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ABSTRACT

Plant colonization and succession on Surtsey have been monitored since 1965. In 2019, the 75th species
of vascular plants was detected on the island, 62 species were present and about 40 species had established
viable populations. Over the last decade colonization has slowed down and the number of present species
not increased. The rising number of seagulls breeding on the island after 1985 had a great impact on plant
colonization and vegetation development. While most parts of the island remained barren, a grassland
area (13 ha in 2018) developed in the main seagull breeding colony on the southern part of the island.
This development is attributed to transfer of nutrients from sea to land by the seagulls. In recent years a
dense patch of vegetation, 2 ha in 2018, has also developed on the low, northern spit of the island, where
a few pairs of seagulls breed in the spring and grey seals haul out and breed in the fall in considerable
numbers. In a survey conducted during the grey seal pupping period in 2019, the seal abundance and spatial
distribution was mapped accurately for the first time. The results show that the dense vegetation of the spit
and seal distribution are clearly overlapping. The continuous shrinking of the island and its spit has led to
an increasing concentration of the seals in their breeding area. Based on a literature survey we estimated the
nitrogen (N) input from sea to land by the grey seals as 9-13 kg N/ha in 2019. This compares to an estimated
input of 5-30 kg N/ha/yr by the seagulls breeding in the same area during 2015-2019. Within the grey seal
and seagull breeding area on the spit of the island, a distinct community of shore plants has developed.
Measurements of plant cover and biomass in permanent plots on Surtsey in 2018 and 2019 show that
development on part of the spit is reaching a similar state as in the old gull colony on the southern part of
the island. This suggests that the grey seals along with the seagulls are important drivers of plant succession
on the northern spit. Further research on the effects of the seals on nutrient transfer from sea to land and
ecosystem development on Surtsey is recommended.

INTRODUCTION

The island Surtsey was formed in an oceanic eruption
starting in November 1963 and coming to an end in
1967. The first vascular plant was found on the island
in 1965 and from that time plant colonization and
ecosystem development have been closely studied
(Fridriksson 1975, Magnusson et al. 2009, 2014,
Olafsson & Ingimarsdottir 2009, Petersen 2009,
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Leblans et al. 2014, Sigurdsson & Magnusson 2014,
Sigurdsson & Leblans 2020, Aerts et al. 2020). In
the early years most of the pioneering plants were
shore species adapted to establishment on the sandy
and nutrient poor soils of the new island. A few years
after the cessation of the eruption the first pairs of
seabirds started breeding on the fragile lava cliffs.
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However, during the first two decades, the progress
was slow and it was evident that some ingredients
of the young ecosystem were lacking. This was to
change in 1986 with the formation of a seagull colony
upon the southern part of the island. The plants and
the birds had met and the wheels started turning.
Subsequent studies revealed that the nutrient transfer
from sea to land and seed dispersal by seagulls
had pronounced effects on plant succession, soil
development, invertebrate and bird communities, as
well as ecosystem functions on the island. Over time,
differences developed between the area impacted
by the seagulls on the southern lava fields and other
areas of the island. This is in line with what several
other studies on the impact of seabirds on terrestrial
ecosystems have shown (e.g. Sobey & Kenworthy
1979, Lindeboom 1984, Ellis 2005, Havik et al.
2014, Ball et al. 2015).

The low, northern spit of Surtsey is where the first
pioneering shore plants (Cakile, Leymus, Honckenya,
Mertensia) were found on the island during 1965-
1969. However, in the beginning vegetation
development there turned out to be slower than on
slightly higher land apparently because of frequent
disturbance by coastal flooding during heavy storms
in the wintertime (Fridriksson 2005). Grey seals
started breeding on the northern spit as early as
1983 (Jakobsson et al. 2007) but for years it was not
evident that they were impacting the development of
vegetation in their breeding area. However, after 2010
this was to change. On aerial and satellite images of
the island taken in 2012 or later, dense vegetation
patches started to become visible on the northern spit
in contrast to older images (data not shown). This
needed a further investigation. Various studies have
shown that seals and sea lions can impact vegetation
in and around their colonies through their disturbance
and nutrient transfer from the sea to land, as seabirds
do (Norton et al. 1997, Farina et al. 2003, Bokhorst et
al. 2007, 2019, McLoughlin et al. 2016, Moss 2017).

In this paper we report on our studies of
vegetation in permanent plots on Surtsey, including
the northern spit, in 2018 and 2019 and long-term
trends. In mid-October 2019 we made an aerial
survey and a count of grey seals in the breeding
colony on the island which allowed a comparison
of the seal distribution and the dense vegetation of
the northern tip. The results shed a new light on
vegetation development on Surtsey and possible
impacts of grey seals.
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MATERIALS AND METHODS

Study area

Surtsey (63°18'N, 20°36" W) is in the Vestmannaeyjar
archipelago off the south coast of Iceland. The
islands of Vestmannaeyjar form a young volcanic
system with the oldest rock formations dating from
40,000 years BP (Sigurdsson & Jakobsson 2009).
Surtsey, the southernmost of the islands, was formed
in an eruption in 1963 to 1967. At the end of the
eruption the island had reached an area of 2.7 km?
and a height of 173 m a.s.l. During the eruption, large
tephra cones were formed in explosive phases of the
two main central craters. The cones were gradually
transformed into denser palagonite tuff (Jakobsson et
al. 2000). The southern part of the island consists of
lava flows from the craters. The northern part is a low
spit formed by eroded coastal sediments deposited on
the leeward side (Fig. 1). Coastal erosion has taken a
heavy toll of the island and by 2018 it was only 1.3
km? in area.

The climate of the Vestmannaeyjar area is mild,
oceanic and very windy. An automatic weather station
has been in operation on Surtsey from 2009. For the
period 2009-2019 the mean annual temperature of the
island was 6.6 °C and annual precipitation 1009 mm.
On the average the length of the frost-free period was
199 days and there were 229 days with precipitation
(Petersen & Jonsson 2020). Waters off the southern
coast of [celand are productive and rich in marine life
(Astthorsson et al. 2007). Seabirds are particularly

Figure 1. Surtsey and location of permanent plots (dots and num-

bers), infrared Sentinel image from 6 July 2019. Areas with dense

vegetation appear in red color.
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abundant on the Vestmannaeyjar islands and large
breeding populations of several species are found
there, such as the Atlantic puffin (Fratercula arctica),
northern fulmar (Fulmarus glacialis), gannet (Morus
bassanus), common guillemot (Uria aalge), and
black guillemot (Cepphus grylle) (Hilmarsson 2009);
bird nomenclature follows the British Ornitholgists’
Union (BOU 2013). The seabirds impact the
vegetation with their nutrient transfer, burrowing,
nest building and other activities. The vascular flora
of the islands consists of some 160 species, and all
but a few are present on Heimaey the largest and only
inhabited island. The other old islands harbour only
2-28 species, numbers corresponding to their size,
but lush seabird grasslands and cliff communities
are their main vegetation types. The dominants of
the grasslands are the rhizomatous grasses Festuca
richardssonii and Poa pratensis. Among common
species of the cliffs are Cochlearia officinalis,
Puccinellia and Armeria
(Fridriksson & Johnsen 1967); plant nomenclature
follows Kristinsson et al. (2018). A more detailed
description of the study area is given in Magnusson
et al. (2014).

coarctata maritima

Plant sampling and analysis of biomass

Surtsey is visited by a team of field biologists in
the middle of July every year. After the initial
colonization phase, plant succession has been studied
in permanent plots on the island. The first plots were
set up in 1990 and the latest in 2014. The location
of the plots was chosen subjectively with respect to
substrate type and potential influence of seagulls on
vegetation development on the island (Magnusson
& Magnusson 2000, Magnusson et al. 2009, 2014).
Through the years a few plots by the northern shore
have been lost due to extreme weather and surf
during winter, but replacements have been made. In
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2014 plots were established for the first time up on
the palagonite ridges on the highest part of the island.
In 2018 there were 29 plots in operation on the island
(Fig. 1, Table 1). The plots are 10 x 10 m in size
and are sampled with line transects. Plant cover is
determined by line-intercept method (see Magnusson
etal. 2014).

From 1999, plant biomass is harvested every fourth
year in 10 x 10 m plots adjacent to the permanent
plots, the last sampling occurring in 2019. In each
of these plots vegetation is harvested at random
coordinates. The vegetation is cut at ground level
along a 2 m long line using electric grass clippers.
All plant material is collected (green and withered)
and dried at 60 °C to constant oven-dry mass in the
laboratory (Magnusson et al. 2014).

A biomass estimation for the whole island in 2019
was derived from satellite data. Normalized difference
vegetation index (NDVI) was calculated from a
Sentinel 2 satellite image corrected for atmospheric
affects, acquired 6 July, 2019 with 10 meter pixel
size. NDVI is an indicator of the magnitude of
photosynthetically active vegetation (Rouse et al.
1974), and it is calculated with the formula:

NDVI = (R-IR)/(R+IR),

where R is red reflectance and IR is infrared
reflectance. NDVI values for each permanent plot
were extracted and correlated against the biomass
measurements (see Results). After that a biomass
map was produced for the whole island from the
observed relationship.

Density of seabird nests

Since 2003, density of seabird nests (mainly seagulls)
has been determined annually in and around the
permanent plots on Surtsey. A 1000 m? circular area

Table 1. Permanent plots on Surtsey in 2018, year of establishment, substrate type and relative influence of seabirds and

grey seals.

Plot no. First sampling Substrate type Seabird influence Grey seal influence
1,3,4 1990 Sandy sheet lava High

6-10 1994 Sheet lava High

22,23 1995 Sheet lava Moderate

11-14, 16, 18-21 1994, 1995 Sandy sheet lava Low

15,17 1994 Tephra hill slopes Low

30, 37 2005, 2014 Coastal sand Moderate Moderate

31-32 2008 Block lava Moderate

33-36 2014 Palagonite, gravel Low
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with a center point in the middle of each permanent
plot (10 x 10 m) is inspected and nest bowls, occupied
in the current season counted. The great black-
backed gull (Larus marinus), lesser black-backed
gull (L. fuscus) and herring gull (L. argentatus)
breed in substantial numbers (200-300 pairs) upon
the island (Petersen 2009) and form a dense colony
on the southern part. A few fulmar nests (Fulmarus
glacialis) have also been encountered within the
colony and they are included in the nest counts.
Fewer and more scattered pairs of great black-backed
gulls also breed on the eastern- and northernmost part
of the island.

History of seals on Surtsey

Two species of seals breed in Iceland; the harbour
seal (Phoca vitulina) and the grey seal (Halichoerus
grypus). Both species are frequently seen in the
waters around the Vestmannaeyjar islands and in
the early years of Surtsey they were observed in
the shallow waters and on the sandy coast of the
island, but records are few (Hauksson 1992). Seal
populations of Iceland, including the Vestmannaeyjar
area, are monitored regularly by aerial surveys. The
harbour seal surveys have been conducted since
1980 and are carried out in their moulting period

in July-August (Granquist & Hauksson 2019a),
while the grey seal surveys have been conducted
since 1982 and are carried out during their pupping
period in October-November (Hauksson 1992, 2009,
2010, 2015, Georgsdottir et al. 2018, Granquist &
Hauksson 2019b). In recent years, only a few harbour
seals have been observed on Surtsey in the harbour
seal summer surveys and hardly any in the grey seal
autumn surveys. However, no aerial surveys have
been conducted during the harbours seals pupping
period in May-June, hence there is no direct evidence
of them breeding on the island.

Grey seals, on the other hand, have been reported
to breed on the northern spit of the island as far back
as 1983 (Jakobsson et al. 2007, Hauksson 2015). In all
previously conducted surveys of Surtsey between 1986
and 2017 grey seals with pups were observed on the
northern spit. Total pup production (number of pups
born during the pupping period) is used as an indicator
to monitor grey seal abundance. Grey seal pups are
born with white lanugo fur and can be assumed to
stay at the breeding site until they have moulted and
weaned. Females give birth to their pups at different
times over the course of a few weeks, and it can be
assumed that not all pups born at the site are present
at the same time, since pups born early in the period

Table 2. Observations of grey seal pups on Surtsey, based on the aerial surveys (1-5 overflights per survey) that have been

carried out since 1982 (in 1998 pups were counted from land). Estimated pup production at the breeding site. Maximum

number of pups and adults seen in a single survey each year and dates for maximum observations. Sources are: 'Hauksson

2015, *Granquist & Hauksson 2019b, *present study. Methods applied to estimate pup production from either one or

several counts are explained in Hauksson 2015 and Granquist and Hauksson 2019b.

Estimated pup

Maximum number

Maximum number  Date for maximum

ear production of pups* of adults observation Source
1982 0 0 Oct 8 1
1986 4 34 16 Oct 19 1
1988 20 15 11 Nov 21 1
1989 38 73 0 Dec 13 1
1990 29 23 X Nov 3 1
1992 31 25 10 Nov 2 1
1995 49 39 X Oct 19 1
1998 X 30 X Oct 15 1
2002 44 35 X Nov 6 1
2003 54 37 X Oct 29 1
2005 63 66 X Nov 25 2
2008 88 24 10 Sep 25 2
2012 62 55 X Oct 17 2
2017 134 67 X Oct 3 2
2019 X 62 32 Oct 18 3

*The maximum number of observed pups includes moulted pups, some of which might not be born in Surtsey, which explain why maximum number of

observed pups is sometimes higher than estimated pup production.
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are likely to have weaned and left the area before the
last the pups are born. Therefore, a breeding site needs
to be surveyed a minimum of four times during the
pupping period to obtain a significant estimate of total
pup production (Granquist & Hauksson 2019b). The
estimated pup production on Surtsey has varied from
20 to 134 and the maximum number of pups seen in
a single flight within a year has ranged from 15 to 73
(Table 2), (Hauksson 2015, Granquist & Hauksson
2019b). In the latest grey seal survey in Iceland,
which was carried out in 2017, the breeding colony
on Surtsey was the largest of all colonies at the south
coast with an estimated pup production of 134 (Table
2) and the peak of the pupping period occurred on
October 12 (1 day) (Granquist & Hauksson 2019b).

Distribution of the grey seals in their breeding
colony in 2019

To document the distribution of grey seal pups and
adults, the colony was photographed vertically from
an aircraft, flown in calm weather at 530 m (1680
feet) altitude, around noon on 18 October, 2019. The
twin engined Partinavia P-68 Observer aircraft has
a hatch in the floor where cameras can be mounted
for vertical photography. We used two Canon EOS
5DS R 50.2 MP digital cameras with 50 mm and 105
mm lenses. The programme DotDotGoose (version
1.1.0; Ersts 2019) was used to count the seals from
the digital photos. A map was then made showing
the seal locations on top of a layer of vegetation
distribution of the northern spit.

On 30 October, 2019 a short visit by helicopter
was made to the island which allowed a brief walk
through and photographing of the seals in their
breeding colony.

Changes in island area and patches of dense
vegetation based on images

From the early years of the eruption aerial
photographs have been taken regularly of Surtsey,
bi-annually during the last decades. The photographs
have allowed exact monitoring of the erosion of
the island and surface changes (Jakobsson et al.
2000). Also, changes in plant cover are noticeable
in areas where dense vegetation patches develop.
They become visible when total plant cover reaches
approximately 20% or more. This has been most
obvious on the southern part of the island where a
gull colony started to form in 1986. On an aerial
photograph from 1988 the first sign of a dense
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patch of vegetation could be seen in the center of
the gull colony. From that year expansion of the
dense vegetation area was followed (Magntsson
et al. 2009, 2014). After 2010, a patch of dense
vegetation also became visible on the low spit on
the northern part of the island, on aerial and satellite
images. By 2014 small, dense patches of vegetation
were visible at old fulmar nest sites in crater walls
in the center part of the island. Here we update the
development of dense vegetation areas on the island
by analysing the series of aerial photographs from
2014, 2016 and 2018. Approximate outlines of
the dense vegetation patches, as seen on the aerial
photographs (true color) were drawn and changes
followed between years. The outlines of the island
and the northern spit were also drawn. The northern
spit is the only part of the island with low shores,
as the southern part has high vertical cliffs. In the
geospatial information system ESRI Arc Gis the 10
m contour line and the shoreline for each available
year were used to construct a polygon representing
the spit. The shoreline was drawn manually so that
the software could calculate the area of the polygons
for each year.

Data analysis

Vegetation data (vascular plants only) sampled in the
permanent plots on Surtsey in 2018 were analysed
with a two-way cluster analysis. The cover data were
transformed (log+1) prior to analysis. The PC-Ord 6
package (McCune & Mefford 2011) was used for the
analysis with the Euclidean distance measure chosen
and clustering by Ward’s method. Plant grouping,
cover and biomass were compared to seabird and
grey seal distribution.
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Figure 2. Surtsey colonization curve for vascular plants during
the period 1965-2019.
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RESULTS

Vegetation: colonization, plant composition and
grouping, cover and biomass

By 2019 a total of 76 vascular plants species had been
discovered on Surtsey from 1965 and of those 62 had
living individuals. One new species, Tussilago farfara,
was found on the island for the first time in 2019. About
40 species had established viable populations. After
two distinct colonization phases during approximately
1965 — 1975 and 1987 — 2007, colonization has slowed
down over the last decade (Fig. 2).

Matrix Coding

Inthe sampling of the 29 permanent plots (P) on the
island in 2018 (Fig. 1), 25 vascular plant species were
recorded. The number of species within individual
plots varied from 3 to 16. Poorest in species was P32,
located on block lava on the eastern part of the island.
Richest in species was a nearby P23 at the fringe of
the gull colony, on sheet lava (Fig. 1).

The cluster analysis revealed four main groups
in the plot assemblage (Fig. 3). The first group, G1,
consisted of three plots (P1, 3 & 4) within the gull
colony that are characterized by a very dense and
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Figure 3. Two-way cluster analysis graph showing grouping of plots (left) and plant species within them (above) on Surtsey in 2018.

The species are from left to right: Armeria maritima, Rumex acetosa, Silene uniflora, Botrychium lunaria, Empetrum nigrum, Taraxa-

cum sp., Cardaminopsis petrea, Rumex acetosella, Cochlearia officinalis, Puccinellia coarctata, Tripleurospermum maritimum, Atri-

plex sp., Cakile maritima, Mertensia maritima, Honckenya peploides, Cerastium fontanum, Leontodon autumnalis, Luzula multiflora,

Thymus praecox, Poa annua, Sagina procumbens, Festuca richardsonii, Poa pratnesis, Leymus arenarius and Stellaria media. Relative

abundance of each species within a plot is shown by green color intensity, irrespective of other species.

Table 3. Species richness and total plant cover (%) in permanent plots in 2018 and plant biomass (g dwt./m?) harvested in

2019. Averages = s.e. for the four vegetation groups (G1-G4) of the cluster analysis and for all the plots.

n Species richness Plant cover Biomass
Gl 3 5.0+0.5 160.6 +5.3 576.0 £20.1
G2 5 8.0+1.0 78.1 £12.2 231.7 £85.1
G3 19 7.1+0.6 2.9+1.0 7.4+1.9
G4 2 9.0+1.4 88.3 +4.8 222.7+17.5
All plots 29 7.2+0.5 38.4+10.0 119.7 £36.7
120 Surtsey Research (2020) 14: 115-130
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Figure 4. Total plant cover in permanent plots from their esta-
blishment. Averages for the four groups (G1-G4) formed in
cluster analysis of the 2018 vegetation data, shown in Fig. 3. G1
and G2 plots are within the main gull colony, G3 are outside the
colony and G4 are on the northern spit where the grey seal colony

hauls out.

layered cover of Leymus arenarius, Poa pratensis
and Stellaria media, along with less abundant Festuca
richardsonii, Taraxacum sp. and Tripleurospermum
maritimum. Total plant cover and biomass was two-

Www.surtsey.is

fold higher than in any of the other groups and species
richness is relatively low (Table 3). The plots are in the
old center of the gull colony and on relatively thick
tephra soil that overlays the lava underneath.

The second group, G2, consisted of five plots (P6-
10) that are also within the gull colony but on lava
substrate with little or no tephra on top. The vegetation
was lower and not as dense as in G1 as shown by
the plant cover and biomass but species richness was
higher (Table 3). The most common species of this
group (G2) were the grasses Festuca richardssonii
and Poa pratensis but other common species were
Puccinellia coarctata, Tripleurospermum maritimum
and Cochlearia officinalis (Fig 3).

The third group, G3, consisted of 19 plots (P11-
29, 31-36, Fig. 3). These plots are outside the gull
colony and on variable substrate (Table 1). They
had a very low plant cover and biomass but species
richness is intermediate (Table 3). The main species
in tephra plots of the group were Honckenya
peploides, Cerastium fontanum, Silene uniflora,

Gl-plot 3. Plant cover: 170%, biomass: 603 g/m? dominants: Poa

pratensis, Leymus arenarius, Stellaria media.

G2-plot 8. Plant cover: 89%, biomass: 169 g/m?, dominants: Poa

pratensis, Festuca richardsonii, Puccinellia coarctata.

G3-plot 17. Plant cover: 4%, biomass: 10 g/m? dominants: Rumex

acetosella, Honckenya peploides, Cerastium fontanum.

G4-plot 30. Plant cover: 95%, biomass: 248 g/m? dominants:

Mertensia maritima, Honckenya peploides, Leymus arenarius.

Figure 5. Examples of plots within the four main vegetation groups, in 2018 (see Fig. 3). Cover data is from the 2018 season and bio-
mass from 2019. G1 and G2 are within the old gull colony, G3 is outside the colony and G4 is from the grey seal and gull breeding area
on the northern spit. Plant cover is a total cover of species within plot, adds to > 100% in dense, layered vegetation. Photos: Borgthor
Magntsson 16-18 July 2018.
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Figure 6. Relationship between plant biomass of permanent plots
on Surtsey in mid July 2019 and NDVI of their pixels acquired
from a Sentinel 2 image dated 6 July 2019 (see Fig. 1).

Rumex acetosella and Cardaminopsis petrea, but in
plots on lava or the palagonite ridges Puccinellia
coarctata, Cerastium fontanum, Sagina procumbens
and Poa annua.

The fourth group, G4, consisted of only two plots
(P30, 37) that are both on the low, northern spit (Figs.
1 and 3). Within these plots, plant cover, biomass
and species richness were relatively high (Table 3).
The characteristic species of the plots were the shore
plants Mertensia maritima, Cakile maritima, Atriplex
sp., Honckenya peploides and Leymus arenarius, but
other rather abundant species were Stellaria media
and Puccinellia coarctata in one of the plots. The
annuals Cakile maritima and Atriplex sp. were not
found in other plots on the island.

The long-term data from the vegetation plots
revealed trends in development within them (Fig. 4).
A comparison of the four vegetation groups (G1-G4)
shows that from as early as 1994, the cover of plots
within the gull colony (G1 and G2) increased more or
less steadily over time, while that of plots outside the
colony (G3) has remained extremely low. In the plots
on the northern spit (G4), cover was relatively low in
2004 and 2006 but started to increase from 2008 and
took a sharp rise in 2014.

Sampling of biomass adjacent to permanent plots
in 2019 reflected the same differences between plots
and groups as the species composition and cover
measurements in 2018 (Table 3). The biomass in
individual plots varied from < 1 to 603 g dwt/m?, the
poorest plots (P33 & 35) being upon the palagonite
ridge, and the richest (P3) in the lush grassland of the
gull colony. Examples of plots within the four vegetation
groups are shown in Fig. 5, underlining the differences
in their plant composition, cover and biomass.

The biomass measurements from the middle of
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Figure 7. Distribution of plant biomass (dry weight) on Surtsey
in 2019, derived from projected NDVI-values and ground-truth
biomass measurements by the permanent plots in the same sea-
son (see Fig. 6). Hot spots are the seagull colony on the southern
part of the island and the grey seal/seagull breeding area on the
northern part. Most of the light-green spots on the center part of
the island are small breeding colonies of fulmars. Furthest to the

right are two old seagull nest sites within Leymus-dunes.

July 2019 allow a calibration with NDVI-values
of a Sentinel-image covering the island a week
earlier. The correlation showed a good exponential
relationship between biomass and NDVI (Fig. 6). A
new dataset derived by using the best-fit exponential
function from the correlation (y = 1.165¢7:%32,
EXCEL) gave an estimation of biomass for each
pixel in the dataset. The outcome is shown on Fig.
7. Over most of the island, biomass was extremely
low, but on the other hand, very high within the gull
colony on the southern part of the island, as well
as in part of the northern spit. A few other areas
showed small patches of elevated biomass (Fig.
7). A summing up of these calibrated values gave
a biomass of 19,600 kg dry weight for the whole
island in 2019.

Vegetation: expansion of dense growth

With inspection of the series of aerial photographs of
Surtsey it is possible to trace and follow the formation
and development of dense vegetation patches on the
island (Figs. 8 & 9). In 1988 the first patch within
the gull colony on the southern part of the island

Surtsey Research (2020) 14: 115-130



measured 0.03 ha (Fig. 8). Ten years later, in 1998, it
had expanded to 6.6 ha, and by 2014 it had reached
13.0 ha. The 2016 and 2018 outlines revealed a small
reduction due to an erosion of the island (Fig. 8 & 9).

Dense vegetation
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Figure 8. Expansion of dense vegetation on Surtsey during the
period 1988-2018. Approximation from aerial images, by Anette
Th. Meier. First signs of dense vegetation became visible in 1988
on the southern part of the island, in 2012 on the northern part
and in 2014 on the central part. Vegetation patches become vis-
ible on aerial photos when plant cover has reached about 20% or

more. Contour lines are 2 m.
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Figure 9. Development of areas of dense vegetation patches on
southern, northern and center Surtsey during 1988-2018, as seen

and outlined on aerial photographs, see Fig. §.
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On the northern spit a dense vegetation patch of 1.1
ha had become visible in 2012, expanding to 2.1 ha
in 2014. After that a reduction in area occurred and
it measured 1.5 ha in 2018 (Fig. 8 & 9). The small
patches on the center part of the island measured only
0.1 ha in 2018. The total area of dense vegetation
patches on the island in 2018, as outlined from aerial
photographs, was 14.3 ha in 2018 or approximately
11% of the island’s area.

Seagull nesting density by vegetation plots

From 2003 we have an unbroken 17-year record of
nesting density in and around the permanent plots
on Surtsey. The total number of nests found each
year varies greatly (19-52), being lowest in 2009 and
highest in 2017 (Fig. 10). The variation probably
reflects feeding conditions in the sea around Surtsey
in the spring and during the breeding season. Through
the years most of the nests have been within the gull
colony area on the southern part of the island. From
2015 nests have also been encountered near plots on
the northern spit (Fig. 10).

Average nesting density in plots within the four
vegetation classes shows a distinct difference between
the plots as well as a change in trends between 2003
and the present (Fig. 11). However, one must bear in
mind that nests were not counted during the first 17
years of the gull colony. From 2003 nesting density
was high within the two groups, G1 and G2, consisting
of plots within the gull colony. The density was
markedly higher in G2 but plots within the group are
located more towards the edge of the colony than plots
in G1 (Fig. 1). Nesting density in the other two groups,

60 1
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Figure 10. Total number of nests found in a 1000 m? circular area
by all permanent plots (P1-36) on Surtsey from 2003 to 2019.
P1-23 are 21 plots in operation from 2003. P30-37 are 8§ plots
established in 2013 or later, but prior nesting is improbable. P30
and P37 are on northern spit, (see plot locations on Fig. 1). The
nests are all seagull nests except for the years 2012, 2013, 2014,
2018 and 2019, when 1-2 fulmar nests were also found each year

and included.
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Figure. 11. Cumulative number of gull nests in and around per-
manent plots from 2003 to 2019 (within a circular area of 1000
m?), averages for the four groups formed in cluster analysis of the

2018 vegetation data (see Fig. 3).

G3 and G4, remained extremely low over most of the
period but from 2016 there was a slight rise, especially
in the plots of G4, on the northern spit (Fig. 11).

Grey seal numbers and distribution in 2019

In the aerial survey of Surtsey on 18 October 2019,
a total of 94 grey seals was observed on the island,
all on the northern tip. Of those 62 were pups
and 32 adults. Several females were seen feeding
their pups. The seals were on the inner part of the
spit and most of them inside the coarse boulder
ridge by the shore. The ridge extends to form the
northernmost part of the spit where seals were

Grey Seal
@ Adult

© Pup
Dense vegetation
Year
B 2012
2014
2016
[ 12018

Ni-am20

Figure 12. Distribution of grey seals photographed in an aerial
survey of Surtsey on 18 October 2019. The expansion of dense
vegetation on the northern spit of the island from 2012 is also
shown. Approximation from aerial images, by Anette Th. Meier.

Contour lines are 2 m.

Figure 13. Grey seals by the northern shore of Surtsey on 18 October 2019. A female with a suckling pup is in the center of the

photograph. Four adults and six pups are visible. The withered vegetation is mainly Leymus and Honckenya. Photo: Gudmundur A.

Gudmundsson.
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A. A newborn pup in a bed of Honckenya on the northern spit.

B. Pups, about 1-week-old on a tephra slope on the eastern side of the spit.

C. Roughly 2-week-old pups within the dense vegetation area of the

northern spit.

D. Pup about 4-week-old in a bed of Leymus on the eastern side of the
spit. The dense white birthcoat is gone and adult fur has developed.

Figure 14. Grey seal pups at different stages of development by the northern shore of Surtsey on 30 October, 2019. Photos: Borgthor

Magnusson.

not seen (Fig. 12). Many of the pups and adult
seals were within or near the dense vegetation in
the central part of the spit (Fig. 12-14). A few of
the pups were up in tephra channels on the slopes
above the spit. None of these pups were with their
mothers which can indicate that they were weaned.
At the later stages of the moulting period, the pups
start crawling around and exercising their muscles
before going to sea.

In the brief visit to the island on 30 October, 2019
it was not possible to thoroughly inspect the whole
seal colony. However, pups at different development
stages were encountered, from newborns to 4-5 week
old pups (Fig. 14). Also, several adult seals were
observed, including a female with fresh feces beside
her who appeared ready to give birth.

DISCUSSON

Vegetation development

The finding of Tussilago farfara on Surtsey in 2019
is the first addition to the vascular flora since 2015.
The species has probably been dispersed by wind to
the island. From our last account of the flora reaching
to 2013 (Magnusson et al. 2014) four other newcomers
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have been discovered. They are Ranunculus repens,
Epilobium hornemannii, Alchemilla alpina and Carex
bigelowii. However, only the last one was present
in 2019. There is now a strong indication that the
colonization wave driven by the seagulls during 1987-
2007 has slowed. The number of present vascular
plant species on the island peaked at 65 in 2007, then
began to decline. From 2016 to the present the number
has stayed at 62 species.

The analysis of the vegetation data sampled
in 2018 showed mostly the same trends and
differences between areas outside and inside the old
seagull colony as revealed in our previous studies
(Magnusson & Magntisson 2000, Magnusson et al.
2009, 2014).In2018/2019, there was ~50-80 times as
much cover and biomass in areas with breeding gulls
as those where no gulls were present. This change
is driven by nutrient transfer from sea to land by the
birds. Most important are N and P, but availability
of several other nutrients is enhanced in the affected
soils (Sigurdsson & Leblans 2020, Aerts et al. 2020).

New in our results of the vegetation analysis of
2018 is that the plots (P30 & P37) on the northern
spit are departing from other plots outside the old gull
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colony, indicating a recent change in the vegetation
of the spit. The plots are in the center and lowest part
of the spit, where there is more shelter and moisture
compared to outer parts of the area. What is most
noteworthy among their species is a great increase in
the abundance of Mertensia maritima in both plots
since 2016, also in the abundance of Cakile maritima,
Atriplex, Stellaria media and Leymus arenarius in
one or both plots. All the species are known to prefer
fertile to richly fertile soils (Nitrogen (Ellenberg)
6-8) according to BRC (2020). Cakile, Atriplex and
Stellaria are annuals that only thrive in relatively
nutrient rich environments.

Cakile was the first species found on Surtsey, on
the northern shore in 1965 (Frioriksson 1975). In
the following years it came and went until 1995, as
it was present in 13 years out of 30 (Magnusson et
al. 2009). From 1995 there is an unbroken record
of the species on the island (unpublished data). In
2014 it started to appear in the plots on the northern
spit and increase in abundance. Mertensia has an
unbroken record of presence on the island from
1971 but does not start to flourish until 2014, in the
plots of the spit. Although found earlier Stellaria
did not gain a foothold on the island until 1988.
Its main stronghold became the oldest and richest
plots within the gull colony, until it appeared in
high abundance in one of the plots on the northern
spit in 2018. Atriplex has an unbroken record on
the island from 2004. It is mostly confined to the
dense vegetation on the northern spit were it has
thrived in recent years. Leymus was the second
colonizer of Surtsey, in 1966, and has an unbroken
presence since 1973. It has spread widely in sandy
areas and in 2012 it was among the most common
species on the island (Magnusson et al. 2014).
However, its abundance, measured as cover within
permanent plots, remained relatively low except in
areas impacted by breeding seagulls. Since 2016,
its abundance has increased substantially within the
plots on the northern spit. The observed changes in
distribution and abundance of these species on the
northern spit in recent years indicate considerable
increase in soil fertility of the area. The low,
northern shores of Surtsey receive very little drift
of marine algae, as large fucoid beds have not
developed on the unstable, littoral substrate off the
spit (Jakobsson et al. 2007). Nutrient input upon the
beaches and further inland is therefore considered
limited via transport of dead algae from the sea.
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Distribution of seagulls and seals

The first record of seagulls breeding on the northern
spit is from 2005 when one great black-backed gull
nest was found (unpublished data). From that time a
few pairs have nested in the area amongst driftwood
and patches of Honckenya. The first nest in or near
a permanent plot on the spit was found in 2015. In
2016 and 2017, there were 6 nests recorded in or near
the two plots, during a peak in number of breeding
gulls on the island. In 2018 and 2019 the number of
nests in or near the two plots was down to 2 and 1
(Fig. 10). It can therefore be stated that the seagulls
have impacted the vegetation of the northern spit in
recent years.

In this study, we have created the first map of the
exact distribution of the grey seal breeding colony on
the northern spit of Surtsey, which is the only part the
island accessible to them. While the map is based on
a single overflight, previous data obtained from the
regular grey seal censuses carried out since 1982,
has shown the grey seals with pups haul out on the
northern spit (Granquist and Hauksson 2019b; Erlingur
Hauksson pers. comm.). As an example, images taken
during the census of 5 October 2017, show dozens
of grey seal females and pups, most of them at the
eastern and western edges of the spit, under the hill
slopes, similar to what we observed in the current
study (Granquist and Hauksson, unpublished data).
Fewer seals were visible near the center of the spit in
early October 2017 compared to late October 2019. In
both years many seagulls (75 glaucous, 46 great black-
backed and 12 herring gulls in 2019) could be seen on
the photos of the spit, some of them amongst the seals
and others roosting on the northern tip of the spit. This
suggests that the gulls might be attracted to something
edible coming from the seals.

Due to continuing marine abrasion, the land
surface of Surtsey was reduced from its maximum
area of 2.7 km? in 1967 to 1.3 km? in 2018. The
northern spit, where the grey seals haul out to breed,
has shrunk accordingly. In 1967 it was 0.3 km? or
about 30 ha in area (Jakobsson et al. 2000). In 1988
it was reduced to 20.1 ha and by 2018 down to 10.2
ha (Fig. 8, Fig. 15). The grey seals in the breeding
colony have therefore concentrated in a smaller area
with the passing of time.

It should be noted that estimated total pup production
(see Table 2) is a better indicator for grey seal abundance
in Surtsey, than a separate single count, which was only
possible in 2019. In 2017, when four overflights were
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B. 17 July, 2018.

Figure 15. An overview of the northern spit of Surtsey, taken from the same spot in 2001 and 2018. Note the shrinking of the spit over

the period and change in vegetation cover in the center part. Photos: Sigmar Metusalemsson and Borgthér Magnusson.

made the highest number of pups seen in a single flight
was 67 on 3 October, and the estimated pup production
in the colony that year was 134. The peak of the pupping
period in 2017 was 12 October (Granquist & Hauksson
2019b). The number of pups seen in the colony on 18
October 2019 is close to the maximum number recorded
in earlier surveys and it should be expected that a higher
number of pups were born over the course of the full
pupping period (Table 2).

In the brief visit to the island on 30 October 2019,
it was not possible to thoroughly inspect the whole
seal colony. However, pups at different development
stages were encountered, from newborns to 4-5
week-old pups (Fig. 14), as well as an adult female
ready to give birth. This further indicates that at the
time of inspection of the colony in mid-October
some pups were probably unborn and others might
have left for the sea. Very little information on grey
seal abundance on Surtsey outside of the breeding
period exists, but it can be assumed that the island is
used by adult grey seals during their moulting period
in the spring. Further, information on harbour seal
abundance in Surtsey in other times of the year is
very scarce. Harbour seals haul-out on land to a large
extent during their pupping period in May-June, and
it cannot be ruled out that they use Surtsey more at
that time of the year than when the surveys have been
carried out. This needs to be taken into consideration
when effects of seal abundance on plant succession in
Surtsey is discussed.

Nutrient transfer by seagulls and seals

In an earlier paper (Magnusson et al. 2009) we
attempted to estimate the nutrient transfer of the gulls
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in their colony based on the excretion and food models
for gulls developed in the Netherlands by Hahn et al.
(2007). A seasonal estimate of a family unit (parents
and offspring) for a lesser black-backed gull and a
herring gull was around 0.6 kg N and 0.12 kg P. Taking
into account the larger size of the great black-backed
gull we here approximate the nutrient input of its
family unit to 1 kg N and 0.2 kg P during the breeding
season. Therefore, from their nesting density by the
plots on the spit in 2015-2019 (0.5-3 nests/1000 m?
= 5-30 nests/ha) we estimate their nutrient input as
5-30 kg N/ha and 1-6 kg P/ha in a season. This can be
compared to an estimated input of 6-60 kg N/ha and
1.2 — 12 kg P/ha in a season in the old gull colony
during 2003-2008 (Magnusson et al. 2009). Also to
measured average seabird N-accumulation of 47 kg
N/ha/yr in the old gull colony soils on Surtsey since
1985 and 1-2 kg of background N-deposition outside
the colony (Leblans et al. 2014). The nutrient input of
the nesting great black-backed gulls on the northern
spit in the last few years is therefore substantial and
contributes to the increase in vegetation in the area.
Grey seals are capital breeders as they forage and
buildup stored blubber thatis utilized during the period
of breeding and weaning of pups. During this time,
they do not forage for food. In mid-September, grey
seals start hauling out to breed on the northern spit of
Surtsey and the first pups are born. The last females
give birth in November-December (Hauksson 2015,
Granquist & Hauksson 2019b). The lactation period
is short and the pups are abruptly weaned after 2-3
weeks after which a post-weaning land based fasting
period starts. During this period the pup moults
before going to sea (Fedak & Anderson 1982). After
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weaning the females mate with the dominant male.
Knowledge on grey seal pup development and exact
time spent at the breeding site at these different stages
is scarce for the Icelandic population. However, in a
study of breeding grey seals (17 mothers and pups)
on Sable Island, Canada, the average lactation period
was 17 days. The average weight of a female at the
time of parturition was 196 kg and pup birth mass 17
kg. At the time of weaning a pup had increased its
weight 200-300% and the females had lost 35% of
their initial body mass (Mellish et al. 1999). Further,
Reilly (1991) studied the post weaning fast period of
12 grey seal pups. Their fast period lasted from 10 to
more than 28 days. However, among 8 pups that were
studied more thoroughly, the average post weaning
fast lasted for 16 days on the average.

Can it be assumed that a 200 kg grey seal female
and its pup transfer more nutrients from sea to land
than a pair of black-backed gulls (2 x 2.5 kg) breeding
in the same area? Water and energy metabolism of
free-living grey seal pups during their post-weaning
fast was studied by Reilly (1991). The average water
output of the pups was 521 ml/day. The daily urine
output fell with fasting time, from 4.8 to 2.1 ml/kg/
day. Nitrogen in pup urine was 3.4 g/day (24 h) at
initial capture but fell to 1.8 g/day at final capture
(Reilly 1991). These values can be used to speculate
about the possible nutrient output from the seals on
Surtsey. Assuming a female/pup weight ratio of 6
over the period of lactation (17 days), (Mellish et al.
1999), the same urine output per kg and the higher
urine N-value (3.4), a post weaning period of 16 days
(Reilly 1991) and the N-output value for the pups as
2.6 g N/day over the period (average of the higher
and lower value found by Mellish et al. 1999). The
outcome will therefore be: female lactation period 6
x 3.4 g N/day x 17 days = 347 g N; pup lactation
period 3.4 g N/day x 17 days = 58 g N, pup post
weaning period 2.6 N/day x 16 days =42 g N. This
exercise gives a total nitrogen output from a female
and its pup of 447 g N, assuming that the females
urinate on land only during the period of lactation.
Feces from the females and the pups are not included,
but defecation appears to be limited during the period
of fasting (Reilly 1991). The N-output from a grey
seal female and its pup estimated here is therefore
only about half of the estimated output from a pair of
black-backed gulls and their chicks.

As stated above, there were 62 grey seal pups
and 32 adults seen on the northern spit of Surtsey in
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October 2019. Considering that the estimated pup
production in 2017 was estimated to 134, it is likely
that over the whole 2019 breeding season there were
more than 100 pups born in the colonly, in an area
of approximately 5 ha. The N-output from the seals
could therefore be of the order 20-30 females with
pups per ha x 0.45 kg N =9-13 kg N/ha, compared to
to the 1-2 kg of background N-deposition on most of
Surtsey (Leblans et al. 2014).

The grey seals breed in the fall after the period
of vegetation growth. A portion of nutrients
coming from the seals to the top soil may be
washed or leached away from the plant root zone
and not be as readily available as nutrients released
from breeding seagulls in the spring and summer.
However, as mentioned above, data on grey seal
abundance during other periods of the year, such
as the moulting period in the spring, is lacking.
There are other possible sources of nutrients
associated with the seals. When giving birth the
females release the placenta and its fluids which
are a sources of energy and nutrients and appear to
attract seagulls (see earlier). Also, they may release
feces at the site before giving birth. At moulting
the pups change coats and the birth hairs are left
in place, some of them will blow away but others
be buried in the sand, eventually decomposing
and adding nutrients to the soil. Here we have
not considered the males present in the breeding
colony and their possible inputs. Another source
of nutrients are animals that die on land. In the
summer of 2019 three carcasses of long-dead seals
were encountered on the western spit of Surtsey.
To our knowledge dead seals have not been found
previously on the spit, although it can be expected
that some of the pups do not survive.

Earlier studies (e.g. Farina et al. 2003, Doughty
et al. 2016, Moss 2017, Bokhorst et al. 2019) have
suggested that marine mammals and seabirds can be
important vectors of marine nutrients to terrestrial
systems. Our results support these findings. The
animals obtain their food from productive oceans
and breed on islands or in other remote areas. At
the breeding sites soil nutrient concentrations are
affected and plant growth enhanced. These effects
have become very clear in the continuing studies
of plant colonization and ecosystem development
on Surtsey. The seagulls are more mobile than the
seals, so they exert their influence over a much
larger area on the island.
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With continued erosion of Surtsey the
northern spit will probably disappear before the
turn of this century, while the island core will
remain for thousands of years (Jakobsson et al.
2000). As the older neighboring islands, Surtsey
will be girthed by high cliffs and not accessible
to seals. Their impact on the island ecosystem
will therefore be far more short-lived than that
of the seabirds.
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