in the al-eal extent 
and/or thc thickness of the sancl cover on top of thc lava florvs. 
Uni~s  I1 ancl 111 represent coaslal morphologies. Unit I11 is of p ~ r -  
t ic~~lar  interest since it h;ls the highest HH/\JIr ratio, possibly clue 
LO sand rilq~les pe~pencIicul;~~-- to the inconring ratlar pulses. 

ground is a ineasure of the difference in dis- 
tance between the particular ground element 
and the antenna positions at the two data takes. 
Images sl~owing the phase difference of two SAR 
images recorded 017e1- the same area are kilowil 
as iilterferograms. Interferograins are used for 
two different purposes. 

If the nvo inlages are recorded fi-om identical 

or nearly identical tracks but at different times 
the phase difference represent displacements of 
the Earth's surface. Displacements down to 1-2 
cm may be detected using C-band SAR images. 
SAR ii~terferometry is used to study inflation/- 
deflation of the surface, tectonic movements, 
glacier motion etc. Until now, this has mainly 
been done using satellite data since the satellite 
tracks are smoother than airplane tracks and 
can be determined with greater accuracy than 
the tracks followed by a11 airplane during two 
collsecutive flights. 

Alternatively, if the images are recorded at the 
same time, but with a slight vertical offset, the dif- 
ference in the distance between ground element 
and the anteililas is due to the difference in view- 
ing angle. I(llowing the distance to the target and 
the difference between the two antennas, it is 
possible to calculate the elevation of the target. 
This technique is used to generate Digital Eleva- 
tion Models. For inore details on SAR interfer- 
ornetry see Madsen & Zebkei- (1998). 

RESULTS 
Figs 1-3 show the results from the polarimetric 

and interferoinetiic analysis of the data. Duiing 
the measui-ement the radar illuininated Sui-tsey 
fi-om SE (126") while the airplane was flying 
toward t l~e  NE. The area below the high cliffs 
along the NW-shore in Figs 1 and 3 was in the 
radar shadow ailcl was therefore not mapped. 

Poln.r.inzetl-y 
We have visually classified the surface features 

on Surtsey into seven major radar uilits (Table 
1). Each uilit has a characteristic radar signature 
due to its particular surface characteristics and 
inorpl~ology. The vegetation on Surtsey is dens- 
est in the southern part of the island where large 
spots of grass have developed. Radar polariinetry 
call in inany cases be used to detect and distin- 
guish different vegetation covers (Ulaby & Elachi 
1990, Skriver et nl. 1999). The low vegetation on 
Surtsey is too sparse to show up clearly in the L- 
band polarimetric image. It could possibly be 
detected using C-band polarimetry because of 
the shorter wavelength. Although C-band data 
were also recorded over Surtsey it is not possible 
to generate a C-band polarirnetric image since 
only vertically polarized pulses were used in the 
interferoineti-ic ineasureinent mode. In Table 1, 
the field cllai-actei-istics of the radar uilits are 
briefly described and related to the observed 
radar signatures. 
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Figure 3. a )  Digital Elevation Model o f  Sui-tsey superiinposed o n  a Gband  intensity image. Contour lines are shown for each 20 In start- 
ing with 20 m in red. The height accuracy is about 1 in. b )  Slopes calculated o n  the basis o f  the DEM shown in 3a. The grey area is an 
artifact caused by the radar shado~v. North is up. 

Comparison of the polarimetric image with the geolog- 
ic map 

The polarimetric images reflect variations of 
certain surface characteristics of Surtsey. The 
radar signature is sensitive to variations in small- 
scale roughness of the lava flows, thickness and 
humidity of sand covers, boulder size along the 
shore line and surface slope relative to the 
incoming radar signal. These surface character- 
istics are not necessarily correlated with differ- 
ences in rock type, mineralogy, or age as shown 
in the geologic map. Two lava flows of different 
age may for example have similar surface mor- 
phologies and may therefore not be discrimi- 
nated in the polarimetric image. The polarimet- 
ric image may, however, show differences in sur- 
face morphology within single units shown in 
the geologic map. A problem in the interpreta- 
tion of the radar signatures is the occurrence of 
variable, partly steep slopes on parts of the 
island. Variations in signature caused by changes 
in radar incidence angle are not easily separat- 

ed from variations due to changes in surface 
morphology. 

The geologic map (Jakobsson 2000) is divided 
into 9 different units, three types of coastal sed- 
iments, three lava flow units and three other 
types of volcanic units. The two types of beach 
sediments are readily distinguished in the 
polarimetric image. The large boulders (Unit 1) 
have sizes closer to the radar wavelength and are 
therefore characterized by a very strong 
backscattered signal. Narrow bands (-20 m 
wide) of smaller scale coastal sediments (a and 
b in unit I) NE of Austurbunki clearly show up 
in the polarimetric image as darker bands. One 
of these bands is indicated on the geologic map, 
the other is not (but can be identified in aerial 
photography). 

The spatter cones are not easily distinguished 
as coherent units in the polarimetric image 
because of their irregular topography. The 
rough surface of the spatter is likely to give it 
radar characteristics similar to that of the lam 



Figure 4. Geologic map of Surtsey (Jakobsson 2000) with the contour lines correspondiilg to Fig. 3a highlighted and color-coded using 
the color scheme of Fig. 3a. 



Figure 5. Aerial photograph of the northern tail of Surtsey. The figure 
sho~vs the four diierent units that can be distinguished on the tail. 

flows. The palagonite tuff and tephra units in 
the terrain of variable, partly steep surface 
slopes cannot be distinguished in the polarimet- 
ric image, either. It is, however, likely that the 
similar grain size and surface morphology of 
these two geologic units also would make it dif- 
ficult to discriminate them even in areas with 
modest slope. 

The lava type in the three different lava units 
is mainly shelly pahoehoe with occasional a'a 
streams. Since both of these types have very 
rough surfaces and thus high backscattering 
coefficients they are very difficult to distinguish 
in the polarimetric image. In general, however, 
pahoehoe and a'a are easily distinguished in 
radar images since pahoehoe flows normally 
have very smooth surfaces. 

The EMTSAR DEM 
The digital elevation model and the slope map 

shown in Fig. 3 are based on two images record- 
ed with the EMISAR's two Gband antennas. The 
Gband antennas are mounted on the side of the 
airplane with a vertical spacing of 1.05 m. The ele- 
vation contours are superimposed on a greyscale 
image showing the intensity of the received G 
band pulses. The EMISAR DEM was found to 
closely resemble the elevation data in the geologi- 

cal map (Jakobsson 2000). The elevations in the 
EMISAR DEM are relative to the mean of the sea 
surface but seem to reveal a slight offset relative to 
the elevations of Jakobsson (2000). Since it was dif- 
ficult to iden* a set of reference points in the G 
band magnitude image for estimating the offset 
between the two DEMs, we lack a quantitative 
number but the offset is approximately 2 m (with 
the EMISAR elevation numbers being higher than 
those of Jakobsson 2000). Part of the offset could 
be due to low tides during the EMISAR mapping. 
In an interferometric measurement campaign 
specifically targeted on Surtsey, one can put out 
radar reflector targets close to the existing GPS sta- 
tions on Surtsey and thus make it possible to tie 
the two DEMs together. 

In some areas with poor signal to noise ratios 
such as on the slopes that are facing away from 
the radar the height accuracy of the EMISAR 
DEM is deteriorated. This effect may be seen on 
the N-side of Austurbunki, in particular on the 
yellow 120 m contour, which reveals high fre- 
quency variations. We were able to derive 
smoother contour lines resembling Jakobsson 
(2000) in this area by applying a 3x3 median fil- 
ter to the data (thus reducing the spatial reso- 
lution). In other areas with good signal to noise 
ratio such as the southern lava fields the height 
accuracy is about 1 m. 

An estimate of the volume of Surtsey (above 
sea level) can be calculated from the EMISAR 

Figure 6. Aerial photograph of the Austurbunki hyaloclastites. The 
two units inarked V and VI can be easily distinguished. 
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DEM. Since a small but very high fraction of the 
island is in the radar shadow the calculated vol- 
ume is slightly lower than the actual volume. We 
estimate that the current volume of Surtsey 
above sea level as seen by the radar was 0.075 
km". The volume in the radar shadow was of the 
order of 0.002 k d  and the true 1998 volume 
therefore -0.077 km". The mapped area of the 
island was 1.40 krn2, which excludes about 0.03 

n2 in the radar shadow. The total area based on 
le EMISAR data was therefore 1.43 km2 or 0.05 

I ltm2 less than the estimate of Jakobsson (2000). 
The DEM determined for Surtsey could be used 

to correct ERS 1/2 interferometric images for 
topography. Interferometric images could be of 

I interest because of the large variation in subsidence 
rate which has been observed across Surtsey (Moore 
et al. 1992). Corrected ERS interferograms may pro- 
vide information on deformation of Surtsey after 
1991 when the ERS satellites came into operation. 

.>+< 
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Figure 7. Aerial photograph of the southern most part of Surtsey. 
The units marked VI and VII are sho~vn on this photograph. The 

A polarimetric SAR image, a digital elevation 
main difference between the two units is the infilling of eolian model, and a slope map of Surtsey have been pro- 
sand in unit VI. The pahoehoe lavas within unit VII gain their duced based on SAR data recorded on August 13, 
roughness due to inflation ancl deflation of the surface during for- 1998. ~h~ digital elevation model closely resem- 
mation. Also, note that the width of unit I is larger than the true 
width seen in the aerial photograph. This is probably due to a bles the data from the map 
combination of the lower I-esolution of the radar image and a Surtsey (Takobsson 2000). The DEM has been used 
slight broadening of the very strong backscatterecl signal from the to calculate area and volume above sea level of 
coastal cliffs, boulders and waves along the coast. Multiple reflec- 
tions from the boulders and vertical cliffs also contribute as these 

Surtsey of 1.43 km2 and 0.0'77 km3. 
have a longer ray path and ~IILIS plot inland of the coast. The polarimetric images can be used to dis- 

boulders 

Figure 8. An overview over unit VI. The lavas are mostly filled with eolian sand derived from the volcanic ash formed in the SUI 
tion. Stick for scale about 0.5 m Iligl~. 



Figure 9. Overview of the pahoehoe lams forming unit VII. The lavas are heavily fractured and tilted, although their original surface is 
smooth. Man for scale. 
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