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Abstract. Plant colonization and succession on the volcanichigher in species richness and diversity, and had a more even
island of Surtsey, formed in 1963, have been closely fol-cover of dominantsHestuca/Agrostis/RanunculusVe fore-
lowed. In 2013, a total of 69 vascular plant species had beeast that, with continued erosion of Surtsey, loss of habi-
discovered on the island; of these, 59 were present and 3ats and increasing impact from seabirds a lush, species-poor
had established viable populations. Surtsey had more thagrassland will develop and persist, as on the old neighbouring
twice the species of any of the comparable neighbouring isislands.

lands, and all of their common species had established on
Surtsey. The first colonizers were dispersed by sea, but, af-

ter 1985, bird dispersal became the principal pathway with

the formation of a seagull colony on the island and conse-l Introduction

guent site amelioration. This allowed wind-dispersed species ] ] ] ]
to establish after 1990. Since 2007, there has been a net lodd'€ frequent volcanic eruptions in Iceland cause regular dis-

of species on the island. A study of plant succession, soifurbance and ecosystem regression (Amalds, 2013). In the
formation and invertebrate communities in permanent plotsTOre severe eruptions, existing biota and ecosystems are
on Surtsey and on two older neighbouring islands (pIants'C’?t and new sur_faces created; thereafter, colonization and
and soil) has revealed that seabirds, through their transfepfimary succession commence. The numerous lava flows
of nutrients from sea to land, are major drivers of develop-2round Mt. Hekla in the south of the country have pro-

ment of these ecosystems. In the area impacted by seagull¥éided excelllenF opportunities for chronosequence ;tudles of
dense grassland swards have developed and plant cové?i,am colonization and community development (Bjarnason,

species richness, diversity, plant biomass and soil carbon bek991; Cutler et al., 2008; Cutler, 2010), comparable to stud-

come significantly higher than in low-impact areas, which re-1€S around active volcanoes in temperate and tropical re-
mained relatively barren. A similar difference was found for 9ions. The 1963 submarine eruption and birth of Surtsey is-
the invertebrate fauna. After 2000, the vegetation of the old-/and off the southern coast of Iceland was, however, a sur-
est part of the seagull colony became increasingly dominate®’iSe- The volcanic origin of the Vestmannaeyjar islands was
by long-lived, rhizomatous grasseBegtuca, Poa, Leymyis known, but the previous eruptions in the system had occurred
with a decline in species richness and diversity. Old grass©ver 5000 yr ago (Sigurdsson and Jakobsson, 2009). The
lands of the neighbouring islands Ellidaey (puffin colony, Surtsey eruption, soon followed by the Heimaey eruption

high nutrient input) and Heimaey (no seabirds, low nutrientin 1973, set a new focus on the islands and extensive geo-
input) contrasted sharply. The puffin grassland of Ellidaey!ogical apd'blologlcal research was initiated (Lln,droth etal.,

was very dense and species-poor. It was dominateelsy 1973; Fridriksson, 1975; Fridriksson and Magnusson, 1992;

tucaandPoa, and very similar to the seagull grassland devel- Jakobsson et al., 2007; Svavarsdéttir and Walker, 2009).

oping on Surtsey. The Heimaey grassland was Sigmﬁcanﬂ)pnlyafew volcanic isla_nds have rgcently emerged, including
Anak Krakatau (1927) in Indonesia, Tuluman Island (1953)
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in New Guinea, Surtsey (1963) and Motmot (1968) in Lake2 Methods
Wisdom on Long Island in New Guinea (Thornton, 2007).
Surtsey is a crucial example because of the unbroken recor
of monitoring and strict protection of the island, which has
minimized human interferance (Svavarsdottir and Walker,
2009). The studies on Surtsey are comparable to the longSurtsey (6318 N, 20°36' W) is in the \Vestmannaeyjar
term monitoring at Mount St. Helens volcano in Washington, archipelago, which consists of 18 small islands (from 0.001—
USA, following the eruption of 1980 (Dale et al., 2005; del 13.4knt in size). They are within a small area of 225 km
Moral, 2009; del Moral and Magnusson, 2014). More recentand only 7—35 km from the southern coast of Iceland (Fig. 1).
eruptions around the world have evoked interest, and nevirhese islands form a young volcanic system with the old-
studies of their ecological effects and recovery have com-est rock formations dating from 40 000 years BP. During the
menced. These include those of Kastatochi in the AleutianHolocene, volcanism has remained at a low frequency in the
Islands, which erupted in 2008 (DeGange et al., 2010). Vestmannaeyjar system (Sigurdsson and Jakobsson, 2009).
The Vestmannaeyjar islands are very young on geologicaBurtsey, the southernmost of the islands, was formed during
and evolutionary timescales. Aside from their volcanic ori- a volcanic eruption that lasted from November 1963 to June
gin, they have little in common with island complexes com- 1967, when the island had reached an area of 2%7&md a
monly cited in island biogeography (Whittaker et al., 2008). height of 173 ma.s.l. During the eruption, large tephra cones
However, the recent Surtsey and Heimaey eruptions and theiwvere formed in explosive phases of the two main central
neighbouring islands with different degrees of erosion andcraters. The cones were gradually transformed into denser
ecosystem development give a unique opportunity to underpalagonite tuff (Jakobsson et al., 2000). The southern part
stand the rise and fall of oceanic islands. The rate of develof Surtsey consists of lava flows from the craters. Follow-
opment on Surtsey has been faster than anticipated. From iisg the eruption, the rough lava was gradually filled in by
birth, the island has lost half of its area due to heavy oceanidrifting tephra from the craters, except for the southeastern-
erosion (Jakobsson et al., 2007). In the colonization of the ismost part of the island, where airborne dust has settled. The
land, seagulls have come to play a key role in seed dispersalorthern part is a low spit formed by eroded coastal sedi-
and nutrient transfer from sea to land, essential for ecosysterments deposited on the leeward side. The spit is flooded by
development (Magnusson et al., 2009; Sigurdsson and Magsurf in extreme winter storms. Coastal erosion has taken a
nusson, 2010; del Moral and Magnusson, 2014; Leblans eheavy toll of the island and by 2012 it had been reduced by
al., 2014). These islands harbour some of the largest seabirdalf, to an area of 1.3 kfa The most extensive erosion has
colonies of the North Atlantic (Hilmarsson, 2009; Hansen etoccurred on the southern and southwestern part, where high
al., 2011), which greatly affect the vegetation and ecosystensea cliffs have been cut into the lava shield and palagonite tuff
structure. On Surtsey, it has, for the first time, been possibldJakobsson et al., 2007). Surtsey is still the second-largest is-
to follow the initial steps of colonization and primary suc- land after Heimaey. Following Surtsey in size are Ellidaey
cession of these subarctic volcanic islands. As outlined by(0.46 kn?) and Bjarnarey (0.32 k& to the northeast and lee-
Svavarsdéttir and Walker (2009), the detailed studies carriedvard of Heimaey. Erosion will probably leave Surtsey resem-
out on Surtsey are of particular value due to their long-termbling the unprotected neighbouring islands of Geirfuglasker,
data, detailed demographic data, information on species inSulnasker, Geldungur and Hellisey (0.02—-0.1%kthat also
teractions and responses to nutrient inputs, opportunities tdie unsheltered in the open ocean (Fig. 1).
test island biogeography concepts, and more. The climate of the Vestmannaeyjar area is mild and
In this paper, we describe plant colonization of Surtseyoceanic. At the Heimaey weather station, the mean annual
starting with the discovery of the first plant in 1965, and temperature during 1963—2012 was %Cland the mean an-
report a permanent plot study initiated in 1990. This studynual precipitation 1599 mm (lcelandic Meteorological Of-
is among the very few to comprehensively follow the si- fice). Waters off the southern coast of Iceland are productive
multaneous development of vegetation, soil and invertebratend rich in marine life (Astthorsson et al., 2007), and seabirds
communities. Then, we present results from permanent plotsre particularly abundant (Hilmarsson, 2009). The Vestman-
newly established on neighbouring islands. The general obnaeyjar islands are the home to large breeding populations
jectives of our studies are to follow plant colonization and of Atlantic puffin (Fratercula arcticg, northern fulmar Eul-
ecosystem development on Surtsey under different nutrientarus glaciali3, manx shearwatePffinus puffinus storm
loads from seabirds, and compare this to the biotas angetrel Hydrobates pelagicysLeach’s petrelQceanodroma
ecosystems of the neighbouring islands that are several thodeucorhog, gannet florus bassanuskittivake (Rissa tri-
sands of years older. dactylg, common guillemot ria aalge) razorbill (Alca
torda) and black guillemotCepphus gryll§ bird nomencla-
ture follows the British Ornithologists’ Union (BOU) (2013).
The seabirds impact the vegetation with their nutrient trans-
fer from sea to land, burrowing, nest building and through

9.1 Study area
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sal, propagation and spread of survivors (Fridriksson, 1975,
2000; Magnusson et al., 2009). Separate studies of lichen
Ellidaey (Kristinsson and Heidmarsson, 2009) and bryophyte (Mag-

®E 14 ndsson and Fridriksson 1974; Ingimundardottir et al., 2014)
colonization have also been conducted.

pridrangar

Einidrangur Heimaey ~
o

-

B]‘arnarey
A 2.3 Study in permanent plots
14

w

f“sey Plant succession has been studied in permanent plots on Surt-
sey since 1990, when the first plots were established. The lo-
cation of the plots was chosen subjectively with respect to
substrate type and influence of seagulls on vegetation de-
velopment on the island. The first plots were set out in the
Gakimour center of the developing gull colony on bare and sandy lava.
M stliasker Following this, plots were also established under compara-
Geirfuglasker ble substrate conditions on other parts of the island in areas
where there were signs of plant colonization. Plots were not
established in areas where no colonization had occurred at
the time, e.g. on the solid palagonite ridges (Magnusson et
al., 1996; Magnusson and Magnusson, 2000). The plots are
Figure 1. Surtsey and other Vestmannaeyjar islands on an infraredsampled in alternate years. A few plots have been abandoned
Rapid Eye image from 28 August 2012. Areas with dense vegetagnd new ones established due to loss to erosion or revision of
tion appear in red colour, e.g. gull colony oh Surts_,ey. Locfs\tion Ofmethods (see Magnusson et al., 2009). In 2012, there were
yegetatlon plots sampled on Ellidaey and Heimaey in 2013 is showr25 plots operational on the island (Fig. 2).
in yellow. In 2013, the study was extended to two of the older
volcanic islands of the archipelago, Ellidaey and Heimaey

other activities. A few species of heathland birds also breedF19- 1)- The aim was to investigate old grassland com-
on the islands, but their density is low (Hilmarsson, 2009). munities of the islands under different nutrient inputs from

The vascular flora of the Vestmannaeyjar islands containSeabirds, as these grasslands are indicative of the future de-

some 160 species, and all but a few are present on HeimaeVelopment on Surtsey. Two accessible islands and areas with

The other old islands harbour only 2—28 species, correspondiMited human disturbance were selected. The number of
ing to their size. The most diverse vegetation is also foundP!0tS was determined by the available time and manpower,

on Heimaey, which has beach, heathland, herb slope, dr?”d was considered as an absolute minimum for a compar-

meadow, seabird grassland and coastal cliff communities!SON {0 the Surtsey plots. Permanent plots, identical to the

On the other islands, lush seabird grasslands and cliff comSUrtsey plots, were established on each island and sampled
munities are the main vegetation types. The dominants of? the same way in the middle of July. The four Ellidaey

the grasslands are the rhizomatous grag&estuca rubra plots were set up within puffin colonies with high nutrient
andPoa pratensisAmong common species of the cliffs are NPUts from seato land (Table 1), where soil depth was >1m

Cochlearia officinalis, Puccinellia capillariand Armeria ~ On @ palagonite tuff slope (one plot) and cinder crater slopes
maritima (Fridriksson and Johnsen 1967; Fridriksson, 1975); (three plots) dating from 5000-6000 years ago (Sigurdsson
plant nomenclature follows Kristinsson (2008). and Jakobsson, 2009). Similarly, four plots were set up on

Heimaey has been impacted by human inhabitation and?€imaey, on palagonite tuff slopes with >1m soil depth, in
livestock grazing since the ninth century. The larger sur-& small enclosed valley on the southern part of the island

rounding islands and some of the smaller ones have also bedf'9- 1)- The eruption, during which the valley was created,
grazed by sheep since early times (Eyjélfsson, 2009). also dates from 5000 to 6000 years ago. Since the valley
does not open out to the ocean, it has probably never been

2.2 Plant colonization and survival on Surtsey a seabird breeding site and thus it was not expected to be im-
pacted by high nutrient input from seabirds, as the Ellidaey

Surtsey has annually been studied by biologists since 1964lots are (Table 1).

During each visit, all portions of the island are thoroughly

searched to update survival and colonization of vasculaR.4 Vegetation, soil and plant biomass

species. This provides an unbroken and unparalleled record

of plant colonization from 1965, when the first plant was The permanent plots are X010 m in size, and were sam-

found on the island, to the present. Exact locations of the firspled with line transects (Magnusson et al., 2009). Five par-

colonists are known, as are their probable routes of disperallel 10 m transects were laid across each plot, at a distance

Brandur ‘Sudurey

" Hellisey

v Surtsey
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Table 1. Permanent plots on Surtsey (S) in 2012, Ellidaey (E) and Heimaey (H) in 2013, year of establishment, substrate type and influence
of seabirds. The plots on Ellidaey and Heimaey have thick (> 1 m), developed soils on top of substrate.

Plot First Substrate Seabird
no. sampling type influence
S1,3,4 1990 Sandy sheet lava High
S6-10 1994 Sheet lava High
S22, 23 1995 Sheet lava Moderate
S11-14,16,18-21 1994,1995 Sandy sheet lava Low
S15,17 1994 Tephra hill slopes Low
S29, 30 2005 Coastal sand Low
S31, 32 2008 Block lava Low
E1-4 2013 Cinder & palagonite hill slopes  High
H1-4 2013 Palagonite hill slopes Low

taken from each plot and mixed for a composite sample. In
the laboratory, the samples were sieved through a 2 mm mesh
for determination of pH, total organic carbon (C) and nitro-
gen (N), carried out by the Centre of Chemical Analyses (Ef-
nagreiningar Keldnaholti), ICETEC, Reykjavik, Iceland. De-
tails are further described in Magnusson et al. (2009). Soll
samples of plots in Ellidaey and Heimaey were sampled to
a 10 cm depth in three locations per plot. The samples were
sieved through 2 mm mesh, ground to powder and total C
and N analysed by dry combustion with an NC2100NC
analyser (Carlo Erba Instruments, Italy) at the University of
Antwerp, Belgium. Only the C data from Surtsey 2008 and
Ellidaey and Heimaey in 2013 are dealt with here.

Plant biomass has, since 1999, been harvested from the
Surtsey plots every fourth year (Magnusson et al., 2009), the
last sampling occurring in 2011. The sampling was destruc-
tive and carried out in a 10 10 m area adjacent to each per-
manent plot. Four samples were harvested at random coordi-
nates, and the vegetation was cut at ground level along a 2 m
line using electric grass clippers with a 7.5 or 9.5cm wide
cut. All vegetation was collected. The samples were dried at
60°C to constant oven-dry weight.

Figure 2. Location of permanent plots on Surtsey, infrared Rapid 2.5 Density of seabird nests

Eye image from 28 August 2012. Note dense vegetation of gull

colony (13ha) on the southern lava and shore community (1 ha)sijnce 2003, density of seabird nests (mainly seagulls) around

on the northern spit. Plots 1, 3, 4, 6-10 and 23 are within the gu"the permanent plots on Surtsey has been determined annu-

colony. ally. A 1000 n? circular plot with a centre in the middle of a
permanent plot was inspected, and nest bowls occupied in the
current season counted. The lesser black-backedlgailig

of 1, 3, 5, 7 and 9m from their edge. Plant cover was de-fuscu$, great black-backed gulL( marinug and herring gull

termined by a line-intercept method; all vascular plants were(L. argentatu¥ breed in substantial numbers upon the island.

recorded separately for each metre along the line. AdditionalA few fulmar nests Fulmarus glaciali$ have also been en-

species within the plots not intercepted by the lines werecountered in the surveys and they were included (Magnus-

also recorded and given an intercept value of 1 cm, equal t@on et al., 2009). The plots on Ellidaey were within dense

0.02 % cover. breeding colonies of puffinsF(atercula arcticg. Nesting

Soil was sampled within the Surtsey plots in 1998 anddensity was estimated according to methods of Hansen et
again in 2008 (Magnusson et al., 2009). In the latter sam-al. (2011). The number of puffin burrows was counted in
pling, four random samples (7 cm dial0 cm depth) were  four 4x 4 m randomly placed subplots within or by each

Biogeosciences, 11, 5528537 2014 www.biogeosciences.net/11/5521/2014/
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permanent vegetation plot. An average burrow-occupancy 8o

rate of 66 % for Ellidaey in 2013 (Hansen, personal commu- | - Cumulative from 1965
nication) was used to calculate nesting density. ~-Present each year

» 60 1

Q@
2.6 Invertebrates on Surtsey 8 50

2]

Invertebrate studies started on Surtsey in 1965 and Were§ 40 1
continued annually until 1984. Sampling was sporadic from & 3¢ -
1985 to 2002, after which it recommenced and became an in-=
tegral part of the biological studies. Sampling included pitfall
trapping, netting and direct picking for different taxa. Most 10 1
of the pitfall trapping was conducted in the permanent vege- . ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
tation plots to relate the invertebrate communities to the veg- ~ 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
etation and plant succession directly. In this paper, we use%

igure 3. Surtsey colonization curve for vascular plants during the
eriod 1965-2013. Vertical, dotted lines at bottom of diagram show
“divisions between the four main phases of colonization.

data of invertebrate catches in pitfall traps in the permanen
plots on Surtsey from 2002 to 2006 (Olafsson and Ingimars
dottir, 2009).

2.7 Data analysis The plant colonization curve for the island over the first 50

. . years can be divided into four main periods (Fig. 3). The ini-
Vegetation data (vascular plants only) sampled in the per<. L . :

: . tial colonization of plants occurred during the first decade.
manent plots in 2012 (Surtsey) and 2013 (Heimaey and EI-_I_hese ere mainlv shore plants (Fia. 4) resulting from ocean
lidaey) were analysed with detrended correspondence anal- W inly P (Fig. 4) resulting

ysis (DCA: indirect ordination) and a two-way indicator dispersal and establishing on the infertile and sandy volcanic

species analysis (TWINSPAN; classification, Hill 1979a;b). ?uusbsé?;?:lgr:h: Islzar;gicgigahlz!:?t;nnirigTnaa{r:i)er?li;nuﬂisnartehr;gr-
The cover data were transformed (¥d) prior to analy- ' ya pep ' y 9

sis. In the ordination, rare species were down-weighted. IrP(.eriOd’. the first bird-_dispersed:()_chlear_ifa officinali E.ind
the classification the cut levels were set to 0, 0.05, 0.1 Olzwmd-d|spersed specie€ystopteris fragili3 also colonized

0.5, 1.0 and 1.5 after data inspection. The Shannon inde>t<he island (Fig. 4). Most of the species were able to survive

of species diversity was calculated for all plots. Multivariate (r)igdthigtnvietzlgr? fgligdairéd 13522 pégﬁi?fgggﬁ Iglct)k\:\?ezeacﬁgdsﬁi-
analyses were conducted with PC-ORD 6 (McCune and Mef- .=~ ’

. . vival of newcomers was considerably lower than previousl
ford, 2011). One-way analysis of variance (ANOVA) on log- (Fig. 3). They were less well adapt)r;d to the ha?sh cond)i/—

transformed values was used to determine significance of pa: . : .
rameters for plots outside and inside the gull colony on Surt{?t'onS than the pioneers. Only two of the speci@srastium

sey (JMP 6.0 package; SAS Inst., 2006). The variables Wer(fepntanu.mandRumex acetosel)af;olonizing d“”f‘g this' pe-
seabird nesting density, plant cover, species richness, pIarﬂOd’ gained roothold and established. In the third perlo_d, pe-

) : . . . . tfween 1986 and 2007, a second wave of plant colonization
diversity, plant biomass, soil carbon, invertebrate species ) ; .
richness, and invertebrate and Acari/Collembola catchesoCcurer and survival of plants improved greatly. This was

The same test was used to compare these characteristics f&ggered by the establishment of a seagull breeding colony

the TWINSPAN vegetation classes: plant cover, species richo" the southern part of the island. The colony, which soon

ness, plant diversity, plant biomass and soil carbon. grew .to 2.00_300 breeding paurs, became the IOCU.S of plant
colonization. The gulls not only improved the nutrient sta-

tus of the soil but also acted as agents of seed dispersal.

3 Results Plants with higher nutrient demands now started to flourish
and expand (e.@ochlearia officinalis, Stellaria media, Sag-
3.1 Plant colonization on Surtsey ina procumbens, Tripleurospermum maritimum, Cerastium

fontanum, Festuca rubra, Poa pratensis, P. annua, Ranun-
The first species to colonize Surtsey in 1965 was the sea&ulus acris) Several years into this period, there was a pro-
rocket Cakile maritimg, dispersed to the island by sea cur- nounced increase in colonization of wind-dispersed species
rents. The most recent colonizer is a wind-dispersed moon{Fig. 4). The soil amelioration brought about by the gulls
wort (Botrychium lunarid, first found in 2011. The total opened a window for light-seeded (or sporophytic) species
number of plant species that have established on the islandith limited seed reserves (e.§araxacumspp.,Leontodon
at any time is 69. In the 2013 expedition to the island, 59 ofautumnalis, Salix herbacea, S. phylicifolia, S. lanata, Platan-
these were found (Fig. 3), but only 39 species appeared tthera hyperborea, Botrychium lunaji¢o establish. In 2007,
have viable populations (Appendix A), defined as a popula-the number of species on the island peaked at 64 (Fig. 3).
tion that has expanded or that occurs in at least five locationdn the last period, 2008-2013, Surtsey suffered a net loss of

www.biogeosciences.net/11/5521/2014/ Biogeosciences, 11, H531Z-2014
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2 Eff f lIs on development on Sur
3 ects of seagulls on development on Surtsey Figure 5. Relative frequency of vascular species in the 25 perma-

ent plots on Surtsey in 2008 and 2012. Species occurringdn

During the period 2003-2012, gull nests were encounterecﬂr;Iots are shown

in 10 of the permanent study plots, thereof nine within the
main breeding area (Table 2). The total number of nests var-
ied from 19 to 50. The average number of nests in the 10-year
period was 3.9 within the breeding area. In plots outside it,species werélonckenya peploides, Sagina procumbens, Ley-
only one nest was ever encountered, leading to an average ofius arenarius, Cerastium fontanum, Arabidopsis petraea,
0.01 (Table 2). Poa annuaand Silene uniflora H. peploideshad a mean

In 2012, there were 22 plant species recorded within the 25over of 5.0% and was the only species that had reached
permanent plots (Appendix A). Species with the highest rel-over 1% cover outside the gull colony (data not shown).
ative frequency werélonckenya peploides, Sagina procum- In the plots within the gull colony, the average plant cover
bens, Leymus arenariand Cerastium fontanunwhich oc-  was 90.3% (Table 2). In four of the plots, the canopy had
curred in over 50 % of the plots (Fig. 5). The most notable closed and layering of vegetation occurred. Average species
changes since 2008 were the increasesmbidopsis pe- richness of colony plots was 7.7 (range 7-12) in 2012. The
traeaandSilene unifloraboth of which established late but most common species of the gull colony w&aa pratensis,
had reached a spreading phdsarenariusandC. fontanum  Festuca rubra, Cerastium fontanum, Honckenya peploides,
had also increased consideralBochlearia officinalishad  Leymus arenarius, Sagina procumbens, Tripleurospermum
lost ground in 2012 and was only found in half of the plots in maritimum, Puccinellia capillaris, Stellaria media, Tarax-
which it was recorded in 2008 (Fig. 5). Its main distribution acum spp., Cochlearia officinalisand Poa annua It was
was near the cliffs on the southern lava within the seabirdP. pratensisandF. rubra that had gained the highest mean
colony, where grass swards and competition was increasingcover of 33.3% and 16.9 % respectively. Six other species

There was a great variation in the development of the plantiad reached over 1% mean cover within the seabird colony
cover, species richness and diversity in the permanent plotg 2012 (data not shown). Average plant species diversity
in 2012. This was reflected in the plant biomass and carborfShannon) in plots outside the seabird colony in 2012 was
status of soil (Table 2) from earlier sampling. Where breed-0.5, but 1.0 in plots within the colony (Table 2).
ing seabirds were absent or their impact low, the vegetation In 2011, mean plant biomass in plots outside the gull
remained poorly developed. Average plant cover of plots out-colony was 47 g dwt m?. Biomass was highest in the north-
side the seabird colony in 2012 was 7.1% (Table 2), butern spit plots, 29 and 30, which had dense cover of
most of the plots had <5 % cover. The cover was highest inH. peploides Within the colony, there was an average of
the two plots with well developed shore community on the 221 g dwt nT2 (Table 2). The peak biomass was in plots with
northern spit (Fig. 2). Average species richness of plots outdense grass swards bf arenariusand P. pratensis(plots
side the gull colony was 4.4 (range 1-9). The most commonl, 3 and 4). Topsoil in the permanent plots outside the gull

Biogeosciences, 11, 5528537 2014 www.biogeosciences.net/11/5521/2014/
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Table 2. Surtsey permanent plot data. Average density of gull nests in plots on Surtsey, 2003-2012 (no.2j1@0@mncover, species

richness and diversity of vascular plants in 2012, standing biomass of vascular plants (live and dead) in 2011, and total carbon in top 10 cm of
soil in 2008. Invertebrate and Acari/Collembola data are pitfall traps averages for the 2002—2006 sampling seasons, catch data are individuals
caught. Means: s.e.;p = ANOVA level of significance, n.s=>0.05; *=< 0.05: ** =< 0.01; *** =< 0.001.2 Plots 11-22, 29-3% plots

1, 3, 4, 6-10, 23¢ include Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, Thysanoptera, Araneae, Gastropoda and
Oligochaeta. Invertebrates (including Acari/Collembola) were not sampled in plots 31 ane-32.

Outsidégull  Insidé gull
colony colony p
n=16,14 n=29
Nests no. 0.0%0.01 3.9£0.8 ***
Plant cover % 7.£28 90.3£15.2 ***
Plant species richness 440.5 7.7£09 *
Plant diversity (Shannon) 0:50.1 1.0+02 *
Plant biomass g dw e 46.7+23.9 221.2£75.6 **
Soil carbon % 0.05%0.02 1.84£0.55 ***
Invertebrate species richnéss  14.2+1.1 28.3£1.3 ¥
Invertebrate catch/d&y 13.9+2.3 174129 ns.

Acari/Collembola catch/day 20810.7

108.4:13.4 ***

colony in 2008 had an average total carbon of 0.05 %, but
1.84 % inside the colony (Table 2).
The invertebrate communities determined from the pitfall

Year

traps in the gull colony during the period 2002—2006 were |l 1988
richer in species and density than the barren areas were (Ta [l 1994

ble 2). For the invertebrate groups that were identified to
the species level, there were 28.3 species found on averag
within the gull colony plots, while only half of that was found

in the plots outside the colony (Table 2). Total catches per
day for these groups was, however, similar in the two areas
(Table 2). Mites (Acari) and springtails (Collembola), which
were dominant in the catches of the pitfall traps, were treated
separately and joined into one group (Table 2). They were,
however, not identified to a species level. In the sheer number
of these animals, there was a great and significant difference
between the two areas. In plots outside the gull colony, the
average catch was 20.3 animals per day, which compares tc
108.4 animals per day within the colony.

The gradual increase and expansion of dense vegetation o
the gull colony has been monitored using aerial photographs
and satellite images taken regularly of the island. The first
signs of vegetation were visible on an aerial photo from 1988,
approximately 3 years after the first nesting of the gulls. At
that time, the area of the gull colony was only 0.03 ha in area.
By 1998, it had increased to 6.6 ha and in 2012 the area hac
reached 12.1 ha, or over 9% of the island (Fig. 6).

3.3 Comparison of vegetation development on
Surtsey with neighbouring islands

1998
2004
2007
2010
2012

Dense vegetation

Surface (ha)
0.03
2.83
6.62
9.29

10.04

11.25

12.08
ol

P

o
A

250 m

,,\'q,

7‘96’&

Nl-am14

Figure 6. Expansion of dense vegetation within the Surtsey seagull
Multivariate classification and ordination were used to colony during the period 1988—2012. Approximation from aerial
analyse resemblance of the young, developing vegetation oind sattelite images, by Anette Th. Meier. Island outlines indicate
Surtsey in 2012 to the older grasslands of Heimaey and El€rosion over the period.

lidaey islands sampled in 2013. Four groups were formed by
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TWINSPAN (Fig. 7). A comparison of the groups showed 33 plots

their floristic, soils and density of seabird density differences

(Table 3). The Heimaey grassland (group 1), which lacks Festuca rubra

seabirds, had a moderate vascular plant cover, but it was not Poa pratensis Honckenya peploides
significantly different from the Ellidaey and Surtsey seabird anthoxantum odorhtum Leymus arenarius

Galium verum Cerastium fontanum | Arabidopsis petraea

plots (groups Il and IlI; Table 3). The Heimaey grassland had [ ;ua mutifiora | steliaria media Sagina procumbens | Rumex acetocclla
the largest species richness and diversity. The top 10 cm soifanunculus acris P. pratensis
of the Heimaey plots was relatively rich in carbon and simi-
lar to the Ellidaey and Surtsey seabird grasslands (Table 3).
In the species-rich Heimaey grassland, there was an average

of 18 species in each plot (Table 3). The dominant speme::; 2 Eé £ gi: e 2113’55112&_;1351137

in the cover weréestuca rubrg20.8 %),Agrostis capillaris S6, S8, S9 S10, S16 S18, S19, S20

(16.3 %),Ranunculus acri§11.5 %) andAnthoxantum odor- S22, 823 S21, 529, S30

atum(8.2 %). 531, 832
The dense seabird grassland of Ellidaey and Surtsey I i Y

(group 1) had the highest plant cover, but low species rich-
ness and diversity. The average C content of soil was highegfigure 7. TWINSPAN-classification of permanent plots sampled on
in this group (Table 3). On average, six species were found iUrsey (S). Heimaey (H) and Ellidaey (E) in 2012-2013. Species
the plots of group Il (Table 3). Nesting density of puffins in most decisive (indicators) of each division are shown and the four
the plots of Ellidaey was very high (269 nests per 108) m groups formed.

which compares to 5.1 gull nests per 1000im the Surt-

sey plots of the same group (Table 3). The Ellidaey puffin
grassland consisted of only three species recorded in all plot
and in significant quantities. The predominant species of thg

sward was-estuca rubrd(67.2 %), followed byPoa pratensis length 6.172). Main separation along the second axis (eigen-

(18.4%) and the annqute_IIaria media(4.7 %) which was value 0.453, gradient final length 4.077) was between sandy
found on the excavated soil around the puffin burrows. Threeand lava plots on Surtsey (Fig. 8). The Heimaey plots formed
Surtsey plots of this group had a similar species compositio

to the Elli land and lativelv hiah or developi ™Y dense and distinct cluster of points on the left of the dia-
0 the EFoacy grassiand and a retatively nigh or deve Oplnggram, underlining the difference in vegetation composition
cover ofF. rubraandP. pratensis.

; . from the Ellidaey and Surtsey plots. The Ellidaey plots were
The third TWINSPAN group consisted of Surtsey plots also in a dense cluster, as expected, but Surtsey lava plots (6
and 7) were the best developEdrubra/P. pratensiswards

Svere also here (Figs. 9-10). Furthest to the right and at the

nesting density was lower than in the Surtsey plots of grouptop of the diagram were Surtsey plots that were outside the
I, average plant cover was slightly lower, species richness

and diversity a little higher, but they did not differ signifi- gull colony with poorly developed vegetation (Fig. &). On

X . i the right was a cluster of plots with mainkf. peploides,
cantly (Table 3). C concentration of the soil was con5|derablyWhiCh develop intoP. pratensis/L. arenariugrassland un-

lower than in the plots of groups | anq Il, but it was eIevatgd der the impact of seabirds and increased nutrient inputs, as
from the plots of the Surtsey barrens in group 1V, and the d'f'shown in Surtsey plots 1, 3 and 4 (Fig. 9). At the top were

ferences were significant (Table 3). The dominant §p¢cies irbarren lava plots witlsagina procubenandPucinellia cap-

:Ee plotz n Igrtoul% ”tl tvr\]/erleP. pra}tetnsmnd L. arenar_luslln _thillaris as pioneers, which develop towatdsubra/P. praten-

Pe sa_r|1| y pgs, u g avapp 0 stwe;;dnlwzorebvana tre1 Wi sisgrassland under increased nutrient inputs. The ordination
- capifians, . procumbens, . praten -rubraasthe  ghowed that, as the succession progressed, under the influ-

mc_>rsr: c?mr?rc: r_}_\s;\r;ﬁ\lcée: A(Sata not shovx_/nt) ) d of Surt lot ence of the seabirds, the vegetation of the sand and lava ar-
e four group consisted of SUrtSey plots, o455 hecame more similar in composition than at the pioneer

which were located outside the gull colony and in an early :

or static succession (Fig. 7). The plant cover of these plotsStages (Fig- 8).

was poorly developed, species richness and diversity low

and the soil very poor in C (Table 3). These plots were all4 piscussion

on sand/tephra substrate, with the exception of plots 31 and

32, which were on block lava (Fig. 2. peploidesvas the 4.1  Plant colonization on Surtsey

characteristic species of this group with an average cover of

6.7 %. All other species of this group had <0.3% averageThe record of plant colonization of Surtsey and the proba-

cover. ble routes of dispersal revealed show how the main vectors
of immigration change during the ecosystem development on

DCA ordination separated plots with dense grasslands, re-
ardless of location, from poorly developed and barren Surt-
ey plots on the first axis (eigenvalue 0.791, gradient final
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Table 3.Average density of seabird nests (no. /1060 rplant cover, species richness and diversity of vascular plants, and soil carbon in plots
sampled on islands, according to main TWINSPAN groupir?gsaverage density of gull nests on Surtsey 2003—281ayerage density

of puffin nests on Ellidaey in 2013. Meatss.e.; p = ANOVA level of significance, n.s=>0.05; *=<0.05: ** =< 0.01; *** =< 0.001.
Means with same letter are not significantly differenpat 0.05.

Presence TWINSPAN No. Nesting Plant Species Plant Soil
Island of group of density cover richness diversity carbon
seabirds plots % %
Heimaey - | 4 0 69.20+16.34a 18.0&1.19a 1.9Gt0.22a 6.23t1.47a
Surtsey/Ellisaey  + I 7  5.1F/269F 88.42+12.25a 6.0£0.90b 0.86:0.16b 9.14-1.11a
Surtsey + Il 8 2.51C 70.99+11.55a 7.13:0.84b 0.85:-0.15b 1.0A41.04b
Surtsey - v 14 0 7.56+8.73b 4.43-0.64b  0.54-0.12b  0.04+0.79c
p n. d . *%k%k *k%k *k%k *%k%k
S32
400 S22 @
S lava barrens,
; low N-input
S23
N F
o H grassland, sg @ S tephra barrens,
g low N-input i low N-input
200, H2 | 2 s18
0 g4 S11.519
® >° s7 )0 .. s?z
® cipsek2 o 21799520
® & e 521‘0 S30
E4 s1 g ® 3%
E&Sgrassland 4@ s3 o S
seabirds, high N-input (]
S16
0 [ )
0 200 400 600
Axis 1

Figure 8. DCA-ordination results for permanent plots sampled on Surtsey (S), Heimaey (H) and Ellidaey (E) in 2012-2013. Arrows indicate
direction of succession on Surtsey under nutrient inputs from breeding seagulls, axes units are multiplied by 100.

the island. Of the 69 plant species found on the island sinceyain a roothold on the island following their first coloniza-
1965, about 75 % have been dispersed by birds, 15 % by windion (Magnisson et al., 2009).
and 10 % by the sea. During the first years, shore plants dis- The decrease in rate of plant colonizaton and relative stag-
persed by the sea were the main pioneers on the island. Thesation during the period 1975-1985 was probably caused by
plants had relatively large seeds, rich in reserves, enablingoor soil conditions and limited influx of seeds of new plant
them to establish on nutrient poor, sandy substrates. In thepecies. The sudden increase of the seagulls and formation
case of Surtsey, the distance from the source on the nearbgf their breeding colony in 1985 was followed by a second
islands and the mainland is only a few to tens of kilometreswave of plant colonization continuing for the next 20 years.
so the chances of floating seeds ending upon the shores dflost of the new plant species were found within or at the
Surtsey were high. New species dispersed by the sea hawxges of the colony, indicating that the seeds were, to a large
not been found on Surtsey after 1977 (Fig. 4). However, twoextent, dispersed to the island by the gulls and that nutri-
of the species@akile and Atriplex), both annuals, did not ent additions from the birds had brought about the necessary
soil amelioration for the plants to establish and spread on the
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mark, 1982; Magnusson et al., 2009). Other bird species may
also have carried seed to Surtsey, e.g. snow buntipigse{
trophenax nivaliy greylag geeseAnser anserand ravens
(Corvus cora) that have frequented the island and bred in
recent years (Magnusson et al., 2009; Petersen, 2009).
Wind-borne seeds and spores of various plant species must
have rained over the island from its birth. It was, however,
not until after 1990 that we saw a considerable increase in
colonization of wind-dispersed species, a trend that still per-
sists. This change is attributable to the improved soil con-
ditions on the island following the gull invasion in 1985.
High-dispersal wind-borne species are known to have lim-
ited reserves and low tolerance of barren substrates, and they
often require site amelioration prior to establishment (Wood
Figure 9. Poa pratensis/Leymus arenariggassland in centre of and del Moral, 1987). Among the wind-borne species enter-

gull colony (plot 1) on Surtsey in 2013. Upper-crater areas andiNd Surtsey after 1990 are three species of willoally,
palagonite ridges remain barren. Photo: BM. an orchid Platanthera hyperborgaand a small fern ally
(Botrychium lunarig, which either grow in association with

or require mychorrhizal fungi for germination and establish-
ment (Schmid and Oberwinkler, 1994; Chadde and Kudray
2001; Thornton, 1996; Eyjdlfsddttir, 2009). Hence, the late
establishment of these species may partly have been caused
by a lack of the fungi in the early years. The shifting pattern
of dispersal routes and their relative importance during the
first 50 years of colonization on Surtsey has some similarities
to the plant dispersal spectra obtained from other volcanic is-
lands, e.g. Krakatau (Whittaker et al., 1992; Thornton, 1996),
Anak Krakatau, (Partomihardjo et al., 1992) and Long Is-
land volcano (Harrison et al., 2001; Thornton et al., 2001).
They show importance of sea-dispersal at the early stages,
but animal- and wind-dispersal patterns are more variable.
The halt in colonization of new species and a net loss of
species on Surtsey after 2007 may indicate that competition
is increasing in the community with denser swards and that
most of the likely colonists have already arrived. A compari-
Figure 10. Festuca rubra/Poa pratensgrassland on upper parts of son of the flora of Surtsey with the other outer islands of the
Ellidaey. Plot E1 was located in a puffin colony on the palagoninte \iestmannaeyjar archipelago (Fridriksson and Johnsen, 1967)
ridge above and to the right of the cottage. Photo: BM, 2010. shows that, in the 50 years, all the common species of the
other islands have been dispersed and established on Surtsey
and that most of them have formed viable populations (Ap-
island. Occurrence at the margins suggested that competitiopendix A). The flora of Surtsey is by far the richest of any
from established plants inhibit establishment of new arrivals.of the islands, explicable by its larger size, greater habitat di-
Dispersal of seeds to islands by gulls and other birds is reversity, more open swards and the absence of sheep grazing.
ported in several studies (Nogales et al., 2001; Ellis, 2005Many of the plants confined to Surtsey are species of open
Abe, 2006; Aoyama et al., 2012). Most gulls are omnivo- shores, sands and tephra plains that no longer occur on the
rous, opportunistic feeders that use a variety of foods, in-older islands.
cluding earthworms, berries and cereal grain. The presence
of seeds in their diets is reported for many species (Calvino4.2 Effects of seagulls on development on Surtsey
Cancela and Martin-Herrero, 2009; Calvino-Cancela 2011).
Of the three large seagull species breeding on Surtsey, it i3his study shows that the seagulls have had pronounced ef-
probably the lesser black-backed gull and the herring gullfects on vegetation and soil development. This was also re-
that have been the main agents of seed dispersal to the islanfilected in the invertebrate fauna. The birds have thus jump-
Both species are known to visit and feed in inland areas of thestarted the ecosystem buildup (Sekercioglu, 2006). At the
mainland, whereas the great black-backed gull is more connesting sites, the birds deposit faeces and regurgitate pel-
fined to shore areas and depends more on marine food (Goélets, fish and marine invertebrates are spilled on the ground,
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feathers are shed and corpses of birds that die decomposaphids (Olafsson and Ingimarsdéttir, 2009). Colonization of
Of greatest importance for the soil enrichment and vegetasome of the bird species on Surtsey was dependant on the de-
tion development are the faeces that have a relatively higtveloping vegetation and invertebrate fauna of the gull colony.
content of nitrogen, phosphorus, potassium and mineral$n 1996, 10 years after the formation of the colony, snow
(Sobey and Kenworthy, 1979; Bancroft et al., 2005), which bunting Plectrophenax nivalishecame the first land bird to
are of great importance in primary succession (Walker andoreed on the island (Magnusson and Olafsson, 2003). At that
del Moral, 2003). In an earlier account (Magnusson et al.time, the dense vegetation of the gull colony had extended
2009), we estimated, from nesting density and other studieso ca. 5 ha. After 2000 two other passerines, the pied wag-
(Hahn et al., 2007), that annual nutrient inputs from gulls in tail (Motacilla alba) and the meadow pipitAnthus praten-
the Surtsey colony were about 25 kg NRaA new study of  sis), also started breeding (Magnusson et al., 2009; Petersen,
the soil development on the island, however, indicates thaR009). These three passerine species are dependant on insects
the average annual input within the colony is 47 kgNha  for raising their young and their main source of food is within
while the background atmospheric N deposition is only cathe gull colony (Olafsson and Ingimarsdattir, 2009). Studies
1.2kgNhal (Leblans et al., 2014). The nutrient enrichment of invertebrate colonization of young volcanic islands and
of soil from the seagulls on Surtsey has had cascading effectsunataks have shown that at the early stages allochthonous
on plant populations, invertebrates and land-bird coloniza-inputs or littoral debris are important sources for pioneer-
tion on the island (Magnusson et al., 2009; Olafsson and Ining communities consisting of heterotrophic scavenging de-
gimarsdottir, 2009; Petersen, 2009), similar to the nitrogen-trivores and predators (Edwards and Thornton, 2001; Sikes
fixing lupins on Mount St. Helens (del Moral and Rozzell, and Slowik 2010; Ingimarsdéttir et al., 2013), not dependant
2005; del Moral, 2009; del Moral and Magnusson, 2014).on colonization by autotrophs (Hodkinson et al., 2002). This
These observed patterns were extended in the present studyas also the case in the early years on Surtsey (Lindroth et
In areas of the island outside the gull colony, the plant suc-al., 1973). Plant colonization and vegetation development is
cession and soil development has remained slow (Magnussdiollowed by further invertebrate colonization and diversifi-
et al., 2009). A gradual buildup has occurred (Stefansdottircation. However, it is characterized by relatively generalist
et al., 2014), but rates of change are not comparable to thepecies as colonization by specialists of later successional
gull colony area (del Moral and Magnisson 2014, Leblansvegetation stages is harder (New and Thornton, 1992) and
et al., 2014). The long-term monitoring of vegetation in per- occurs on a different time scale.
manent plots on Surtsey showed that it was mainly ruderal
species (sensu Grime et al., 1988) that initially respondedt.3 Vegetation development on Surtsey in
to the increased nutrient inputs from the gulls, leading to an comparison to neighbouring islands
abrupt increase in species richness and diversity of the veg-
etation (Magnusson et al., 2009). With further development,The vegetation of the older Vestmannaeyjar islands (>5000
these species have, however, lost ground to more competirears old) gives an insight into what will be the outcome
tive, rhizomatous grass species of greater longevity that havef long-term succession on Surtsey. Although the grassland
become dominant in the vegetation in the oldest part of thesites sampled on Heimaey and Ellidaey in 2013 are small
gull colony. A decline in species richness and diversity hasand do not represent all the different conditions and plant
occurred during this development. communities of the islands (Fridriksson and Johnsen, 1967;
The invertebrate fauna of areas outside the gull colony wag-ridriksson et al., 1972a), they do provide a meaningful
characterized by low species richness and catches of animalsomparison and connection between the primary and ma-
Dipterans were the majority of species caught; however, mosture stages in plant succession on these bird-impacted vol-
of them derived from the gull colony area (Olafsson and In-canic islands. The response of the different plant species to
gimarsdottir, 2009). Within the gull colony, the invertebrate nutrient enrichment and early dominance of grasses in the
fauna showed a considerable change in ecosystem structukerd colony on Surtsey is also of particular interest. The best
and function. The high catches of mites (Acari) and spring-developed grassland plots on Surtsey showed a strong affin-
tails (Collembola) are indicative of denser vegetation andity with the plots sampled in the puffin colonies on Ellidaey,
greater decomposition activity (Swift et al., 1979). These an-which were also very species-poor, of low diversity and had
imals are an important source food for larger invertebratesfestuca rubraand Poa pratensisas dominant species. The
such as staphylinid beetles and linyphiid spiders which werehigh-breeding density of the puffins indicated that nutrient
abundant in the gull colony (Olafsson and Ingimarsdattir, input from the seabirds on Ellidaey was several times higher
2009). In the dense vegetation plant feeding invertebrates hathan in the gull colony on Surtsey.
colonized and started to thrive, such as root feeding dipter- All the outer islands of the Vlestmannaeyjar islands are
ans, saprophagous dipterans and plant feeding lepidopteranisapacted by seabirds and receive external nutrient inputs.
Several species of parasitic hymenopterans had also beconmiéheir vegetation has a greater resemblance with the puf-
a part of the invertebrate community of the gull colony, but fin colonies of Ellidaey than the Heimaey grassland studied
their main hosts are dipteran and lepidopteran larvae andFridriksson and Johnsen, 1967; Fridriksson et al. 1972b).
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Our results showed that the Ellidaey puffin colonies had by5 Conclusions

far the richest soils in carbon, as well as nitrogen (Leblans,

unpublished data). The Heimaey grassland, which has deQver the first 50 years, seagulls were the main agents of
veloped under limited nutrient input from seabirds, had, by€ecosystem development on Surtsey through seed-dispersal
contrast, high species richness and diversity in comparisoio the island and nutrient transfer from sea to land. In ar-
to the Ellidaey/Surtsey seabird grassland. A study of vegeta€as impacted by the gulls, productive, species-poor grass-
tion, seabirds and the impact of introduced foxes on islanddand has developed on relatively rich soils, high in inverte-
in the sub-arctic Aleutian archipelago in Alaska has demon-Prate abundance and with breeding insectivorous birds. Con-
strated that, at high seabird densities, plant communites arhued breeding of the seagulls, colonization of puffins and
graminoid dominated (Croll et al., 2005). On fox-infested is- Other seabirds will lead to further development of the grass-
lands with reduced seabird populations, abundance of grassénd. Due to erosion, the island will eventually lose its lower
declined and the vegetation developed towards tundra, due t8andy and lava habitats with the associated flora and fauna.
reduced marine nutrient inputs (Croll et al., 2005). Grass-The bird colonies will concentrate on the upper part of the
lands on fertile soils with high availability of nitrogen and island, where grassland will develop, as on the older neigh-
phosphorus are known to be species-poor with low plant di-bouring islands.

versity (Janssens et al., 1998). In their experimental study

of a Festuca rubragrassland in central Europe, Pavlu et

al. (2012) found that, at high doses of N and under no P and

K limitations, a substantial decline in species richness oc-

curred. The trends observed in the grassland developing on

Surtsey and the contrasts between the grasslands of Ellidaey

and Heimaey under different seabird impacts are similar to

the findings of these grassland studies.

Biogeosciences, 11, 5528537 2014 www.biogeosciences.net/11/5521/2014/



B. Magnusson et al.; Plant colonization, succession and ecosystem development on Surtsey 5533

Appendix A

Table Al. Vascular plants colonizing Surtsey during the period 1965-2013 and species list for neighbouring Vestmannaeyjarejslands; (
denotes species that have been recorded on Surtsey but were not present in 2013; species that had formed viable populations (v.p.) in 201
or were found within permanent plots (p.p) in 2012 are marked. The species list of the Vestmannaeyjar islands is based on Fridriksson and
Johnsen 1967, and our surveys of Ellidaey and Alsey in 2010-2013.

® g 8§ & & 3 43 8 8
Island size (k) Y S 6 86 © o ©o © S o
S o
A o)
o 2 o LS =
3 s a Py - . & « 8
2 2 o T 3 © ¥ 3 ¢ © g
g ¢ ¢ S £ 33 £ 8 8 £ S
S S > = 8 9 3 o 8 35 © ¢
Island n n un W o < O I o O O a
Surtsey order of colonization
1  Cakile maritima . e o
2 Leymus arenarius . o o
3 Honckenya peploides . e o
4 Mertensia maritima . o o
5  Cochlearia officinalis . e o . . e o
6 Stellaria media . e o . .
7  Cystopteris fragilis . .
8  Angelica archangelica . e o . .
9 Carex maritima . .
10 Puccinellia capillaris . e o o o . e o o .
11 Tripleurospermum maritimum e e o e o . e o o
12 Festuca rubra ° ° ° ° ° . . e o
13 Cerastium fontanum . e o o o . . .
14 Equisetum arvense . .
15 Silene uniflora ° ° ° ° ° . . °
16 Juncus arcticus .
17 Poa pratensis . e o . o o
18 Sagina procumbens . e o .
19 Atriplex glabriuscula . . e o o o
20 Rumex acetosella . e o
21 Arabidopsis petraea . e o
22  Armeria maritima . e o . e o
23 Poaannua ° ° . . .
24  Agrostis stolonifera . . .
25 Alchemilla filicaulis .
26  Epilobium palustre (o)
27 Capsella bursa-pastoris (o)
28 Luzula multiflora . .
29 Taraxacumspp. . . . °
30 Rumex acetosa . ) °
31 Polygonum aviculare (o)
32 Agrostis capillaris . . e o . .
33 Alopecurus geniculatus .
34 Ranunculus acris . . o o . .
35 Deschampsia beringensis .
36 Empetrum nigrum . e o
37 Agrostis vinealis .
38 Eleocharis quinqueflora .
39 Phleum pratense .
40 Montia fontana (o) e o . °
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Table Al. Continued.
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S o
o 8« )
S =S > @ > > 5 £ 3 2
) O] g e ¥ 3 v B F
g £ 2 8§ £ 53 2 8 2E§
S =1 =1 = 8 9 5 o C S o ¢
Island n n un U m < O I m » O a
41 Poaglauca .
42 Juncus alpinoarticulatus .
43 Salix herbacea . .
44  Galium normanii (o)
45 Argentina anserina . .
46  Anthoxanthum odoratum e .
47 Leontodon autumnalis . . ° . .
48 Rumex longifolius . .
49  Polypodium vulgare °
50 Luzula spicata .
51 Myosotis arvensis .
52  Salix phylicifolia . .
53 Oxyria digyna (o)
54  Salix lanata .
55 Euphrasia frigida .
56 Plantago maritima . . . . . . . .
57 Platanthera hyperborea (o)
58 Galium verum .
59 Plantago lanceolata
60 Thymus praecox
61 Saxifraga cespitosa .
62 Rhodiola rosea (o)
63 Festuca vivipara .
64 Achillea millefolium . ° . .
65 Alopecurus pratensis (o) .
66 Calamogrostis neglecta .
67 Gymnocarpium dryopteris e .
68 Epilobium collinum (o)
69 Botrychium lunaria .
Neighbouring islands additional species
70 Ranunculus repens . .
71 Drabaincana .
72 Juncus bufonius °
73  Epilobium hornemannii .
74  Saxifraga rivularis .
Species total 59 39 22 28 28 24 22 9 11 7 4 2
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