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Abstract The intertidal communities on rocky shores are
directly subjected to climatic changes in air and water
temperatures and to derived effects of climate change, such
as changes in freshwater run-off and ice dynamics. Global
warming occurs at elevated rates in Greenland and results
in changing species distributions with range expansions to
the north and new species entering terrestrial habitats from
the south. There is, however, no quantitative knowledge of
past or present species distribution in the littoral zone of
Southern Greenland, an area which represents an important
gateway for northern range expansions of temperate spe-
cies. This study provides baseline information on abun-
dances of macroorganisms in the eulittoral Southern
Greenland. This knowledge will pave the way for future
studies on the impact of climate change and anthropogenic
activities on these communities. Nine sites, situated at
different exposure levels, were investigated. A total of 22
taxa were recorded, suggesting low species richness. Pa-
tellid limpets and predators such as dogwhelks, starfish and
crabs were absent. Total standing stock ranged from O to
31,898 g m 2. Species composition and biomasses were
related to locally generated wave exposure, oceanic swells
and ice scouring. The high standing stock at sheltered sites
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indicated that neither light, temperature nor nutrients,
constrained buildup of biomass in this environment.
Inshore seasonal measurements of water and air tempera-
tures were recorded for the first time in the region, dis-
playing low water temperatures and high variation in air
temperatures, indicating lack of insulating stable sea ice in
the area. Possible impacts of ongoing temperature changes
are discussed based on recorded temperatures and meteo-
rological data from the past 30 years.
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Sea surface temperature

Introduction

The intertidal zone of rocky shores is an intensively studied
marine habitat. Ecologists studying community assembly
rules have worked in this habitat in temperate regions for
nearly a century, and as a result, the mechanisms influ-
encing species composition and community dynamics
along intertidal rocky shores are well-documented (Connell
1972; Paine 1994; Bertness et al. 2001; Little et al. 2009).
Being directly exposed to changes in air and sea surface
temperature, as well as changes in ice cover and freshwater
input the intertidal zone is highly subjected to climate
change. It is therefore considered an “early warning hab-
itat” in which effects of a shifting climate can be detected
prior to changes becoming detectable in other marine
systems. Detailed knowledge of many intertidal commu-
nities and their direct susceptibility to changes in climate
thus make the intertidal zone a useful model for studying
biological effects of climate changes (Sagarin et al. 1999;
Hawkins et al. 2008). Studies from the rocky intertidal,
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predominantly in temperate regions, have revealed how
individual species respond to a warming climate by
changing their distributional limits; for example, the mus-
sel Mytilus edulis has contracted its southern distributional
limit along the Atlantic coast of the US by 350 km since
the 1960s as a result of mortality caused by increased
summer temperatures (Jones et al. 2010; Zippay and Hel-
muth 2012). Not only do increasing temperatures change
the southern distributional limit of temperate species in the
Northern hemisphere; they also enable “southern” species
to extend their northern range, as observed along the
Pacific coast of the US (Barry et al. 1995; Zacherl et al.
2003; Blanchette et al. 2008) and in Great Britain (Mies-
zkowska et al. 2006; Herbert et al. 2007; Mieszkowska
et al. 2007; Blanchette et al. 2008; Hawkins et al. 2009).
These northward range expansions result in invasion of
new species (Broitman et al. 2008) which can considerably
influence ecosystem function and diversity through chan-
ges in biological interactions (Hawkins et al. 2009; Harley
2011; Kordas et al. 2011).

Climate models predict increasing Arctic temperatures
at a rate of twice the global mean (Solomon et al. 2007).
Rising temperatures and the resulting decrease in ice
cover are expected to trigger a northward expansion of
temperate and subarctic species. Ecological modeling
suggests a significant change in distribution of intertidal
macroalgae along North Atlantic coasts under the TPCC
climate change scenarios (Jueterbock et al. 2013). Such
changes are already observed in Svalbard where intertidal
macrophytes are now advancing into inner fjord basins
(Westawski et al. 2010). A northward range shift of
intertidal macroalgae species will lead to dramatic chan-
ges in community structure and ecosystem function along
the Greenlandic coastline. Range expansions are bound by
climatic conditions, but pelagic transport of propagules
and larvae, which may depend on regional and local
current regimes, is also a crucial parameter. South
Greenland is hydrographically connected to the Northeast
Atlantic through the North Atlantic drift and the Irminger
Current, with may facilitate transport of northern tem-
perate species. The southern tip of Greenland, the Cape
Farewell area, thus seems to be a critical gateway to
potential northward range expansions in this corner of the
Northwest Atlantic (Labrador Sea, Davis Strait and Baffin
Bay); at present, however, the rocky intertidal zone of
Greenland with its composition of flora and fauna has not
been quantitatively studied and studies of Arctic intertidal
communities are sparse (Wulff et al. 2009; Westawski
et al. 2011). Only few present biomasses (Florczyk and
Latala 1989; Hansen 1999; Espinosa and Guerra-Garcia
2005; Konar et al. 2009), but this baseline information is
needed to evaluate predicted range shifts and to quantify
the impact of climate change.
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To enhance predictions and documentation of changes
caused by drivers such as climate change, it is important to
understand how past events affect contemporary commu-
nity processes. The structure of North Atlantic ecosystems
show signs of past large-scale events, such as the trans-
Arctic interchange when the Bering strait opened, and there
is a well-documented gradient in which the diversity of
epilithic microphyte grazers decline across the Atlantic,
moving from Western Europe across Iceland towards North
America (Jenkins et al. 2008). The Greenlandic commu-
nities have never been considered in this context, and we
still need to see whether they fit into the proposed schemes.
Furthermore, the suggestions that the Arctic, as a whole, is
home to no more than 100 macrobenthic intertidal species,
and that fewer species are found off islands than off con-
tinental landmasses in the Arctic (Westawski et al. 2011)
need to be consolidated by data from the Greenlandic
intertidal.

This paper contains the first quantitative description of
intertidal communities in Greenland based on an exami-
nation of the community composition at nine sites situated
at different levels of wave exposure at the southernmost
part of the Greenlandic west coast. This is a first step
towards bridging the knowledge gap on intertidal com-
munities in Greenland, providing baseline data on intertidal
species composition, abundance and diversity in an area
which is suspected to be an important stepping stone in
climate-driven range shifts from the Northeast Atlantic
towards the Northwest Atlantic.

Materials and methods
Study area

A total of nine sites were investigated in two different areas
of Southern Greenland (Fig. 1a, b; Table 1), one of which
was the Kitsissut islands about 10 km off the coast. These
islands are extremely exposed to wind, oceanic swells and
advected sea ice, except for the sheltered bay on the main
island where samples were taken. The other area was the
mainland coast near Cape Farewell where samples were
collected both along the coast and in the fjords. Both Cape
Farewell and Kitsissut are influenced by three water mas-
ses: (1) Fjord water receiving runoff from land, (2) cold
low-saline polar/coastal water from the East Greenland
Current and (3) the warmer, more saline Atlantic water
entering the area via the Irminger Current; the latter is,
however, most conspicuous at depth and more offshore
(Ribergaard 2013). The properties of the surface water in
the coastal zone are highly dependent on tidal mixing; on
the east coast of Greenland, multi-year sea ice is trans-
ported south by the East Greenland Current, and the
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Fig. 1 Location of sampling sites in Kitsissut (a) and Cape Farewell (b). Nanortalik weather station shown in (b). Advection of multi-year sea
ice April 9th, 2013 along the south coast of Greenland (c). Image provided by the Danish Meteorological Institute

leading ice front typically passes Cape Farewell in January
or February. This ice is present in the area for three to
5 months (Fig. 1c) (Buch 2002). Sea ice does not usually
form locally in the fjords. Surface water salinity is around
28-32 in summer (Ribergaard 2013), and tides are semi-
diurnal with a maximal tidal amplitude of 2.7 m, resulting
in an average air exposure in the mid intertidal of 6 h
50 min and a maximum air exposure of 8§ h 20 min.

Sampling and sample processing

Sampling was carried out during July 2011 (Kitsissut) and
the first half of September 2011 (Cape Farewell). Species
abundance of macroalgae and benthic macrofauna were
measured by coverage (expressed by the percent of a
25 x 25 cm area covered by the species), biomass (wet
weight of whole individuals including exoskeletons on
fauna) and number of individuals (for macrofauna) at each
site. A horizontal transect was established at each site
following the mean tidal level (MTL) and we restricted

surveys to sites which consisted of boulders and solid
bedrock. The MTL was located by raising a lath at the
low water mark and by using a hand level to point out
positions at the height representing half the maximum
tidal amplitude from which the actual water level (cal-
culated from tide tables) had been subtracted. Seven
replicate samples were taken along the horizontal transect,
with 0.5 meters interval. Samples were bordered by
25 x 25 cm  (0.0625 m?) frames subdivided in 100
squares to ease coverage determination. The percentage of
coverage of each algal species was determined within
each 25 x 25 cm frame, and so was the percentage of
bare rock. All invertebrates and algae attached within the
frame were then collected for species identification and
biomass determination. Coverage of barnacles and algae
crusts was determined after the removal of macroalgae.
Periwinkles and amphipods appearing after the removal of
algae were collected using forceps.

Samples were sorted and preserved on the day of sam-
pling or the following day. All macrofauna attached to the
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Table 1 Location and abiotic features of the investigated sites in southern Greenland
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Kitsissut

Cape Farewell

Site

K4

K3

K2

K1

CF5

CF4

CF3

CF2

CF1

60°45'881N 60°45'881N 60°45'875N 60°45'896N

60°00' 181N

60°09'988N 60°05'054N 60°08'947N

60°00'292N

Positions

48°27'175W

48°27"210W

NNE

9.6°

48°27'199W

NNW

9.7°

44°12'612W 44°14'512W 44°17'366W 44°39'990W 48°27"260W

449421 424W

Orientation

14°

13° 13° 17° 56° 8.9°

9,218.4

19°

Slope

116.8

ND

128.4
ND

128.6

1,282.4 760.6 172.1
ND ND ND

12.5

7,828.2
10.5

15,345.6

254

Wind fetch REI (m? s™})

18.5

Wave exposure: water

velocity (m s7h

80° 50° 0° ND ND ND ND ND

90°

Ice-scour (average angle

of deformation)

algae were carefully removed and transferred to 70 %
ethanol. Water used for sample flushing was sieved through
a 500 pum mesh to retrieve the macrofauna. Algae were
shaken to remove excess water, and each species within a
frame was weighed separately. Macrofauna were counted
and identified to lowest possible taxon, i.e. species, using
Hayward and Ryland (1995), and biomasses including
exoskeletons of the individual species were determined
using a 3-digit scale. The samples were then stored in 70 %
ethanol. Macroalgal identification was performed accord-
ing to Pedersen (2011).

The vertical range of habitat-forming macroalgae was
measured laying out a vertical transect from the maximum
low water level to the upper limit of the intertidal com-
munity. The transect was placed at a representative stretch
of the site, and the presence of macroalgal species was
registered on a 20 cm transversal line at 25 cm intervals
along the transect. The vertical height of each observation
was subsequently determined using the slope of the
coastline.

Assessment of environmental gradients

Environmental stress parameters (ice scour, temperature
and wave exposure) were measured at site CF1, CF2, CF3
and CF4 in the Cape Farewell area. Due to logistical lim-
itations, environmental stress parameters were not assessed
at all sites. Temperature loggers (Hobo professional v.3,
Onset) were placed at MTL and retrieved after one and a
half year.

Maximum water velocities were measured over a period
of 14 days, during which time the area was hit by two
storms with wind speeds of up to 34 m s~'. Spring-loaded
dynamometers (Bell and Denny 1994) were calibrated and
placed at the rock at the MTL by drilling a hole which fit a
cylinder containing the spring. A thread—collar was glued
onto the rock by means of marine epoxy, making it pos-
sible to unscrew and recover dynamometers at the end of
the sampling period. Maximum water velocities were cal-
culated according to Bell and Denny (1994).

Ice scour intensity was assessed at some sites (Table 1)
by measuring the deformation of 15 stainless steel screws
(4 mm) affixed to the rock at each site during the winter
season. The average angle of deformation was used as a
proxy for ice scouring intensity where 0° represent no
bending of the screw and 90° maximum bending.

Relative wave exposure index (REI) was calculated
based on Keddy (1982) and modified according to Fonseca
et al. (2002). The transect lines were clipped at 10 km, as
recommended by Fonseca (2010). Fetch lines were based
on distances to the shoreline in 32 directions and were then
reduced to eight lines by a weighted average of the closest
nine lines. This accounts for irregularities of the coastline.
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Data on wind were retrieved from meteorological station
number 4283 in Nanortalik (Fig. 1b) and provided by the
Danish Meteorological Institute. Air temperatures from the
past three decades were also obtained from this station.

Data analysis

Data analysis was carried out using R 3.0 (R core 2012)
with reshape 2 for database handling (Wickham 2007),
Vegan for ecological analysis (Oksanen et al. 2013) and R
core functions for statistics. A species accumulation curve
was calculated according to Ugland et al. (2003). In order
to determine the pattern of ecological distances, expressed
as Bray-Curtis dissimilarity, we used Principal Coordinates
Analysis (PCoA) as implemented in Vegan package. Data
were transformed by Wisconsin double transformation
before calculating Bray-Curtis dissimilarity.

In situ temperature data retrieved from the temperature
loggers placed at MTL were separated into air and water
temperatures based on tides and sea level model for the
area (available from the Danish Meteorological Institute).

Results

Biomass of macroorganisms, coverage of sessile organisms
and abundance of macrofauna were quantified in 60,
0.0625 m? quadrates covering nine distinct sites (Fig. 1;
Table 1) at the MTL in Southern Greenland. The cumu-
lative number of species registered across the nine sites
was 22 taxa. Of these, 12 were macroalgae, and 10 were
macrofauna (Fig. 3). The species accumulation curve
approached its asymptote, indicating that most taxa of that
particular habitat in the area were collected with the
method employed (Fig. 2). The communities were char-
acterized by the large canopy-forming algae Fucus

25

Cumulative number of species

0+ T T T T T
0 10 20 30 40 50 60

Samples

Fig. 2 Species accumulation curve for all sites showing how number
of taxa increases with increased sampling intensity

evanescens, Fucus vesiculosus and Ascophyllum nodosum,
and the dominant faunal species were the gastropod Liz-
torina saxatilis, the amphipod Gammarus oceanicus and
the cirriped Semibalanus balanoides (Fig. 3). Possible
interactions among functional groups in the communities
were examined by correlating the faunal functional groups,
biofilm grazers (Littorina spp. and isopods), herbivorous
shredders (amphipods) and filter feeders (cirripeds) to the
macroalgal biomass within quadrates. The biomass of
biofilm grazers was positively correlated to algae biomass
(Pearson correlation coefficient p = 0.54, n = 60,
p <0.01) as was the biomass of herbivorous shredders
(p = 0.82,n = 60, p < 0.01) and the total species richness
for the fauna (p = 0.57, n = 60, p < 0.01). Coverage of
filter feeders was not correlated to algal biomass
(p =0.01, n =60, p = 0.92).

Whole community composition was analyzed by PCoA
ordination which showed a tendency for separation
between areas (Fig. 4); this pattern was confirmed by
ANOSIM (R = 0.1588, p < 0.001). The most notable
differences between the two areas were the higher fre-
quency of Littorina obtusata among the collected molluscs
in Kitsissut compared to Cape Farewell (20 vs. 0.4 %) and
the presence of the amphipod Hyale nilssoni being
restricted to Cape Farewell. The two axes explained 55 %
of the variation in the dataset, with eigenvalues of 6.25 and
6.049 for the first and the second axis, respectively. The
gradient along the first axis reflected exposure, with the
more exposed sites towards the right (Fig. 4). This is partly
a consequence of the increased deformation of Fucus at the
exposed sites. Generic level identifications, Fucus spp.,
were a consequence of the deformity or absence of key
species characteristics, such as pairwise bladders or elon-
gated receptacles, which may be needed for safe identifi-
cation of F. vesiculosus and F. evanescens, respectively.
This resulted in an increased occurrence of unidentifiable
Fucus individuals classified as Fucus spp. at exposed sites.

Overall, intertidal biomass was not related to wave
exposure level, expressed by REI; however, within each
sampling area, biomass tended to increase with decreasing
REI values (Fig. 5). The REI corresponded to the wave
exposure, measured by dynamometers during local storms
in the Cape Farewell area (Table 1). Total biomass ranged
from 0 to 31,898 g m > at Cape Farewell and from 0 to
35359 ¢ m~2 at Kitsissut.

The vertical distribution of canopy forming macroalgal
species at both sites is shown in Fig. 6: Cape Farewell
(CF1-CF5) and Kitsissut (K1-K4), with decreasing wind
fetch toward the right F. evanescens and F. vesiculosus
showed a general vertical zonation pattern, i.e. at sites
where both Fucus species were present, F. vesiculosus was
found to inhabit the upper part of the littoral zone, whereas
F. evanescens was concentrated in the lower part. A.
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«Fig. 3 a Biomass measured at Kitsissut and Cape Farewell. b Cov-
erage of macroalgae and cirripeds, and macrofaunal abundance
Kitsissut and Cape Farewell. Data are shown in a box-and-whisker
diagram. Bottom and top of the boxes are the first and third quartiles
and the line inside the box shows the median. The ends of the
whiskers represent the range of the data after excluding outliers.
Outliers are plotted as individual points. The epithet spp is used when
specimens can be assigned to the same genus but may belong to
different species
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Fig. 4 PCoA ordination based on biomass. Patterns in community
composition are based on the dissimilarities between 56 quadrates
containing biomass across all sites
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Fig. 5 Total biomass of algae and fauna at each site. Sites are ranked
according to site REI value with the highest fetch value to the left

nodosum was located between the two Fucus species at site
CF4 which was the only site with an abundant A. nodosum
population.

The vegetation belt of F. evanescens at Kitsissut tended
to occur higher in the littoral zone as wave exposure
increased, except at K3 where cracks and crevices sheltered
a dense F. evanescens population in the upper part. No
vertical zonation was observed at the most exposed sites,
neither in the Cape Farewell area, nor at Kitsissut.

In situ temperatures were recorded by three temperature
loggers retrieved from the MTL in the Cape Farewell area

1555
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O Fucus evanescens = Fucus spp.

e Fucus vesiculosus % Ascophyllum nodosum

Fig. 6 Vertical range for canopy-forming algae. Y-axis displays
vertical height above the low water level maxima which is set to zero.
Dotted line shows MTL

(site CF2, CF3 and CF4). The three intertidal temperature
loggers recorded water temperatures between —1.8 and
8.8 °C (Fig. 7). Water temperatures differed between sites,
with higher summer temperatures in the harbor of Aappi-
lattoq (Fig. 7f). Air temperatures ranged between —13.2
and 32.9 °C, and seasonal variation was consequently
around 40 °C. Maximum diurnal variation was 29.1 °C in
the mid intertidal.

Three decades of temperature data from the weather
station at Nanortalik showed a significant positive trend in
mean winter (December to March) and summer (June to
September) air temperatures from 1982 to 2011, with a
statistically significant increase of 0.12 °C year™ ' in sum-
mer (R* = 0.53, p < 0.01) and 0.14 °C year—' in winter
(R* = 0.36, p < 0.01) (Fig. 8).

Ice scouring intensity was assessed at four sites in the
Cape Farwell area and ranged between O in the harbor of
Aappilattoq (site CF4) and 90 degrees of deformation at
Ikigaat (site CF1), the latter of which was also the most
wind-exposed site, as shown by the REI values (Table 1).

Discussion

Extreme diurnal and seasonal changes in temperature and
light, together with scouring by sea ice, make the Arctic
intertidal an extremely physically disturbed habitat. It has
been suggested that the Arctic intertidal as a whole is home
to less than 100 intertidal species (summarized by
Westawski et al. 2011). Our observations in Southern
Greenland confirm the notion of a species-poor Arctic
intertidal, with only 22 taxa registered in the MTL across
the nine sampling sites (Fig. 3). The number of observed
species was influenced by sample efforts which were
concentrated in the mid intertidal. The relative flat species
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accumulation curve indicates that the majority of species
were sampled in this habitat. In a study from Nova Scotia,
an area also influenced by sea ice, was total species rich-
ness in the mid intertidal 16 and 30 species on exposed and
sheltered shores, respectively (Scrosati and Heaven 2007).
The low number of species in our study can, most likely, be
attributed to the harsh environment, with ice scour being a
particularly important parameter in the investigated area.
The ice is advected into the region each year, and the
variable deformation of stainless steel screws between sites

@ Springer

indicated large local variation in ice scour intensity, which
may, to some degree, be related to differences in wave
exposure (Table 1). The impact of ice scouring was also
clear from the deformation of fucoid algae at most of the
visited sites.

Cape Farewell and Kitsissut segregated in the ordination
due to different proportions of species (Fig. 4). Studies
indicate that L. obtusata is more frequently found on Fucus
than L. saxatilis in subarctic environments (Johannesson
and Ekendahl 2002), and this seems to also be the case at
the Kitsissut sites which had a more extensive coverage of
Fucus compared to the sites visited at Cape Farewell
(Fig. 6).

The diversity of epilithic microphagous grazers was
very low and no patellid limpets were present in the MTL
in the studied areas. The absence of limpets has also been
observed in other subarctic locations in Greenland (MK.
Sejr pers. obs.). Theoretically, the lack of limpet grazing
should allow the fucoid algae to occupy more exposed
areas because grazing directly determines the degree to
which fucoid algae survive exposure (Hawkins et al. 2008).
This is seen in northern Europe where fucoid algae extend
further out onto exposed shores compared to southern
Europe (Spain and Portugal) where limpet grazing is more
intense and restricts fucoids to sheltered and estuarine
refuges (Ballantine 1961).
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The lack of predators was another conspicuous trait of
the investigated intertidal community. The dogwhelk Nu-
cella lapillus was not found in the MTL community in
Southern Greenland even though it has been reported from
the MTL of the southern part of Iceland (Espinosa and
Guerra-Garcia 2005) and from Nova Scotia (Scrosati and
Heaven 2007); other potentially important predators, such
as crabs and starfish were also absent and these findings are
consistent with reports of low predator abundance in the
intertidal of the Godthéabsfjord, SW Greenland (64°N)
(Blicher et al. 2013). The lack of predators in the Southern
Greenlandic MTL adds to the many examples of physical
stress altering the relative importance of biological inter-
actions in structuring species assemblages in the intertidal
(Menge 1976). Specifically, it is expected that the influence
of predation decreases as physical stress increases, and that
strong physical stress induces a replacement of competitive
species interactions by facilitative interactions (Leonard
2000). This was exemplified in our dataset by the positive
correlations between algal biomass and functional faunal
groups (and species richness), indicating that the modera-
tion of physical stressors, such as extreme temperatures,
desiccation or wave exposure by algae could improve the
overall chances of success for some intertidal fauna
species.

Whether the lack of predators is mainly an “island
effect” or due to the harsh environment remains specula-
tive. Nucella populations are abundant along South Ice-
landic shores (M. Blicher, pers. obs.), an area which could
be an obvious source of predator colonization to Green-
land. Coastal sea surface temperatures in Southern Iceland
are above 0 °C during winter and are generally 4-8 °C
above temperatures measured in this study along the coast
of Cape Farewell (Hanna et al. 2006); this would suggest
that sea surface temperature could be an important factor
for colonization and proliferation of predators in the
Greenlandic intertidal. Historical records stress this point
by showing increasing abundance and a northward
expansion of starfish in west Greenland, following an
episodic inflow of warmer Atlantic water during the 1930s
(Jensen 1949).

Species composition and total biomasses were related to
water velocities which were about twice as high as veloc-
ities measured by the same method in Nova Scotia, Eastern
Canada (Scrosati and Heaven 2007); this shows that Cape
Farewell is one of the windiest locations on Earth (Moore
et al. 2008). The impact of exposure on species composi-
tion was evident in the ordination, displaying a gradient
with the most exposed sites towards the right (Fig. 4). The
more exposed sites had a higher occurrence of unidentifi-
able Fucus individuals, and A. nodosum also responded
strongly to exposure, being observed only at the two most
sheltered sites (CF4 and CF5) at Cape Farewell but not at

the sheltered Kitsissut sites. Thus, A. nodosum seems vul-
nerable to the oceanic swells at the Kitsissut islands, since
locally generated wind exposure, as expressed by REI
values, was smaller than REI at sites CF4 and CF5. The
effect of swells was also observed in the Cape Farwell area
where A. nodosum was scattered with biomasses
<1,496 g m~?2 at the sheltered coastal site (CF5), whereas
it was dominant and habitat forming within the fjord sys-
tem in the sheltered natural harbor of Aappilattoq (site
CF4) which is unaffected by oceanic swell. The ordination
displays segregation of areas along the second axis; this
must be driven by a factor other than exposure, but it is not
clear, based on the collected data, whether this segregation
is caused by differences in the buildup of ice or other
parameters.

Vertical zonation of macroalgae

The main structuring element in the intertidal community is
the large brown algae belonging to the Fucales, and a
distinct vertical zonation between different Fucales species
in the intertidal is well-described for temperate areas
(Schonbeck and Norton 1980; Karez and Chapman 1998).
According to Pedersen (2011), four Fucales species prevail
in Greenland; A. nodosum, Fucus distichus, F. evanescens
and F. vesiculosus. The typical vertical zonation of these
species in the Greenlandic littoral is F. vesiculosus in the
upper part, A. nodosum in the middle part and F. evanes-
cens in the lower littoral and upper subtidal (Rosenvinge
1893; Christensen 1981; Pedersen 2011), whereas F. dis-
tichus is typically found in rock pools both in Greenland
and Norway (Rueness 1977; Pedersen 2011).

The height of each vegetation zone is largely determined
by exposure to waves with an upward shift when exposure
increases (Liining 1990; Lobban and Harrison 1994). In the
investigated region, this implies an upward shift in F. ev-
anescens, leaving an increasingly narrow band of the upper
littoral zone for F. vesiculosus which eventually disappears
with increasing wave exposure. Such distributional patterns
were observed at Kitsissut where F. evanescens tended to
occur higher in the littoral zone when wave exposure
increased, except at K3 where cracks and crevices sheltered
a dense F. evanescens population relatively high in the
intertidal zone. In the Cape Farewell area, F. vesiculosus
disappeared at the coastal sites (CFl and CFS5) at the
impact of oceanic swell. The zonation at the most protected
in-fjord location (site CF4) displayed the classical zonation
pattern, i.e. F. vesiculosus in the upper part, A. nodosum in
the middle part and F. evanescens in the lower littoral.
Even though the zonation pattern observed in the present
study generally confirmed previous observations and gen-
eral theoretical predictions, it also stressed that the zona-
tion of the habitat-forming macroalgae cannot be predicted
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by REI index alone, but are also influenced by ocean swell,
ice scouring and local physical parameters, such as
roughness of the substratum.

Biomasses

There are few quantitative studies of biomasses in the
Arctic intertidal. Konar et al. (2009) measured macroalgal
biomasses in the MTL from latitudes of 20°N to 60°N and
found the highest biomasses at high latitudes in Alaska.
The biomasses range from about 800—4,800 g m~2 which
are lower than the biomasses measured in the present study
(range 0-35,000 g m~?). Comparable biomasses are found
in Iceland with biomasses of up to 25,000 g m ™2 in the
MTL on a southern shore, whereas a more northwesterly
site had biomasses of around 1,800 g m~2 (recalculated
according to Espinosa and Guerra-Garcia 2005). In
Greenland, there are few previous reports of littoral bio-
masses: In the Disko Bay area, biomasses range from 300
to 3,800 g m 2 (recalculated according to Hansen 1999),
and average densities of A. nodosum are 19,000 g m™~ in
Kobbefjord, close to Nuuk (Juul-Pedersen et al. 2013). The
present data show that temperature, light and nutrient
regime in subarctic intertidal habitats do not limit the
buildup of biomass, provided that the shore is sufficiently
sheltered in terms of waves and ice (Fig. 5). Consequently,
exposure to waves and ice scouring seems to be the lim-
iting element in the region.

The effect of wave exposure is well-described in the
intertidal of temperate regions where the overall picture is
one of gradual change from exposed shores dominated by
sessile invertebrates to sheltered areas dominated by mac-
roalgae (Little et al. 2009). In south Greenland, REI did not
correlate to the standing stock in the dataset as a whole, but
when sites within the two separate areas were ranked
according to REI, a negative effect of wave exposure on total
standing stock became evident (Fig. 5). The difference
between areas seemed to reflect the effect of another expo-
sure parameter besides the locally generated waves, namely
oceanic swell that also exerts an important acceleration
force, hampering the buildup of biomass. This was the case
for the sites at Kitsissut where sampling was carried out in an
embayment which, although sheltered from local waves
(low REI values), was indeed affected by oceanic swell.
Thus, the observed differences in standing stock between the
Kitsissut sites reflect different exposure to swell rather than
to local waves (REI), stressing the importance of different
wave forces for structure of the intertidal community.

Temperature regime

The increasing trend in the 29 years of air temperature
measurements from the region suggests changing physical
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conditions during the past three decades. This is the first
quantitative study of the intertidal community in the
region, and it is not clear whether the observed changes in
climate have already impacted community structure.
Changes in temperature of a similar magnitude are linked
to changes in species composition of the rocky intertidal
zones in other areas, e.g. California, Great Britain and
Australia (Barry et al. 1995; Mieszkowska et al. 2006;
Jones et al. 2009). In the Arctic, changes in seawater
temperatures and ocean circulation have caused boreal
crustaceans to advance into Arctic fjord basins, cold-water
Arctic species to retreat and M. edulis to be reintroduced
after 1000 years of absence (Berge et al. 2005; Beuchel
et al. 2006; Weslawski et al. 2010; Westawski et al. 2011).

Minimum air temperatures recorded in the MTL in this
study border on the median lower lethal temperatures for
M. edulis, L. saxatilis and S. balanoides from the British
Isles which are estimated to —8.2, —16.4 and —14.6 °C,
respectively (Davenport and Davenport 2005). Assuming
that lethal values are representative for Greenlandic pop-
ulations, we speculate that increasing temperatures could
have caused a decrease in freezing-induced mortality of
several intertidal species, potentially leading to increasing
biomass and range expansion. Organisms in the eulittoral
of South Greenland are exposed to extreme diurnal tem-
perature variations which at the same time seem to differ
between the three sites (Fig. 7). These differences are most
likely due to the specific orientation of each logger to direct
sunlight. The fluctuating temperatures during winter
underline the important lack of insulating stable sea ice
(Scrosati and Eckersley 2007) which is found in many
regions of Greenland, but which did not build up in our
study area except during a few days in March in the harbor
of Aappilattoq, following a period of air temperatures
below—13 °C (Fig. 7c, f). The eulittoral was therefore
directly exposed to winter air temperatures and conse-
quently subjected to the ongoing climatic changes in winter
air temperatures (Fig. 8).

This work provides the first inshore water temperature
recordings of seasonal sea surface temperatures in the
region, revealing low temperatures with small amplitude
compared to sea surface temperatures of southern Iceland
(Hanna et al. 2006). Maximum temperatures also tended to
be lower than open water observations (SST) in the more
northerly Godthabsfjord system in west Greenland (64°N)
(Vesteegh et al. 2012). This is probably due to the close
contact to the East Greenland Current and possibly also
glacier runoff in the fjords.

Models based on sea surface temperatures predict a sig-
nificant poleward expansion of F. vesiculosus, A. nodosum
and Fucus serratus during the next century (Jueterbock et al.
2013). Whether or not the macroalgae can track the newly
opened niches depends on both their dispersal potential and
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their adaptation abilities. F. vesiculosus and A. nodosum are
already present in Greenland. These species bear air vesicles
which allow flotation of thalli, and their northward migration
is expected to not be limited by dispersal. A. nodosum is,
however, known to have long generation times of
50-70 years (Olsen et al. 2010), and clearance experiments
in Iceland show that it takes at least 8—10 years to build up A.
nodosum climax communities in sheltered habitats (In-
golfsson and Hawkins 2008).

There are no reports on F. serratus from the Greenlandic
intertidal even though present water temperatures should
be suitable for the species in Southern Greenland (Jueter-
bock et al. 2013). The remoteness of Greenland could be a
barrier, preventing F. serratus from extending its range in
response to warming since the poorly-dispersing F. serra-
tus lacks flotation vesicles. The species has, however,
recently colonized shores of Iceland and the Faroe Islands
through shipping activities (Coyer et al. 2006), and such
activities also carry the potential of introducing this species
in Greenland.

The predicted range expansion of intertidal macroalgae
species towards the north (Miiller et al. 2009; Jueterbock
et al. 2013) will lead to a dramatic alternation in shore
ecology, but the colonization success also depends on the
adaptability of the species to high Arctic light conditions.
Getting through the polar night requires storage of photo-
synthates and nutrients, and the occurrence of F. evanes-
cens on Svalbard demonstrates that this species is able to
physically adapt to short day lengths and the polar night
(Svendsen 1959; Weslawski et al. 1997; Fredriksen and
Kile 2012). Likewise, F. vesicolusus is found in the high
Arctic in Upernavik (72°N) and Uumannaq (70°N) (M.
Blicher pers.obs). These species, and possibly also other
fucoids, have the physiological plasticity which could
enable gain of habitable area towards the north as tem-
peratures rise.

Conclusion

This quantitative survey documents the species composi-
tion of macroorganisms in the Southern Greenlandic MTL.
This area is characterized by low species richness, as well
as the absence of patellid limpets and potentially important
predators, such as dogwhelks, crabs and starfish, illustrat-
ing the role of enhanced physical stress in reducing the
importance of biological interactions in structuring species
assembly. High standing stocks were observed at sheltered
sites, showing that light, temperature and nutrient regimes
in subarctic Greenland do not limit the buildup of biomass
of the habitat forming macroalgae. The key structuring
physical factors were wave exposure and ice scouring.

Measurements of air temperature in the area showed an
increasing trend of 0.12-0.14 °C year™' over the past
30 years. We speculate that especially increasing winter
temperatures may result in decreased mortality in some
intertidal species of SW Greenland, potentially leading to
increasing biomass and range expansion. Baseline studies,
such as the present, are urgently needed if we are to
identify the response of the rocky intertidal zone to con-
tinued climatic changes in subarctic and Arctic regions.
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