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Abstract
Short-term variability, spatial variability, and the vertical distribution of an intertidal macroalgal
assemblage were examined on the coast of Barton Peninsula, Maxwell Bay, King George Island,
Antarctica. Sampling was performed during the three austral summer seasons from November 2016 to
January 2019. The sampling interval for short-term variability was 1–2 months. Sampling for spatial
variability was performed at two sites 400 m apart. Eighteen algal species were identi�ed, with 75%
relative coverage of the predominant red Iridaea cordata and endemic brown Phaeurus antarcticus.
Summer abundance can be described as a shift from I. cordata to P. antarcticus, and the change in color
is intuitively presented using a contour plot for the �rst time. Short-term variation in the macroalgal
assemblage showed 78.35% similarity between one month and 64.61% similarity between two months.
The spatial variation analysis indicated 77.13% similarity between the assemblage at the two sites. If
global warming continues, the algal population of this region is expected to expand. P. antarcticus, which
is primarily found in the subtidal zone, is predicted to relocate southward or higher in the near future.
Long-term monitoring of this research region, which is dominated by the two species, is warranted to
determine the impact of global warming on the macroalgal assemblage.

Introduction
Macroalgae are important direct food sources in many countries and primary producers in the world’s
oceans. Macroalgae, which have the structural complexity of a thallus and holdfast, serve as shelters
from external waves and ultraviolet (UV) light, refuges for protection from predators, and nurseries for
animals and their juveniles. In Antarctica, macroalgae perform the same general ecological functions 1-6.
A total of 130 macroalgae species have been reported in Antarctica, with the majority occurring in the
western Antarctic Peninsula 6-8; this value represents a low species richness, even when compared to
southern Australia where almost 1,500 macroalgae have been reported 9. However, due to insu�cient
scienti�c collection and di�culty in accessibility and logistics, the diversity of macroalgae in Antarctica
has likely been underestimated 10. Endemic Antarctic macroalgae account for 27.1% of all species, owing
to isolation by the Antarctic Circumpolar Current. Kelps (order Laminariales), which are brown algae;
thrive in shallow waters around the world except for in Antarctica. In Antarctica, Desmaretiales and
Ascoseirales (an endemic kelp-like brown algal order) play a critical role in performing the ecological
functions typically performed by kelp 11. In East Antarctica where the latitude is high, the taxonomic
diversity of seaweeds is very low due to the limited availability of light and extremely harsh environment,
although a few species do exist such as Palmaria decipiens, Phyllophora antarctica, and Iridaea cordata
12-14.

Antarctica, which is isolated from the other continents, is known for its extremely harsh climates. In the
context of macroalgae habitats, the ice, light, and temperature conditions of Antarctica are very poor
compared to those of temperate and tropical regions 2,6. Ice is a major environmental factor and has a
great in�uence on all benthic organisms, including macroalgae, in Antarctica. Speci�cally, thick sea ice
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limits the light conditions and affects the growth of macroalgae, and icebergs derived from glaciers result
in direct disturbance through scouring15. This scouring action limits macroalgae inhabitation to less than
15 m depth, with a few exceptions up to 25 m depth 16,17. Fast ice, on the other hand, can be “locked in”
icebergs and reduce seabed disruption 18. In intertidal zones, brash ice or growlers, which are �oating ice
with a diameter less than 1 m, often cause a trampling effect 19. In addition, day length in�uences the
seasonal development of macroalgae. In King George Island, the duration of daylight varies from 5 to 20
hours throughout the year; as the day length increases after winter, the development of season
anticipators (mostly endemic species), such as Phaeurus antarcticus, Ascoseira mirabillis, and
Desmarestia antarctica, is induced 6,20,21. The average coastal water temperature for the entire Antarctic
continent is below 0℃ throughout the year, whereas the east coastal temperature of the Antarctic
Peninsula, Victoria Land, Adelie Coast, Wilkes Land, Queen Mary Coast, Mac Robertson Coast, and
Enderby Land is below −1.8℃ throughout the year. Because of the frozen conditions, it is di�cult for
benthic macroalgae to exist 12-14. However, the coastal water temperature of the South Shetland Islands,
located at the tip of the Antarctic Peninsula, ranges from −1.8 to 2.0℃, which allows macroalgae to
actively grow along the coast of the western Antarctic Peninsula during the summer 22.

The intertidal zone is among the most studied marine habitats worldwide and its ecosystem has been
well described 23. In Antarctica, the intertidal zone has low taxonomic diversity relative to the subtidal
zone due to the severe in�uence of ice disturbance. As a result, despite the easier accessibility, there have
been few research studies of the intertidal zone in this region 10. The ice foot and growlers are the
principal causes of ice disruption in the intertidal zone. The ice foot develops in winter, covering some
areas of the intertidal zone and affecting benthic organisms, while the growlers trample benthic species.
As a result, macroalgae can only grow in places where the in�uence of the ice foot is low, and
colonization by macroalgal associated zoobenthos becomes possible in these areas 24,25. Previous
research on the macroalgae of the Antarctic intertidal zone includes taxonomical descriptions and
vertical zonation studies, as well as studies on the structure of the assemblage and interactions with the
environment or organisms 25-29. The majority of studies have been conducted on King George Island,
South Shetland Islands, with recent examples including studies on scale-dependent spatial variation and
temporal variation 27,28.

We attempted to conduct research on spatio-temporal variation of different scales at different sites. The
aims of this study are as follows. First, we intended to newly express the vertical distribution of the
macroalgal assemblage of the Antarctic intertidal zone in a continuous manner using a contour plot,
rather than the conventional discontinuous descriptions of the upper, middle, and lower levels. Second,
we wanted to determine how much temporal variation in the macroalgal assemblage occurs over one or
two months during the austral summer, as well as determine what species drive this variation and to what
extent. Third, we wanted to investigate the extent of spatial variation at the local scale (i.e., 100s of
meters) and to assess the spatial diversity of the intertidal zone in Maxwell Bay using reported data.
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Materials And Methods
Study site

This study was carried out on an intertidal rocky platform on the southern shore of Barton Peninsula (62°
15′ S, 58° 44′ W), about 3.5 km away from King Sejong Station (KSS; Fig. 3). The intertidal platform is
composed of volcanic rocks formed during the Eocene Epoch 56, measures approximately 1 km long and
100 m wide, and is connected to the igneous cliffs of the land. From the spray zone to the high tide zone,
the beach consists of typical pebbles and coarse sand. At the mid and lower tide zones, it is composed of
rocky beds scattered with cobbles (Fig. 4). The tidal regime is mixed-semidiurnal and the maximal tidal
range (Highest/Lowest Astronomical Tide; HAT-LAT) is 185 cm in Admiralty Bay, King George Island
(www.tide-forecast.com/locations/Admiralty-Bay-South-Shetlands/tides/latest). For the tide forecast on
Barton Peninsula at KSS, data from nearby Admiralty Bay are used. During extreme low tide, only two or
three days each month are appropriate for conducting a survey of the intertidal zone and the maximum
sampling time is only about two hours.

The climatological normal temperature observed in KSS is −1.7℃, the predominant wind direction is
northwest, and the average wind speed is 8.0 m/s (data from Korea Polar Data
Center; http://kpdc.kopri.re.kr). Sea ice formation in Maxwell Bay, where Barton Peninsula is located,
generally occurs between late July and mid-September of the austral winter, although it does not happen
every year. For example, sea ice freezing was observed in 2016 and 2017, but there was no freezing in
2018 or 2019.

 

Sampling

Surveys of temporal-spatial variation in the macroalgal assemblage were performed at sites A and B
from November 2016 to January 2019. Sampling was performed with a one-month time difference
(December 2018 and January 2019) and again with a two-month time difference (November 2016 and
January 2017) to analyze short-term changes in the macroalgal assemblage during the austral summer
at site A (Table 4). In January 2018, sampling was conducted at sites A and B (approx. 400 m apart) to
analyze spatial variation in the macroalgal assemblage. The time gap of sampling between the two sites
was two days. To collect data for the vertical distribution of the macroalgal assemblage, vertical lines
were installed at each site. Two quadrats (50 cm × 50 cm) were placed on the left and right sides of the
vertical line at 5 m intervals (10 m intervals for the �rst survey) and photographs were taken. Non-
destructive sampling was performed to minimize damage to the Antarctic intertidal macroalgal
assemblage and small amounts of the samples were collected for macroalgal identi�cation. An Olympus
Stylus TG-4 Tough (TG-4; Olympus Imaging Corporation, Japan) and DSC-RX100M5A (Sony Corporation,
Japan) cameras were used to photograph the plots in this study. Species identi�cation and percent cover
in each quadrat were performed through visual estimation on a monitor. The length of the vertical lines
varied due to different low water spring heights at each sampling time. In the case of site A, the basic

http://kpdc.kopri.re.kr/
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vertical line was set to the mid-point 60 m away from the start-point, and the vertical line was extended to
the lower intertidal zone as much as possible at each survey time. Macroalgae were identi�ed according
to available taxonomy in AlgaeBase 57 at the lowest possible taxonomic level, with the exception of
crustose coralline algae (CCA) which were classi�ed at the subfamily level.

 

Macroalgal assemblage characterization and analysis

We analyzed the short-term change in the macroalgal assemblage over one or two months by pooling
quadrat data and a list representing the mean percent cover of each species at each sampling interval.
Based on these data, the macroalgal assemblage was characterized using ecological indices such as
richness, diversity, and evenness. Richness (S) indicates the total number of species observed during the
survey time. Diversity were calculated using the Shannon-Wiener diversity index (H’ = ∑ (pi × Loge pi)),
and pi is the relative abundance of taxon i. Evenness were evaluated the Pileous index (J’ = H’ / Log S).
CLUSTER analysis was performed to calculate the temporal change in the macroalgal assemblage
between the sampling intervals. Similarity of percentage (SIMPER) analysis 58 was performed to con�rm
the contribution of each species to the temporal change. In order to estimate the similarity of the
macroalgal assemblage across sampling seasons and intervals (1 month earlier/later; 2018–19 season,
2 months earlier/later; 2016–17 season), a resemblance matrix was created by calculating the Bray–
Curtis similarity. Prior to the SIMPER and resemblance matrix analyses, all data were subjected to a pre-
treatment procedure involving standardization and square root transformation 58. In addition, the spatial
variation of the macroalgal assemblage surveyed in the 2017–18 season was compared at two different
sites (site A and B). Characterization of the macroalgal assemblage for the spatial variation analysis and
the statistical analysis of communities was conducted in the same manner as described above.

 

Contour plotting for vertical distribution

In order to visualize the temporal change in the vertical distribution of macroalgae in the intertidal zone,
contour plots were created using Surfer 9 (Golden Software, Inc.). Four contour plots (2 seasons × 2
times) were generated using the algal coverage data. Each contour plot was created by overlapping the
�ve contour plots generated by the total algal cover and �ve major species (Iridaea cordata, Phaeurus
antarcticus, Palmaria decipiens, Desmarestia anceps, and CCA) data. The vertical distribution of the total
algal cover was represented by a line, while the major �ve species were represented by distinct patterns
and color gradients. The Kriging technique was used for the gridding method, which consisted of 700
grids (100 rows × 7 columns), to generate the contours. The contour plots represent the sampled area (1 ×
70 m) on a vertical line; for better visualization, an 8× scale was applied for the x-axis (8 × 70 plot scale
length). Although contour plots are mainly used to express elevation in geology and geography, in
oceanography they have been used for intuitive analysis of the distribution of chemical variables in the
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water column. To the best of our knowledge, this is the �rst attempt to express macroalgal abundance
using contour plots.

 

Species composition and spatial structure of Maxwell Bay using previously reported data

To expand the spatial variability of the macroalgal assemblage, data from previous studies around
Maxwell Bay in King George Island were extracted. The data were rearranged and pooled by site, and
CLUSTER analysis was then performed based on our results. Data from 9 sites and 11 were reported in
four studies 26-28,37. The major and minor species were classi�ed based on the criterion of coverage of
5% among the species, and the relative coverage was calculated by the point or site. A pie chart was then
created on the map. For spatial variability among sites, a dendrogram was created through CLUSTER
analysis and the structure in the data was tested and grouped through similarity pro�le routine
(SIMPROF) analysis 58. Data processing (pre-treatment and resemblance) was performed in the same
manner described above. The SIMPER, CLUSTER, and SIMPROF analyses, as well as the ecological index,
used in this study were performed using PRIMER 6 software (PRIMER-E, Ltd., UK).

Results
Short-term variation in the macroalgal assemblage and contour plotting of the vertical distribution

The similarity of the macroalgal assemblage surveyed with a one-month difference (December 2018 and
January 2019) was 78.35%, while that surveyed with a two-month difference (November 2016 and
January 2017) was 64.61%. The similarity between the sampling seasons for the December assemblage
was 64.48%, indicating inter-year variation. The similarity between the sampling seasons was 65.98%
(Table 1). A total of 15 species were identi�ed at site A during the two austral summers. Thirteen and 12
species appeared in the 2016–17 and 2018–19 seasons, respectively (Table 2). Iridaea cordata and
Phaeurus antarcticus are abundant species that characterize the intertidal zone of the Barton Peninsula.
Iridaea cordata was the most abundant species in 3 of the 4 samplings and showed a percent cover of
34.96% in November 2016. The relative coverage (RC) of these species reached 73.2% (Supplementary
Table 1). Phaeurus antarcticus was the second most abundant species; however, in January 2017 it
showed the highest percent cover at 41.38% and the RC reached 62.3%. The total macroalgal coverage
increased 1.19 times from 69.36% to 82.75% in one-month interval and 1.39 times from 47.79% to
66.38% in a two-month interval.

The species richness (S) by sampling time showed no clear trend, ranging from 7–13 species. The
Shannon–Wiener diversity (H’) and Pileous evenness index (J’) showed a larger macroalgal assemblage
in January within the same sampling season. The diversity values were low, with a range of 0.979–1.753
(Table 2). In the 2018–19 season, the change was relatively conspicuous from 1.381 to 1.753 for one
month, but not in the 2016–17 season. The evenness value increased from 0.600 to 0.731 for one month
in the 2018–19 season and from 0.382 to 0.555 for two months in the 2016–17 season. This variation in
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diversity and evenness suggests inter-year variation, re�ecting a decrease in the extreme abundance of I.
cordata within the macroalgal assemblage. The RC of I. cordata decreased from 49.1% to 30.9% in the
2018–19 season and from 73.2% to 28.2% in the 2016–17 season (Supplementary Table 1).
Furthermore, the RC of Phaeurus antarcticus remarkably increased from 11.4% to 62.3% in the 2016–17
season, affecting the �uctuations in diversity and evenness (Supplementary Table 1).

The dissimilarity of the macroalgal assemblage for the one-month sampling interval was 21.65% and
35.39% for the two-month sampling interval (Table 2). In the 2018–19 season, the species that made the
highest contribution to dissimilarity was Desmarestia anceps (23.64%), whose cover increased
signi�cantly from 0.93% to 9.75% for one month. The species that contributed more than 5% to
dissimilarity were Desmarestia antarctica, I. cordata, Desmarestia menziesii, Phaeurus antarcticus,
Monostroma hariotii, and CCA, in increasing order of contribution. In the 2016–17 season, the species
that made the highest contribution to dissimilarity (31.32%) was P. antarcticus, and its cover increased
signi�cantly from 5.43% to 41.38% for two months. The species that contributed more than 5% to
dissimilarity were I. cordata, CCA, Ascoseira mirabilis, and Adenocystis utricularis, in increasing order of
contribution. According to the SIMPER results, the increase or decrease of the two predominant species
(i.e., I. cordata and P. antarcticus) during the austral summer in the survey area contributed to the change
in macroalgal assemblage structure. The contributions of these two predominant species accounted for
19.19% and 53.78% in the 2018–19 season and 2016–17 season, respectively. Desmarestia
anceps and Desmarestia menziesii, which made a high value contribution in the 2018–19 season, either
made a low value contribution or did not appear in the 2016–17 season. The contribution of CCA to the
change in macroalgal assemblage structure was 5.35% and 12.42% in the 2018–19 and 2016–17
seasons, respectively. We did not obtain accurate coverage of CCA encrusting the rock substrate because
sampling was performed without consideration of the understory. Therefore, the contribution of CCA was
underestimated due to the in�uence of overstory predominant species

The vertical distribution of macroalgae shown by the contour plots is as follows (Fig. 1). First, inter-year
variation appeared in the dominance of total algal cover and the major species. According to the contour
plots in January, the total cover did not exceed 30% up to about the 30 m point in 2017; however, in 2019,
due to the dominance of I. cordata and presence of Palmaria decipiens, the total cover was high. The
vertical distribution and dominance of I. cordata and Phaeurus antarcticus were distinctly different even
after the 30 m point. For the short-term sampling interval, the abundance of the major species was
slightly changed. In the 2018–19 season, I. cordata decreased during the one-month interval, while the
abundance of P. antarcticus and Desmarestia anceps increased. In the 2016–17 season, I. cordata
decreased and P. antarcticus signi�cantly increased overgrowing on CCA at the 30 m point for the two-
month interval.

Spatial variation of macroalgal assemblage

For the spatial variation analysis of the intertidal zone of Barton Peninsula, a total of 14 species
appeared at sites A and B, which were approximately 400 m apart. The similarity of the assemblage
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between the sites was 77.13% (Table 3). The total algal coverage was 56.15% and 53.64% at site A and
site B, respectively, indicating little difference. The richness of site B, where 13 species appeared, was
slightly higher than that of site A, where 11 species appeared. The diversity values of site A and site B
were 1.44 and 1.53, respectively, indicating higher diversity at site B than site A. Evenness showed little
difference between the two sites. For the predominant species I. cordata and Phaeurus antarcticus, the
RC of the total algal cover was 75.1% and 64.1% at site A and site B, respectively, and the dominance of
site A was higher than that of site B. According to the SIMPER analysis, Palmaria decipiens, Desmarestia
anceps, Desmarestia menziesii, CCA, and P. antarcticus contributed about 70% to the dissimilarity of the
two macroalgal assemblages. In particular, the coverages of P. decipiens and D. anceps, which have the
highest SIMPER contribution, were 5.18 and 1.00% at site A and 6.95% and 0.19% at site B, showing
contradictory between the two sites

Discussion
Temporal variation and contoured vertical distribution

In the present study, we use contour plots to present the vertical distribution of the major species of the
macroalgal assemblage along the southern coast of the Barton Peninsula, King George Island, Antarctica
(Fig. 1). In this way, we provide an intuitive visualization of the upper to lower levels of the intertidal zone.
In previous studies of King George Island, the intertidal zone was classi�ed into high, middle, and low
levels and macroalgal assemblage data were provided for each tidal zone 26-28. This method results in
discontinuous information about the vertical distribution. Using the macroalgal distribution by tidal level
reported in previous studies, zonation in the 20–30 m zone, and dominance of I. cordata and Phaeurus
antarcticus below 30 m, we de�ned the middle level as up to 30 m and the low level as below 30 m. In the
intertidal zone of the Potter Peninsula, which is 3 km east of our study site, Pyropia endiviifolium is
prevalent in the high level; I. cordata, Palmaria decipiens, and Adenocystis utricularis are prevalent in the
middle level; and I. cordata and P. antarcticus are prevalent in the low level, with a total macroalgal cover
of 21.28%, 50.89%, and 68.70% in the high, middle, and low tidal levels, respectively 27. According to Kim
26, who studied a site 1.5 km west-northwest of our study area, Monostroma hariotii, A. utricularis, I.
cordata, and P. decipiens appeared between the middle and low levels, while Desmarestia antarcticus,
Curdiea racovitzae, Ascoseira mirabillis, P. antarcticus, and CCA appeared in the low level. As mentioned
above, the distribution of algae in the intertidal zone may be counteracted by the tidal level of King
George Island; based on 30 m in our vertical line, the upper section can be regarded as the middle level
tide zone. Since the start-point of the vertical line was set at the end of the gravel beach with a height of 1
m or more (above the mean high water neap, including the spray zone), the red algae P. endiviifolia and
Bangia atropurpurea, and the green alga Ulothrix sp., which are characteristic indicators of the high tide
zone in King George Island, could not be identi�ed.

A notable �nding of this study was the relatively low algal coverage at the high tide levels (0–20 m range)
in 2016–2017 (Fig. 1). When looking at the algal cover for the 2018–2019 season, it can be seen that low
algal coverage does not follow an annual pattern. The variability in the total algal cover can be

https://en.dict.naver.com/#/entry/enko/e13bc60f81224a988112990627bb6c6b
https://en.dict.naver.com/#/entry/enko/8e271387492b4e68955025b45763b88c
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interpreted as inter-year variation, as in the case of Kim 26 and Marcías, et al. 27. Notably, the study site is
designated an ice foot zone in winter, when ice disruption has a signi�cant impact on benthic
communities in the intertidal zone. Additional factors in�uencing benthic communities include
disturbance by wave action, UV light, and ice. It has been shown that ice in�uences are greater than wave
action at about 60° S 30. The ice foot causes major disturbance in the intertidal zone, and the in�uence of
ice scouring is signi�cant up to about 20 m depth in the subtidal zone around 60° S 30. Ice scouring has a
large effect on macroalgal vertical zonation and abundance in shallow Antarctic waters 15,19,26,31. In our
study area, macroalgal abundance is thought to be substantially affected by ice disturbance (both the ice
foot and growlers). Thus, the macroalgal cover of the high level intertidal zone may �uctuate from year-
to-year due to the large variations in sea ice formation and ice foot duration in this area. Notably, the bare
space variance of the neighboring shore 26 with a similar intertidal foundation matches the inter-year
difference in macroalgal cover observed in our study. Stations 1–4 26, which are directly affected by the
ice foot, are considered to be high tidal level zones indicating the low algal cover. Those were, implying
that disturbances caused by ice throughout winter/spring 2016 had an impact on the total cover of our
study site. Although there are several studies on the direct and indirect effects of ice scour in
Antarctica 30,32, only Kim 26 has reported the quantitative consequences of the ice foot on the macroalgal
assemblage of the intertidal zone. The quantitative correlation between ice disturbances and the
abundance of macroalgae in the intertidal zone can be con�rmed in the future through a long-term series
of experiments using the “nail mortality” 26 or “marker of plastic cup with concrete” 33 methods.

The temporal variation of the macroalgal assemblage calculated through SIMPER analysis was higher
than the spatial variation shown for adjacent coasts (Table 2). The decrease in I. cordata and increase in
Phaeurus antarcticus were the most important drivers of temporal variation in the intertidal zone. In other
words, the macroalgal distribution in the study area shifted from I. cordata dominance in early summer to
P. antarcticus dominance in January. Seasonal development of macroalgae is known to be in�uenced by
light, temperature, and nutrient conditions 34. Since temperature and nutrient supplies �uctuate little in
Antarctica, light is expected to have the largest impact on seasonal development 10. In terms of the
seasonality of macroalgae due to the effects of light, I. cordata has been classi�ed as a season
responder and P. antarcticus as a season anticipator sensu stricto 20. As a season responder, I. cordata
has an opportunistic life strategy, directly responds to light availability under favorable light conditions 10,
and shows the maximum growth rate in the spring-summer (e.g., December) season 2,21. These eco-
physiological characteristics of I. cordata are in good agreement with our �nding, which showed a
decrease in coverage in January compared to November and December. In addition, because the fronds
are not fully destroyed after summer and regrowth occurs in the perennial basal sections, I. cordata is a
pseudo perennial species and a representative species of coastscapes in the study area 27. By contrast,
the growth and reproduction of P. antarcticus, as a season anticipator, are controlled by changes in day
length or photoperiodism, with growth increases in the late winter/early spring and maximum growth
occurring in spring 10,35. Season anticipators start to grow earlier than season responders, although they
are believed to have a k-selected strategy characterized by slow development and a longer life 2. Thus,
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there may be an ecological explanation for the slower population expansion of P. antarcticus relative to I.
cordata in this study. In addition, Palmaria decipiens, Desmarestia anceps, Ascoseira mirabillis, D.
antarctica, and D. menziesii, which are accepted as season anticipators 2,10,20, were found to increase in
January compared to November or December (Table 2), which can also be explained by the above
reasons.

 

Species composition and spatial variation in Maxwell Bay

The spatial variation of the macroalgal assemblage in the two intertidal zones approximately 400 m
apart showed dissimilarity more than 20% numerically by SIMPER. Nevertheless, distinct differences in
ecological indices, such as richness, diversity, or evenness, could not be found. The main distinction
between the sites is that site A has more reddish coastscapes due to the presence of Palmaria decipiens.
Looking at several previous intertidal studies of macroalgal assemblages or benthic communities
associated with macroalgae conducted around Maxwell Bay 25-28,36,37, the assemblages differed from
our �ndings and revealed signi�cant heterogeneity between studies (Fig. 2). In a study conducted in
January 1997 at a beach 1.5 km away from our study site 26, Adenocystis utricularis, I. cordata, P.
decipiens, Monostroma hariotii, Acrosiphonia arcta, and Pyropia endiviifolium were found. Although this
list of species is identical to ours, the dominant species composition was different: at that time, green M.
hariotii (18.0% cover) and brown A. utricularis (15.9% cover) were the dominant species. As the �eld color
of A. utricularis was olive green, the coastscape would have been lush green. Marcías, et al. 27 conducted
a macroalgal assemblage survey (Jan. 2009) of an intertidal zone about 3 km across Potter Cove from
our study area. Palmaria decipiens and A. utricularis dominated in the middle level, while I. cordata and
Phaeurus antarcticus dominated in the lower level. Notably, the macroalgal assemblage in the lower part
was similar to our �ndings. Moreover, A. utricularis and Urospora penicilliformis appeared (Dec. 2013 to
Feb. 2014) exclusively on the emergent rock in the intertidal zone northeast of Fildes Bay, about 10 km
from the Barton Peninsula; in the tide pool, CCA was the predominant species and I. cordata and A.
utricularis were mainly distributed 37. Valdivia, et al. 28 reported that Ulothrix sp. and U. penicilliformis
were mostly found in six intertidal zones on the Fildes Peninsula (Jan. 2013). It is worth noting that the
spatial variation of the macroalgal assemblage between the earlier studies and our study is quite
different.

Spatial variability revealed numerous dissimilarities of the assemblages by the sampled scales. Coleman
38 surveyed macroalgal assemblage at multiple scales, such as quadrats (10 cm), sites (10 m), locations
(kilometers apart), and habitats (intertidal and subtidal), and found that habitats or locations had the
most variety. Nevertheless, it is documented that spatial variability accounts for the highest proportion
when measured in tens of centimeters (small scale), and that dissimilarity is increased when the scale is
increased. The macroalgal assemblages show scale-dependent spatial variability; if variability on a small
scale is considered to be noise, variability on a larger scale may be misinterpreted. In order to detect
changes in the assemblage in response to environmental impact, it is critical to �rst identify the scale of
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variation 39,40. According to the conceptual model of general meta-ecosystems, environmental processes
act on the macroscale (100s of km) to mesoscale (10s of km) community, whereas ecological processes
have larger effects on the local (100s of m) scale 41. For the spatial expansion of spatial variability for
the macroalgal assemblage, we compared the similarity (CLUSTER analysis) among assemblage sites
based on previous studies around Maxwell Bay and our results (Fig. 2). Although multiple environmental
conditions, such as tide level, substrate, ice scouring, and wave action, were not taken into account,
grouping (group A, B, C, and D by SIMPROF; Fig. 2 in dendrogram) of the macroalgal assemblage was
con�rmed to have been performed at the local scale (from 100s of m to single-digit km). The similarity of
the assemblages decreased with increased distance among sites (or groups). Even on the local scale, the
macroalgal assemblage of Maxwell Bay, King George Island, showed considerable heterogeneity. Looking
closer, as for the similarity compared between sites, the heterogenous of assemblage increases as the
scale increases, but dissimilarity does not seem to occupy the highest proportion on a small scale. As for
the similarity compared between sites, the heterogenous of assemblage increases as the scale increases,
but dissimilarity does not seem to occupy the highest proportion on a small scale.

                ,                    .

The site is a similarity comparison between heterogenous of assemblage increases as the scale
increases, but in small scale does not seem to be the dissimilarity occupied the highest proportion.

                ,                .

       

 

  ...

  ...

The local assemblage appears to differ both within and among groups (by SIMPROF). The similarity
between groups or within groups based on connectivity could not be interpreted in our literature-based
approach. However, based on the conceptual model of the meta-ecosystem 41, the local-scale process
seems to be dominant in Maxwell Bay. Studies on the variability of the assemblage within scales and
among scales, and the conceptual model of the meta-ecosystem applied in the context of temperate
regions, may not be suitable for assessing the macroalgal assemblage in an Antarctic environment. The
main factors affecting the macroalgal assemblage in the Antarctic intertidal zone include day length,
growler ice disturbance, water temperature, salinity, light, and temperature 2,10,35,42. As the environmental
conditions in Antarctica are quite different from those in low latitude areas, it is necessary to consider the
scale of sampling for future studies of the macroalgal assemblage in this unique region.
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Warming and the future of intertidal macroalgae in Maxwell Bay

Global warming and climate change have posed threats to ecosystems due to increases in greenhouse
gases since the Industrial Revolution; in the worst case scenario, the sea surface temperatures is
expected to increase by nearly 6℃ by the end of the 21st century 43,44. As global warming has the
potential to cause catastrophic disasters, the “1.5℃ global warming scenario” was proposed at the Paris
Climate Convention to prevent such events. Even under the 1.5℃ scenario, 130 days of the year will be
above 0℃ in the north of the Antarctic Peninsula, resulting in new habitats being created due to ice
melting 45. The consequences of Antarctic warming are that ice scour and ocean acidi�cation will
intensify, and the increased seabed temperature will threaten benthic communities 46. There will also be a
southwards range shift of various species 47. Research to date shows that newly introduced cold-
temperate species are rare in Antarctica, but invasions and expansions of non-endemic species will occur
sooner or later, so tipping points where rapid changes occur should not be overlooked 45. Iridaea
cordata and Phaeurus antarcticus are the predominant macroalgal species in the intertidal zone identi�ed
in this study. Non-endemic I. cordata is a season responder and distributed from intertidal to subtidal
zones, while endemic P. antarcticus is a season anticipator distributed mainly in the subtidal
zone 13,20,48,49. While I. cordata is mainly distributed in Antarctica, it is also distributed in Auckland, New
Zealand and the western coast of South America at 41 °S, and is thus a species with a relatively wider
temperature tolerance than P. antarcticus 49. Therefore, under the 1.5℃ scenario, expansion of the I.
cordata population can be expected. In the Arctic, as global warming continues, it is reported that
perennial algae distributed in the subtidal zone are expanding to the intertidal zone and that biomass and
algal diversity are increasing 50,51. While P. antarcticus is mainly distributed in the subtidal zone in
Antarctica, and dominantly distributed in the lower intertidal zone of our study area, it is also expected
that this population will expand in the future. As shown in the literature, the optimal growth temperature
(OGT) range for gametophytes of I. cordata and sporophytes of P. antarcticus is 0℃–5℃ and the upper
survival temperature (UST) is 15℃–16℃; thus, the response to global warming is likely to be similar for
these two species. However, considering the actual distribution ranges, superiority of the I.
cordata population can be expected 49,52,53. Ascoseira mirabillis and Palmaria decipiens also have an
OGT of 0℃–10℃ and the UST is known to be 11℃ and 16℃–17℃, respectively; by contrast, the OGT
and UST of Adenocystis utricularis are 0℃–15℃ and 18℃ or 19℃, respectively. Therefore, A. mirabillis,
P. decipiens, and A. utricularis may be more sensitive to warming than the predominant species and have
a competitive advantage in the near future conditions. Although ultraviolet B-rays, water temperature, sea
ice conditions, and wave action are independent factors that in�uence the distribution of the macroalgal
assemblage in Antarctica, they also have multifactorial interactive effects on the assemblage 54. Thus, it
is di�cult to predict the future macroalgal assemblage due to indirect effects such as ecological
interactions 55.

 

Suggestions for the Antarctic specially protected area
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This research area, which is located south of the Barton Peninsula on King George Island and measures a
few kilometers long by about 100 m wide, has higher macroalgal richness than other sites on King
George Island. In the highest level of the intertidal zone, macroalgae that have fallen out of the substrate
form a mat with a thickness of several tens of centimeters. These algal mats and moss beds in the spray
zone are used as resting beds by elephant seals (Mirounga leonine) and Antarctic fur seals
(Arctocephalus gazella). Since the establishment of KSS in 1988, despite the o�cial name being Winship
Point (United Kingdom Antarctic Place-Names Committee; UK-APC), Koreans have referred to this area as
“Haepyomaeul,” which means “seal-village.” In addition, many skua nests are found on the nearby hills.
To date, the intertidal organisms in this area have received less attention than the terrestrial organisms.
While the present study has documented various intertidal algae, a study on the mass distribution of
speci�c P. antarcticus species in the intertidal zone is needed. We propose that Antarctic Specially
Protected Area no. 171 (ASPA; Narebski Point, 62° 14′ 03″ S, 58° 46′ 05″ W) be expanded to include our
research site because it is an ideal location for studying interactions between terrestrial and marine
organisms through food web and nutrient �ow studies.
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Tables
Table 1. Resemblance matrix of the macroalgal assemblage between sampling times (1 and 2 months)
and sampling seasons (2016–17 and 2018–19). The open cells are the similarity between sampling
times and the shaded cells are the similarity between sampling seasons.

Similarity 2018–19 season 2016–17 season

Dec. Jan. Nov Jan

2018–19
 season

Dec. 65.98

Jan. 78.35

2016–17
 season

Nov. 74.05 60.94

Jan. 64.46 64.48 64.61  

Table 2. Short-term variation in the mean cover of all species in the macroalgal assemblage and SIMPER
(similarity of percentage) contribution of all species between sampling times in the intertidal zone of the
southwest coast of the Barton Peninsula, King George Island, Antarctica.
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Species a Sampling season

2018–19 2016–17

Sampling time

Dec. b Jan. b Cont.
(%) c

Nov. b Jan. b Cont.
(%) c

Iridaea cordata (R/NE) 34.07 ±
6.67

25.54 ±
6.12

13.3 34.96 ±
4.65

18.69 ±
7.20

22.46

Phaeurus
antarcticus (A/E)

14.07 ±
3.85

21.93 ±
5.93

5.89 5.43 ±
2.28

41.38 ±
10.9

31.32

Palmaria decipiens (A/NE) 14.43 ±
4.46

14.54 ±
3.58

3.39 0.04 ±
0.04

0.38 ±
0.26

3.23

Desmarestia
anceps (A/NE)

0.50 ±
0.36

9.75 ±
3.79

23.64 0.62 ±
0.48

1.06 ±
1.06

0.86

Crustose coralline algae 2.50 ±
0.73

1.43 ±
0.34

5.35 4.26 ±
0.84

0.94 ±
0.30

12.42

Adenocystis
utricularis (R/NE)

0.93 ±
0.38

0.54 ±
0.23

3.21 1.02 ±
0.21

3.81 ±
2.03

6.47

Ascoseira mirabilis (A/E) 1.68 ±
1.04

3.39 ±
1.42

4.28 1.02 ±
1.02

- 10.11

Desmarestia
antarctica (A/E)

- 3.11 ±
1.64

17.74 0.09 ±
0.09

0.13 ±
0.13

0.06

Desmarestia
menziesii (A/E)

0.11 ±
0.11

2.11 ±
1.85

10.97 - - -

Monostroma
hariotii (?/NE)

1.00 ±
0.50

0.29 ±
0.25

5.57 0.09 ±
0.04

- 3.00

Plocamium
cartilagineum (?/NE)

- 0.14 ±
0.14

3.76 - - -

Halopteris obovata (?/NE) - - - 0.11 ±
0.05

- 3.32

Phycodrys
antarctica (?/E)

- - - 0.11 ±
0.11

- 3.32

Ulva hookeriana (R/NE) 0.07 ±
0.07

- 2.91 0.02 ±
0.02

- 1.42

Geogiella con�uens (?/E) - - - 0.04 ±
0.04

- 2.00

Sum 69.36 ±
6.41

82.75 ±
5.59

100 47.79 ±
5.05

66.38 ±
9.84

100

Richness (S) 10 11 13 7

https://www.algaebase.org/search/?genus=Ulva
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Diversity (H’) 1.381 1.753 0.979 0.984

Evenness (J’) 0.600 0.731  0.382 0.555  

Dissimilarity 21.65 35.39

a Life strategy and endemism of the macroalgal species. Abbreviations: R: season responder, A: season
anticipator, E: Antarctic endemic species, NE: non-endemic species,?: life strategy is unknown. Reference
from Kain (1989) 20, Wiencke et al. (2007) 10, and Gómez and Huovinen (2020) 2

b Mean coverage of the species ± standard error

c Percentage of SIMPER contribution to dissimilarity between sampling times (1 month and 2 months)

Table 3. Spatial variation in the mean cover of all species in the macroalgal assemblage, relative
coverage (RC), and SIMPER (similarity of percentage) contribution of all species between the sampling
sites in the intertidal zone of the southwest coast of the Barton Peninsula, King George Island, Antarctica.
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Species Site A Site B Cont. (%) b

Mean a RC Mean a RC

Iridaea cordata 20.24 ± 4.05 36.0 18.88 ± 2.78 35.2 0.62

Phaeurus antarcticus 21.97 ± 4.98 39.1 15.5 ± 4.04 28.9 7.79

Crustose coralline algae 5.68 ± 1.35 10.1 9.74 ± 1.45 18.2 9.60

Desmarestia anceps 1.00 ± 0.51 1.8 6.95 ± 3.09 13.0 20.10

Palmaria decipiens 5.18 ± 2.26 9.2 0.19 ± 0.19 0.4 21.66

Adenocystis utricularis 0.24 ± 0.10 0.4 0.74 ± 0.22 1.4 4.62

Desmarestia menziesii - - 0.76 ± 0.47 1.4 10.56

Ulva hookeriana 0.65 ± 0.23 1.2 0.14 ± 0.07 0.3 5.01

Gigartina skottsbergii 0.74 ± 0.38 1.3 0.05 ± 0.05 0.1 7.47

Ascoseira mirabilis 0.24 ± 0.24 0.4 0.38 ± 0.24 0.7 1.67

Monostroma hariotii 0.12 ± 0.09 0.2 0.17 ± 0.08 0.3 0.89

Neuroglossum ligulatum - - 0.12 ± 0.12 0.2 4.20

Paraglossum lancifolium 0.12 ± 0.08 0.2 - - 4.10

Desmarestia antarctica - - 0.02 ± 0.02 <0.1 1.71

Sum 56.15 ± 6.63 100% 53.64 ± 5.22 100% 100

Richness (S) 11 13  

Diversity (H’) 1.44 1.53  

Evenness (J’) 0.600 0.597  

(Dis)similarity 77.13 (22.87) 

 

a Mean coverage of the species ± standard error

b Percentage of SIMPER contribution to dissimilarity between sampling sites

Table 4. Geographic information of the sites and sampling dates.

https://www.algaebase.org/search/?genus=Ulva
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Site Vertical line Purpose Date

Start-point Mid-point End-point Length
 (m)

Interval
 (m)

A 62.24217 °S
 58.73384
°W

62.24270 °S
 58.73380
°W

62.24289 °S
 58.73379
°W

70 10 Short-
term
 variation

17-Nov-
2016

70 5 14-Jan-
2017

65 5 25-Dec-
2018

70 5 22-Jan-
2019

80 5 Spatial
 variation

2-Jan-2018

B 62.24187 °S
 58.74095
°W

62.24274 °S
 58.74144
°W

100 5 4-Jan-2018

Figures
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Figure 1

Contour plots of total algal cover and major species cover from the high tidal level to low tidal level
between the sampling interval of the intertidal zone at Barton Peninsula, King George Island, Antarctica.
The contour plots were created based on overlapping contour plots of the total algal cover and �ve major
species cover. The contour line is the total macroalgal cover. The gradient-colored pattern is the cover of
the major species.
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Figure 2

Species composition and spatial variation of the macroalgal assemblage on King George Island reported
in the literature. 1–2: sites A and B, respectively, in the present study; 3–4: Marcías, et al. 27, mid- and low
tidal zone, respectively; 5: Kim 26; 6–7: Segovia-Rivera and Valdivia 37, emergent rock and tide pool,
respectively; and 8–13: Valdivia, et al. 28. For each survey site, species that showed more than 5% cover
are independently expressed in the pie chart, and species with cover less than 5% are expressed as “etc.”
The dendrogram was generated by CLUSTER analysis of the similarity of the macroalgal assemblage
between sites, and the structure between sites was derived through SIMPROF analysis. The red dotted
line and letters (A–D) indicate the groups by SIMPROF. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 3

Sampling site at Barton Peninsula, King George Island. The red lines indicate the vertical line of each site.
S: Start-point of the vertical line, M: Mid-point of the vertical line, E: End-point of vertical line. Source of
map: Quantarctica 59 and 3D photogrammetry mapping using unmanned aerial vehicles (DJI Mavic 2
Pro). Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 4

A view of the intertidal rocky platforms of site A by an unmanned aerial vehicle (a). Changes in the
macroalgal assemblage inside the plot dominated by Iridaea cordata before (b) and after (c) two months.
The quadrat photo is the 60 m point of site A. The red line is the vertical line of site A. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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