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Abstract 

The Antarctic Peninsula (AP) constitutes the warmest region of Antarctica, although 98% of the surface 

is still covered by glaciers. The region shows contrasting geographic and climatic properties, which 

have conditioned past and present glacial activity. This paper constitutes a review of the spatial and 

temporal patterns of paraglacial activity across the AP bridging the geomorphological and ecological 

perspectives. The number and extent of ice-free environments has increased since the Last Glacial 

Maximum, particularly during the Early Holocene and the 20th century. Following deglaciation, the 

redefinition of coastlines and the uplift of landmasses proceeded differently in the three sectors of AP, 

with maximum uplift in the western sector (40 m a.s.l.), the minimum on the north (20.4 m a.s.l.), and 

intermediate in the eastern sector (30 m). There are also differences in the levels of raised beaches, with 

the highest complexity in the northern AP (5-7 levels) and the lowest in the eastern AP (3 levels). The 

transition from glacial to periglacial conditions (paraglacial stage) also differed greatly between the 

three sectors, with the absence of rock glaciers in the western sector, the development almost 

exclusively of glacier-derived rock glaciers in the eastern AP, and the majority of talus-derived rock 

glaciers in the northern AP. The development of protalus lobes, block streams and other periglacial 

features was highly dependent on the cold/warm based character of individual glaciers; this 

characteristic determines the existence or absence of permafrost following deglaciation which, in turn, 

conditions the type and intensity of geomorphic processes in newly exposed ice-free areas. More 

recently, following the post-1950s regional warming, there have still been important differences 

between the three sectors in the development of paraglacial environments. Permafrost degradation has 

occurred in newly exposed areas, accelerating mass wasting and sediment redistribution and changing 

hydrological processes, especially in the northern and western AP, while sudden glacial outburst 

flooding has occurred in the eastern AP. The most apparent major ecological response to this recent 

warming is greening due to vegetation expansion, which is more evident where paraglacial and 

periglacial processes are less intense. The accurate characterization of the different paraglacial 

responses existing in the AP enables a better understanding of future environmental responses in this 

climatically sensitive region, where climate models forecast significant environmental change for 

during forthcoming decades. 

 

Key words: Antarctic Peninsula, deglaciation, paraglacial processes, geomorphology, permafrost, 

ecology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

1. Introduction  

The Antarctic Peninsula (AP) is one of areas on Earth most dramatically affected by climate warming 

during the recent past, with rates of temperature increase of 0.1 to 0.5ºC/decade between the 1950s and 

early 21st century (Vaughan et al., 2003; Turner et al., 2005, 2014). However, a reversion of the AP 

warming trend has been observed from 1998-1999 to the present, during which time a -0.47ºC/decade 

cooling has been observed across the AP, with the exception of the region’s NE fringe where the air 

temperature trend remained positive (Turner et al., 2016; Oliva et al., 2017a).    

 

Besides significant impacts on AP cryospheric processes such as the retreat of ice shelves and sea ice 

(Cook & Vaughan, 2010; Davies et al., 2012a), this warming has driven glacial shrinking (Cook et al., 

2016), exposing new ice-free areas in coastal fringes of the AP and surrounding islands (e.g. Oliva & 

Ruiz-Fernández, 2015). Following glacial retreat, these new ice-free environments are subject to very 

active geomorphological dynamics, with intense readjustment and sediment redistribution caused by 

rapid mass movements (mudflows, debris flows, landslides, rock avalanches, etc.) and widespread, slow 

periglacial processes, such as solifluction (Oliva & Ruiz-Fernández, 2015). These processes are 

enhanced in many areas by the existence of permafrost (Vieira et al., 2010; López-Martínez et al., 2012; 

Bockheim et al., 2013; Oliva & Ruiz-Fernández, 2015). In proglacial environments, intense sediment 

redistribution can affect the seasonal fluvial network and even generate anastomosed streams in 

relatively flat areas (Mink et al., 2014). 

 

Glacial retreat in the AP region is a long-term process associated with the warming trend observed since 

the Last Glacial Maximum (LGM) and throughout the Holocene, with the exception of limited 

readvances at certain times (Ingólfsson et al., 2003; Simms et al., 2011; Balco et al., 2013; Ó Cofaigh 

et al., 2014). Glacial shrinking has led to the exposure of nunataks and coastal areas subjected to long-

term paraglacial dynamics such as: (i) glacio-isostatic response, with the development of raised beaches 

and other raised marine features in coastal environments (Fretwell et al., 2010; Roberts et al., 2011; 

Watcham et al., 2011), and (ii) soil development and colonization of these environments by wildlife 

and flora following glacial retreat (Michel et al., 2014; Ruiz-Fernández et al., 2017). 

 

All processes triggered in response to glacial retreat at different temporal and spatial scales are framed 

within a paraglacial context (Mercier, 2008; Mercier & Etienne, 2008). The paraglacial concept includes 

readjustments related to the exposure of new ice-free terrain generated by glacial retreat (Ballantyne, 

2002). Paraglacial responses in natural ecosystems can last for hundreds or even thousands of years, 

with very intense activity during an early stage and a gradual decline in intensity until a certain 

geomorphological equilibrium is reached (Ballantyne, 2008). 

 

The study of paraglacial dynamics has taken place in numerous locations, but has been largely confined 

to Alpine regions (e.g. Owen & Sharma, 1998; Palacios et al., 1999; Iturrizaga, 2008; Kellerer-

Pirklbauer et al., 2010; Ballantyne & Stone, 2013). The study of paraglacial processes in polar regions, 

by contrast, has received less attention (e.g. Fitzsimons, 1996; Mercier & Laffly, 2005; Rachlewicz, 

2010; Francelino et al., 2011), especially in Antarctica where the only existing studies have focused on 

the AP region (Davies et al., 2013; Oliva & Ruiz-Fernández, 2015). Our understanding of paraglacial 

activity in this region is therefore still poorly developed, only examined in specific areas and mostly 

considered laterally to studies focused on different research topics such as glacial chronology, 

periglacial processes and glacio-isostatic rebound, among others. 

 

The main objective of this review is to identify, characterize and delineate spatially and temporally the 

type, magnitude and intensity of paraglacial dynamics in the AP and neighboring islands. This synthesis 

will enable a better understanding of the possible response of polar maritime environments to the 



 

 

temperature increase of up to 3.2ºC by 2100 predicted for the whole Antarctic continent (IPCC, 2014) 

that will generate new ice-free areas that will be subject to intense paraglacial dynamics. 

 

2. Regional setting 

The AP region constitutes the northernmost part of the Antarctic continent between latitude 62°S and 

75°S and longitude 55°W and 75°W (Figures 1 and 2). The AP region includes several islands and 

archipelagos, encompassing a total surface of ~540,000 km2. Up to 98% of the AP region is covered by 

glaciers, with the ice-free areas representing an area estimated between 3,800 and 7,000 km2 located 

mainly in small, deglaciated coastal environments, rocky outcrops and nunataks (Antarctic Digital 

Database; Burton-Johnson, 2016). 

 

Figure 1 

 

The AP region recorded one of the most pronounced warming rates on Earth during the second half of 

the 20th century (Turner et al., 2005, 2014), with overall mean annual air temperature (MAAT) increases 

between 0.8 and 3.0 °C between 1950 and 2015 (Oliva et al., 2017a). Generally, the climate of the AP 

region is strongly affected by the orographic barrier of the AP mountain ridge. The western part of the 

AP is influenced by wet polar-maritime climates, with MAAT between -2°C (65°S) and -8 to -9°C 

(70°S), while a semi-arid polar continental climate prevails in the eastern AP, with MAAT between -6 

to -9°C (65°S) to -13 to -15°C (70°S) (Cook & Vaughan, 2010). Precipitation is estimated between 500 

and 2000 mm w.e.∙yr-1 in the western AP and the northern AP, while 100 to 500 mm w.e.∙yr-1 is modelled 

in the eastern AP (van Lipzig et al., 2004). 

 

Figure 2 

 

Local topographical conditions, together with long-term climate trends since the LGM, have 

conditioned glacial retreat of ice sheets, ice caps and alpine glaciers across the AP region. Glacial retreat 

has triggered a wide range of geomorphological processes that have reshaped coastlines as well as 

terrestrial ecosystem dynamics. Glacial shrinking favored glacio-isostatic processes and the formation 

of coastal lagoons and raised beaches (Fretwell et al., 2010; Watcham et al., 2010), and promoted the 

appearance of lakes in the region as meltwater accumulated in surface depressions (Toro et al., 2007; 

Nedbalová et al., 2013) as well as a redistribution of water runoff in ice-free areas (Mink et al., 2012). 

Postglacial environmental dynamics favored the extension of permafrost across most of the region; this 

permafrost plays a major role in geomorphic dynamics in ice-free areas (Vieira et al., 2010; Bockheim 

et al., 2013). The permafrost distribution in the western AP is mostly discontinuous, with maximum 

thicknesses around 100 m, while it is continuous in all areas of the eastern AP, with thicknesses of up 

to 200 m (Bockheim et al., 2013). The thickness of the active layer is highly variable, ranging between 

~30 and 500 cm in the western AP and between 20 and 150 cm in the eastern AP (Vieira et al., 2010; 

Bockheim et al., 2013). The presence of permafrost and the active layer, together with enhanced water 

availability in summer, generate drainage above the permafrost table, contributing to surface flow, with 

potential geomorphological and ecological consequences (Moreno et al., 2012). 

 

With the purpose of examining paraglacial activity in the AP region, in this review we have divided the 

AP into three different regions based on geographical and climatic criteria: 

- The western AP: including the areas from 62ºS to 75ºS on the western side of the AP. 

- The eastern AP: including the areas from 62ºS to 75ºS on the eastern side of the AP. 

- The northern AP and surrounding areas, including the northern tip of the AP as well as 

archipelagos including the South Shetland Islands (62ºS) and islands located further north up 

to latitude 60ºS (Elephant Island, Signy Island, etc.). 

 



 

 

3. Glacial evolution of the AP region 

Cenozoic Antarctic glaciations developed in response to cooling at the Eocene/Oligocene boundary at 

~34 Ma (Davies et al., 2012b), and have generally been driven by Milankovitch’s orbital forcing 

(Raymo et al., 2006; Naish et al., 2009). Recurring waxing and waning of the AP Ice Sheet and smaller 

AP ice caps during the Neogene provided ideal conditions for the operation of paraglacial processes, 

which modified deglaciated terrestrial landscapes during the relatively shorter interglacial periods 

(Ballantyne, 2002; Hepp et al., 2006; Nývlt et al., 2011). The importance of the interplay between 

glacial and paraglacial processes in sculpting landscapes of the AP and adjacent South Atlantic islands 

has already been suggested by Gordon et al. (1978) in South Georgia and further discussed by Davies 

et al. (2013) for James Ross Island. The configuration of AP ice cover at the LGM and during the last 

deglaciation were recently summarized by Ó Cofaigh et al. (2014). Owing to the great variability in the 

timing and pattern of deglaciation across the AP region (Ó Cofaigh et al., 2014) and the important 

implications of the expansion of ice-free terrestrial surfaces for paraglacial development of postglacial 

landscapes (Davies et al., 2013), we present a brief regional overview of the current state of knowledge 

of AP deglaciation. 

 

3.1. The eastern AP region 

Recent studies on the configuration of the AP Ice Sheet, which at the LGM also covered the NW 

Weddell Sea continental shelf as well as islands of the James Ross Archipelago, clearly demonstrate 

great spatial variability in the timing of deglaciation and its dependence on local topography (Johnson 

et al., 2011; Davies et al., 2012b; Glasser et al., 2014; Nývlt et al., 2014; Ó Cofaigh et al., 2014; Minzoni 

et al., 2015). Two ice domes developed in southern Palmer Land, in the southeast AP, with similar 

configurations to those now present, i.e. radially flowing away from the AP’s central spine (Ó Cofaigh 

et al., 2014). Geological data, including erratics associated with (presumably LGM) trimline on 

nunataks in Palmer Land and erratic boulders on James Ross Island, indicate ice sheet thickening of at 

least 400-600 m in the eastern AP at the LGM (Bentley et al., 2006, 2010; Glasser et al., 2014). 

 

The retreat of the AP Ice Sheet from the outer shelf of the eastern AP starting at ~18.5 ka (Heroy & 

Anderson, 2007) was characterized by re-advances and changes in ice flow direction (Davies et al., 

2012b; Campo et al., 2017). The first prominent ice front retreat, associated with meltwater pulse 1A, 

occurred at 14.5-14.0 ka BP (Weaver et al., 2003). Grounded ice was replaced by floating ice shelves 

around James Ross Island between 13.3 and 10 ka BP (Pudsey & Evans, 2001; Nývlt et al., 2014; 

Minzoni et al., 2015), following rapid regional warming and the Early Holocene optimum when 

atmospheric temperatures were higher than at present (Mulvaney et al., 2012). The opening of modern 

fjords and channels occurred between 12 and 10 ka (Domack et al., 2005; Evans et al., 2005; Nývlt et 

al., 2014; Minzoni et al., 2015), and the remaining ice cover on the individual islands of James Ross 

Archipelago separated from the AP Ice Sheet and continued in independent development (Johnson et 

al., 2011; Glasser et al., 2014; Nývlt et al., 2014). Together with a rapid glacial isostatic uplift of 

individual islands of the James Ross Archipelago (see section 5.1.), this led to the deglaciation of low-

lying areas (<100 m a.s.l.) of James Ross Island by 13–11 ka (Glasser et al., 2014; Nývlt et al., 2014); 

these were thus the areas exposed to paraglacial processes for the longest time. 

 

Grounded ice reached its present configuration by ~10 ka BP (Ó Cofaigh et al., 2014). Early-Mid 

Holocene warmth caused further thinning and retreat of ice caps and glaciers (e.g. Balco et al., 2013), 

as well as break-up of the Prince Gustav Channel and Larsen-A ice shelves (Brachfeld et al., 2003; 

Pudsey et al., 2006, Sterken et al., 2012). The mid-altitude areas of James Ross Archipelago (100–300 

m a.s.l.) deglaciated between 8 and 6.3 ka (Johnson et al., 2011; Glasser et al., 2014), but the higher-

lying surfaces of volcanic mesas (>600 m a.s.l.) were rarely ice-free and persisted under glacier cover 

even during interglacial periods since their Pliocene formation (Johnson et al., 2009). This corresponds 



 

 

well with the present equilibrium line altitude, which lies between 311 and 393 m a.s.l. for small glaciers 

of northern James Ross Island (Engel et al., 2018). At least one climatic deterioration, between 5 and 2 

ka BP (Björck et al., 1996, Barbara et al., 2016), however, brought glacier advances and some ice shelf 

reformation during the Neoglacial (Pudsey et al., 2006, Davies et al., 2013). Nonetheless, much younger 

ages for Neoglacial advances (< 0.5 ka) are assumed in case studies from northern James Ross Island 

(Carrivick et al., 2012; Davies et al., 2014). Gradual warming of the AP region greatly accelerated only 

over the past century (Cook et al., 2005), causing ice mass loss (Zwally et al., 2015; 2018) and 

disintegration of ice shelves (Glasser & Scambos, 2008), and the recent collapse (March 2002) of the 

Larsen-B Ice Shelf is possibly unprecedented in the Holocene (Domack et al., 2005). Ice unloading in 

the sector of Robertson Trough has caused glacioisostatic rebound up to ~40 mm yr-1 in the 21st century 

(Nield et al., 2014). 

 

3.2. The western AP region 

A wealth of data from glaciomarine sediments and submarine geomorphological and seismic mapping 

indicate that the grounded AP Ice Sheet extended to the continental shelf edge of the AP in the 

Bellingshausen Sea at the LGM (e.g. Heroy & Anderson 2005; Amblas et al., 2006; Graham & Smith, 

2012). The troughs carved by fast-flowing, erosive ice hosted the Biscoe, Adelaide, Anvers-Hugo 

Island, Smith and Marguerite Trough paleo-ice streams (Livingstone et al., 2012). Separate ice caps 

formed on the islands along the western AP coast, including Alexander, Brabant and Anvers islands 

(Canals et al., 2000; Graham and Smith, 2012; Figures 2A and 2B). The AP Ice Sheet and ice caps were 

generally 500–650 m thicker than today and progressive thinning had already started before the LGM, 

e.g. in the Marguerite Bay region (Bentley et al., 2006; Johnson et al., 2012). 

 

The AP Ice Sheet retreated from the western continental shelf break relatively rapidly after 18 ka BP, 

firstly in the north and subsequently the lift-off of grounded ice progressed southwards (Heroy & 

Anderson, 2007; Ó Cofaigh et al., 2014). The outer Smith and Anvers troughs were thus ice-free earliest, 

before ~16.5 ka BP, whereas the deglaciation of outer Marguerite, Charcot and Rothschild troughs 

commenced after ~15 ka BP (Heroy & Anderson, 2007; Kilfeather et al., 2011; Graham & Smith, 2012). 

Paleo-ice streams experienced rapid but highly variable, topographically controlled retreat and thinning, 

in contrast to shallower inter-ice stream banks that may have maintained grounded ice longer 

(Livingstone et al., 2012). Similarly, grounding zone wedges documenting stillstands and episodic 

advances contrast with the most rapid phases of retreat that coincided with sudden sea-level rises or 

global meltwater pulses 1A and 1B at ~14 and ~11 ka BP, respectively (Heroy & Anderson, 2007; 

Kilfeather et al., 2011; Jamieson et al., 2012). Terrestrial data, such as exposure ages from the Batterbee 

Mountains and Citadel Bastion, located on both sides of George VI Sound, reveal the ongoing thinning 

of the AP Ice Sheet to 350 and 500 m a.s.l. by 12.7 ka BP (Bentley et al., 2006). Furthermore, several 

lacustrine sedimentary records from islands adjacent to Marguerite Bay constrain the deglaciation of 

terrestrial environments in this sector of the western AP to the Early Holocene (Roberts et al., 2008, 

2009; Hodgson et al., 2009, 2013). Lakes on Horseshoe Island were deglaciated ~10.6 ka BP (Hodgson 

et al., 2013), whereas Parvenu Point on Pourquoi-Pas Island became ice-free by 9.6–8.8 ka BP (Bentley 

et al., 2011; Hodgson et al., 2013) (Figure 2B).  

 

The AP Ice Sheet reached the present-day western coastline of the AP by 7–9 ka BP, following the 

Early Holocene climatic optimum, and later than in the eastern AP (Bentley et al, 2009, 2011; Ó Cofaigh 

et al., 2014). Open sea conditions occurred in King George Bay for a brief period in the Early Holocene, 

as the George VI Ice Shelf collapsed around ~9.6 ka BP and reformed at ~7.7 ka BP, after which it has 

persisted until the present day (Bentley et al., 2005b). Changes in the position of the Southern Westerlies 

and the intrusion of warm Circumpolar Deep Water onto the AP shelf are considered to be responsible 



 

 

for these thermal optima and glacier recessions, the latter in particular driving submarine ice-shelf 

melting (Bentley et al, 2009; Shevenell et al., 2011). Neoglacial cooling is registered in Palmer Deep 

starting at ~3.4 ka BP, and culminating ~100 yr BP at the end of the Little Ice Age (LIA) (Domack et 

al., 2001). Since the 20th century, rapid glacier recession has occurred, mainly due to ocean-induced 

melting, and has further accelerated after AD 1990 with increasing inflow of Circumpolar Deep Water 

onto the western AP continental shelf south of 65°S (Cook et al., 2016; IMBIE team, 2018). 

 

3.3. The northern AP region and surrounding areas 

An independent, largely marine-based ice cap centered between Robert and Greenwich islands with a 

minimum thickness of 570–1000 m covered the South Shetland Islands and reached the continental 

shelf edge to the north at the LGM (Canals et al., 2000; Fretwell et al., 2010; Simms et al., 2011). 

Bransfield Strait was probably occupied by an ice shelf throughout the LGM and well into the Holocene 

(until ~10 ka BP), as this was a major focal point of converging paleo-ice streams from the South 

Shetland Islands and Trinity Peninsula (Simms et al., 2011; Livingstone et al., 2012). The paleo-ice 

streams occupied Lafond, Laclavere, Mott Snowfield and Orleans troughs, draining into the central 

Bransfield Basin and the Gerlache-Boyd Trough, flowing into the western Bransfield Basin and further 

to Boyd Strait (Livingstone et al., 2012; Davies et al., 2012b).  

 

The earliest evidence of ice sheet recession from the shelf break for the entire AP region is found in the 

Bransfield Basin and dates to ~17.5 ka BP (Banfield & Anderson, 2013). A phase of significant glacier 

retreat occurred in Maxwell Bay, King George Island (Figure 2C), between 14 and 8 ka BP based on 
14C dating of marine sediments (Milliken et al., 2009; Simms et al., 2011) and terrestrial evidence from 

surface exposure dating and the onset of lacustrine sedimentation (Seong et al., 2009; Watcham et al., 

2011). Grounded ice receded from the Firth of Tay near Joinville Island at ~9.4 ka BP (Michalchuk et 

al., 2009). The presently ice-free areas of Byers Peninsula on Livingston Island (Figure 2C) were 

deglaciated progressively between 8.3 and 1.8 ka BP (Toro et al., 2013; Oliva et al., 2016), with small 

glacier centers distributed across the area during the mid-Holocene (Mink et al., 2014). However, there 

is evidence that some hills such as Cerro Negro had their uppermost parts exposed above the glacial 

ice, functioning as nunataks during most of the Holocene (Ruiz-Fernández & Oliva, 2016). As in Byers 

Peninsula, it is likely that the deglaciation of the nearby small ice-free area of Elephant Point occurred 

throughout the Holocene (Oliva & Ruiz-Fernández, 2017). According to Hall & Perry (2004), the 

existence of ice rafted detritus on different levels of raised beaches of Livingston Island, suggests that 

these sediments, even coming from the Antarctic Peninsula, could have been transported within 

icebergs as deglaciation progressed during the late Holocene. Similarly, on Signy Island (60°S), at the 

extreme north of the region, the onset of deglaciation has been estimated at ~7 ka BP (Jones et al., 

2000). 

 

Holocene climatic and glacial fluctuations are once again complex in the northern AP and reflect 

numerous driving factors, including latitudinal shifts of the westerlies, and alternating inflows of warm 

Circumpolar Deep Water and cold waters of Weddell Sea origin (Bentley et al., 2009). Warm and humid 

conditions peaked around ~3 ka BP on Livingston Island, followed by (poorly constrained) Neoglacial 

cooling and the LIA (Björck et al., 1991; Yoo et al., 2009; Monien et al., 2011). In the last 80 years, 

glacier retreat in the South Shetland Islands has been driven by pronounced atmospheric and possibly 

also oceanic warming (Yoo et al., 2009; Monien et al., 2011; Rückamp et al., 2011), although not as 

rapidly as in the western and eastern sectors of the AP (Davies et al., 2012a; Cook et al., 2016). 

 

4. Methods 

We performed a comprehensive synthesis of the scientific literature focusing on the paraglacial 

dynamics in the AP region. Until now, studies have focused on single elements of different terrestrial 



 

 

systems (i.e. glacier mass balances, geomorphic processes, coastal dynamics, permafrost, plant 

distribution and wildlife colonization) and discrete time periods. Here, we use a multidisciplinary 

approach combining both geomorphological and ecological perspectives to better understand landscape 

changes in deglaciating AP environments. 

 

The available data have been compiled in four tables concerned with redefinition of coastlines, past and 

recent permafrost and periglacial processes, alluvial and lacustrine dynamics, and geoecological 

responses related to paraglacial dynamics in the AP region. We differentiate past and recent processes 

in each of the four tables. Given that numerous climatic studies have identified the 1950s as the onset 

of an accelerated warming trend in the AP region as recorded at several stations across the region 

(Vaughan et al., 2003; Turner et al., 2005, 2016; Oliva et al., 2017a), we use the 1950s as delineating 

the period of recent paraglacial adjustment to glacial retreat in response to recent warming. Past 

processes include environmental dynamics between the LGM and the 1950s, whereas recent processes 

include paraglacial dynamics from 1950s to the present day.  

 

In order to better illustrate the geographical variability of the observed changes, three different regions 

have been considered in this study: the eastern AP, the western AP and the northern AP and surrounding 

areas. Each table includes the observed geomorphological and environmental evidence, the specific 

areas from where paraglacial observations were made as well as the scientific references. 

 

5. Results 

Present-day landscape dynamics in the AP region are a consequence of long- and short-term changes 

in terrestrial and marine ecosystems driven by climate variability that have had large implications for 

the cryosphere. 

 

5.1. Past paraglacial dynamics: from the LGM to the first half of the 20th century 

Long-term glacial retreat in the AP region has led to substantial geomorphological and geoecological 

changes across this landmass, including changes to coastlines as a result of glacio-isostatic uplift, 

periglacial processes and mass movements, and alluvial and lacustrine dynamics, among others. Here 

we present an overview of these processes subdivided into the three study regions. 

 

5.1.1 Coastline adjustment 

The eastern AP region 

The partial deglaciation of the James Ross Archipelago during the early Holocene (Johnson et al., 2011; 

Glasser et al., 2014; Nývlt et al., 2014) led to glacio-isostatic uplift of individual islands and the 

emergence of coastal areas. Roberts et al. (2011) presented a relative sea-level curve based on lacustrine 

records from shallow coastal lakes from Beak Island in the northern Prince Gustav Channel, which 

clearly shows a slightly decelerating trend of glacio-isostatic uplift of Beak Island since the early 

Holocene maximum stand at ~8 ka BP. The early Holocene marine limit is ~15 m a.s.l. on Beak Island 

(Roberts et al., 2011), whereas the highest Holocene marine terraces on the northern Ulu Peninsula 

(James Ross Island; Figure 2D) lie at ~30 m (Hjort et al., 1997; Table 1). Holocene marine terraces, 

raised beaches and associated deposits of Ulu Peninsula were mapped by Davies et al. (2013) and 

Mlčoch et al. (2018). They cluster in three principal altitude levels on James Ross Island: 20–30 m, 10–

17 m and 2–6 m (Ingólfsson et al., 1992; Strelin & Malagnino, 1992; Hjort et al., 1997), with the largest 

areas of marine terraces located in Abernethy Flats and Santa Marta Slopes on the northern Ulu 

Peninsula (Davies et al., 2013). Isolated sand and gravel spits and modern beaches with lagging boulders 

are well-developed along the flat coast of northern James Ross Island (Davies et al., 2013) (Figure 3A) 

indicating decelerated glacio-isostatic uplift in recent times. 

 

Figure 3 



 

 

 

Table 1 

 

The western AP region 

In the western AP, deglaciation also led to glacio-isostatic uplift of individual islands and emergence 

of coastal areas (Figure 3B). The highest raised beaches, formed sometime after 9 ka BP, reach 40 m 

a.s.l. at Pourquoi-Pas Island and Calmette Bay (Hodgson et al., 2013), with at least 5 levels of more 

recent raised beaches formed between 22 and 4.5 m a.s.l. (Bentley et al., 2009; Guglielmin et al., 2012; 

Table 1). Uplift rates between 7.4 and 2.7 ka BP were suggested to have ranged between 2.7 mm yr-1 

(Hodgson et al., 2013) and 4.1 mm yr-1 (Guglielmin et al., 2012). Differences in clast roundness between 

raised beaches suggest different phases of wave activity resulting from variations in summer sea ice 

cover. Periods with enhanced wave activity due to reduced sea ice occurred after 8.9 ka BP at Calmette 

Bay, between 6 and 2.3 ka BP at Horseshoe Island (Hodgson et al., 2013) and between 3.5 and 2.4 ka 

BP at Rothera and Anchorage Island (Bentley et al., 2005a; Guglielmin et al., 2012). Relative sea level 

was also inferred from elevated lake deltas on Alexander Island, with the last period of intensive delta 

formation occurring in the mid-Holocene (ca. 4.5 ka BP; Roberts et al., 2009). 

 

The northern AP region and surrounding areas 

Warmer conditions during the late Pleistocene-early Holocene (especially between 15-14 ka BP and 6 

ka BP; Ingólfsson et al., 2003; Milliken et al., 2009; Seong et al., 2009; Watcham et al., 2011; Weber 

et al., 2014), caused significant ice loss and glacial retreat in the northern AP and adjacent islands. The 

highest raised beaches in the region have been dated to between 7.5 to 7 ka BP (Hall, 2010; Watcham 

et al., 2011). Glacio-isostatic rebound models created for the South Shetland Islands show a center of 

maximum uplift between Greenwich and Robert islands (18.7 to 20.4 m), with rebound rates between 

2.2 and 4.8 mm yr-1 over the last 7 ka BP (Fretwell et al., 2010; Watcham et al., 2011; Table 1). New 

coastal areas emerged due to this uplift (John & Sudgen, 1971; Bentley et al., 2005a; Fretwell et al., 

2010; Hall, 2010; Watcham et al., 2011), with the development of 5-7 levels of raised beach levels 

through the mid- and late Holocene at elevations between 2 and 20 m (Fretwell et al., 2010; Hall, 2010; 

Simms et al., 2012; Figure 3C). 

 

 

5.1.2 Permafrost, periglacial processes and mass movements 

The eastern AP region 

Rock glaciers are common in ice-free landscapes of the eastern AP (Strelin et al., 2007; Fukui et al., 

2008; Davies et al., 2013; Guglielmin et al., 2018). They mostly originate from ice-cored moraines that 

began creeping (i.e. they represent glacier-derived rock glaciers sensu Humlum, 1996). Exposures of 

glacier ice are often visible in central parts or in marginal talus (Strelin & Sone, 1998). Less common 

are talus-derived rock glaciers (Figure 4A), which generally originate from vast accumulations of debris 

scree at the foot of volcanic mesas with buried snow deriving in interstitial ice (Davies et al., 2013). 

Large-scale mass movements are characteristic on the slopes of volcanic mesas of the James Ross 

Archipelago, where rock blocks detaching from the original surface of the deltaic topsets slide 

downslope, fall or topple and create chaotic accumulations of blocks beneath the cliffs (Davies et al., 

2013). These steep slopes are prone to mass wasting and accumulation of material forming talus cones 

or scree slopes, and protalus ramparts are a common landform observed in the scree accumulations 

(Table 2) (Ermolin et al., 2002; Davies et al., 2013; Nozal et al., 2013; Mlčoch et al., 2018). The age of 

these landforms is unknown, although the mass movement processes have likely operated throughout 

the Holocene (Davies et al., 2013; Smellie et al., 2013). 
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Table 2 

 

The western AP region 

The western AP is much more glacierized than the eastern AP, and terrestrial environments and ice-free 

areas are therefore spatially limited (Figure 4B). Data on permafrost distribution and thermal state are 

scarce (Bockheim et al., 2013; Guglielmin et al., 2014). Sporadic permafrost has been detected in the 

Palmer Archipelago and the Biscoe Islands at elevations above 100-180 m (Bockheim et al., 2013) with 

active layer thicknesses exceeding 10 m on bedrock (Wilhelm et al, 2016), whereas at Rothera 

(67°57’S) permafrost is continuous with soil temperatures of -3 °C (Guglielmin et al., 2014). Permafrost 

in the western AP is strongly controlled by snow accumulation and therefore its characteristics are 

highly localized (Guglielmin et al., 2014). Geomorphic indicators of permafrost conditions present in 

other maritime polar environments (e.g. rock glaciers, pingos, ice wedge polygons, active layer 

detachment failures) are absent in the western AP region. Stone-banked solifluction lobes and 

terracettes are quite common, although they may form under a seasonal frost regime (Table 2). 

 

The northern AP region and surrounding areas 

Glacial retreat at the northern tip of the AP favored very intense periglacial processes. The humid 

conditions in the area, with common rain and snow events and frequent freeze-thaw cycles during 

summer (Oliva et al., 2017b), enhance physical weathering and promoted the development of periglacial 

landforms immediately after deglaciation. Under these conditions, processes such as solifluction, 

cryoturbation and mass movement are very active and lead to the formation of a wide range of 

periglacial phenomena between sea level and ca. 300 m (Table 2). 

 

Despite the lack of absolute ages from periglacial landforms, there are at least two stages of periglacial 

activity in areas of the South Shetland Islands, such as Byers Peninsula, based on morphostratigraphic 

criteria and dating of other deposits and landforms (Ruiz-Fernández & Oliva, 2016). During the first 

stage, when glacial ice still covered most of the present-day ice-free areas, the periglacial landforms 

(e.g. block streams) that developed under very intense cold conditions were spatially restricted to the 

limited ice-free areas of the nunataks and some coastal fringes. Subsequently, a second periglacial phase 

occurred as glacial retreat accelerated, resulting in a wide range and distribution of periglacial landforms 

(e.g. solifluction, patterned ground features) formed under a climate regime that was less severe than 

the previous stage (Ruiz-Fernández & Oliva, 2016). Whereas the first landforms are indicative of 

permafrost conditions, the latter do not strictly imply permanently frozen conditions but may be also 

related to seasonal frost (Table 2). 

 

The landforms formed following deglaciation include rock glaciers, protalus lobes and block streams, 

which are permafrost-related features present in ice-free environments of the northern AP region (Table 

2). The presence of these landforms reveals the existence of permafrost conditions, in some cases down 

to sea level (Araya & Hervé, 1972; Serrano & López-Martínez, 2000; Serrano et al., 2004; López-

Martínez et al., 2012). In the South Shetland Islands Serrano & López-Martínez (2000) identified nine 

rock glaciers and eleven protalus lobes formed during three stages: after the last major deglaciation, 

between 2 ka BP and pre-LIA, and during the LIA (Table 2). Glacial retreat has generated glacier-

derived rock glaciers in some cases (38% of the total). However, talus-derived rock glaciers are 

dominant in the South Shetland Islands (62%; Serrano & López-Martínez, 2000). Block streams are 

landforms inherited from colder stages in some sectors (Ruiz-Fernández & Oliva, 2016), while in others 

they are fully active (López-Martínez et al., 2012). In the Hope Bay area (Figure 2D), under colder 

conditions, talus cones and patterned ground features were generated following deglaciation in the 

successively created ice-free areas (Birkenmajer, 1988; Schaefer et al., 2015). 

 



 

 

The ice-free areas formed throughout the Holocene are largely covered by sediments either deposited 

by glaciers, generated by physical weathering, or elevated by glacio-isostatic uplift (Fretwell et al., 

2010; Hall, 2010; Watcham et al., 2011; López-Martínez et al., 2012; Oliva et al., 2016). These 

environments, rich in fine particles, are favorable for the development of intense cryoturbation 

processes (Table 2). A wide range of patterned ground features is thus distributed across level surfaces 

and gentle slopes (e.g. stone fields, stone sorted-circles, stone stripes, stone polygons, micropolygons, 

earth hummocks and mudboils; Guglielmin et al., 2008; López-Martínez et al., 2012; Figure 4C). 

Solifluction landforms are abundant on gentle slopes covered by detrital deposits, whereas talus cones 

are common landforms at the foot of rock walls, volcanic plugs, rocky outcrops and scarps (López-

Martínez et al., 2012; Oliva & Ruiz-Fernández, 2017). 

 

5.1.3 Alluvial and lacustrine dynamics 

The eastern AP region 

Numerous lakes formed in the area of the James Ross Archipelago in connection with deglaciation 

(Björk et al., 1996; Hjort et al., 1997; Sterken et al., 2012; Nedbalová et al., 2013). The oldest lakes are 

those located on higher-lying uplifted marine terraces, on old levelled surfaces shaped by glacier erosion 

or in old moraines (Table 4). For coastal lakes on marine terraces, the transition from shallow marine 

to lacustrine environments was reconstructed from sedimentary records and/or biostratigraphy 

(Ingólfsson et al., 1992; Hjort et al., 1997; Sterken et al., 2012). A large number of stable lakes appear 

on the volcanic mesas of both James Ross and Vega islands (Table 3). Lakes in old moraines 

(Nedbalová et al., 2013) were formed either during the Pleistocene–Holocene transition, or more 

commonly after local glaciers retreated following Neoglacial advances (Table 3). Late Holocene glacial 

advances connected with the local LIA (Carrivick et al., 2012) led to the formation of prominent 

morainic ridges surrounding local glaciers, which underwent rapid retreat especially in the last several 

decades (Davies et al., 2012; Engel et al., 2012). Glacier retreat and down-wasting are connected with 

formation of cirque lakes on northern James Ross Island that are rather stable and perennially ice-

covered (Nedbalová et al., 2013).  

 

Deglaciation also led to the formation of the modern fluvial network, which either followed the 

deglaciation pattern (Figure 5A), or the pattern predisposed by geological the structure (e.g.; Kavan et 

al., 2017). Sediment load in streams of the James Ross Archipelago is mostly suspended load originating 

from underlying strata or transported by wind action (Kavan et al., 2017; Kavan & Nývlt, 2018). Bed-

dominant load is typical for proglacial streams, where coarse-grained material is available depending 

on geological conditions. 

 

Figure 5 
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The western AP region 

Fewer lakes occur in the ice-free areas of the western AP with respect to the eastern AP but especially 

in Marguerite Bay. Some have been studied in detail, and the evolution of these lacustrine environments 

and the chronology of glacial retreat is thus quite well understood. In Narrows Lake, located on the NE 

ice-free coast of Pourquoi-Pas Island, an increase in productivity was recorded between 9.3 and 8.5 ka 

BP, indicating a warm period coincident with glacial retreat and warm, open ocean conditions between 

~9 and 7 ka BP (Hodgson et al., 2013).  

 

The northern AP region and surrounding areas 

Holocene glacial retreat favored the progressive appearance of numerous lakes and coastal lagoons in 

newly exposed ice-free areas (Figure 5C). In several ice-free areas of the South Shetland Islands there 



 

 

are dozens of lakes distributed in overdeepened glacial basins and dammed by moraines that began to 

form during the early Holocene, whereas others located closer to present-day glacier fronts have 

appeared during the last millennium, as reported for Fildes (Watcham et al., 2010), Barton and Byers 

peninsulas (Oliva et al., 2016). Dating of the basal sediments provided information about the age of 

lake formation and thus the pattern and timing of glacial retreat, and showed evidence of augmented 

mineral sediment inputs during the paraglacial stage. For example, in the largest ice-free area of the 

South Shetland Islands, Byers Peninsula, lakes appeared across the peninsula between 8.3 ka BP and 

1.8 ka BP, with ages related to distance from the glacier front (Toro et al., 2013; Oliva et al., 2016). 

Lakes formed at relatively high elevations near glacial domes and alpine glaciers, as well as in low-

altitude environments near sea level, with some of them being uplifted due to glacio-isostatic rebound. 

Poor drainage favored water retention and the development of (semi-permanent) lakes behind the 

different levels of the relatively flat marine platforms and raised beaches. In some cases, these coastal 

lagoons are directly related to ice retreat near the glacial fronts, and were therefore formed during the 

paraglacial stage, whereas others formed when the uplift isolated coastal basins which then became 

infilled with freshwater (Watcham et al., 2010). This process has been reported in several other ice-free 

environments in the northern AP region (Table 3). For Signy Island, multiproxy data provided evidence 

of remarkable Holocene climatic changes driving significant environmental changes (e.g. Jones et al., 

2000; Hodgson & Convey, 2005), though there is no reference to paraglacial dynamics in those studies.  

 

Paraglacial dynamics also condition the drainage systems in areas underlain by permafrost. This is 

particularly evident in relatively flat and gently sloping environments, such as the Byers Peninsula, 

where the shape of drainage basins and a limited hierarchical network reveals a youthful stage of 

landscape evolution (Mink et al., 2012). Such poorly developed drainage networks are common in many 

other ice-free landscapes of the northern AP region. 

 

5.1.4 Geoecological response to paraglacial adjustments 

Deglaciation created new areas for soil development as well as plant and wildlife colonization. The 

oldest ice-free landscapes have better developed soils in contrast to recently deglaciated environments, 

as weakening paraglacial processes allowed for earlier soil formation (González-Guzmán et al., 2017; 

Navas et al., 2017). Soil development was enhanced by the attenuation of cryoturbation and other 

sediment remobilization processes, resulting in the formation of cryogenic soils (mostly abiotic soils). 

Plant colonization of deglaciated areas typically occurred through directional succession, with 

increasing species diversity and plant cover over time and concomitant changes in species composition: 

pioneer mosses and lichens occurred on recently exposed landscapes, then disappeared completely in 

early and late successional stages when they were replaced by other species that, once established, were 

able to persist to the oldest successional stages (Favero-Longo et al., 2012). 

 

Soil development in ice-free landscapes of the AP has been influenced by biological activity, generally 

due to the effects of pinniped and sea bird populations. These communities may enhance soil 

acidification and increase the concentration of certain soil chemical compounds as well as organic 

matter content (Blume et al., 2002; Simas et al., 2007; Strauss et al., 2009; Moura et al., 2012). Dense 

concentrations of animals also result in high nutrient inputs in ice-free areas due to the deposition of 

excrement and the resulting fertilization of terrestrial ecosystems. Vertebrate colonies may thus play an 

important role in determining the distribution and abundance of vegetation in the AP region (Tatur, 

2002; Smykla et al., 2006; Michel et al., 2006; Ruiz-Fernández et al., 2017). In general terms, wildlife 

occurrences increase with distance from glaciers and are merely sporadic in the young deglaciated 

foreland. Ornithogenic soils have been observed to develop during the last 6 ka BP in parallel with the 

occupation history of sea birds, with progressively older occupations from the northern to southern AP 

despite the fact that previous records of penguin occupation in the northern AP may have been erased 



 

 

by LIA glacial readvances (Emslie, 2001; Table 4). Ornithogenic soils in the Hope Bay area occupy 

late Pleistocene to Holocene moraines, marine terraces and rocky outcrops, usually at low altitudes (<60 

m) (Pereira et al., 2013; Schaefer et al., 2015). 

 

Several cycles of glacier advance and retreat that induced vegetation responses can be identified and 

reconstructed through the analysis of moss peat banks and peat deposits. Moss peat banks are a 

characteristic and unique feature of Antarctic vegetation occurring in the northern and western AP as 

far as ~69°S. These features differ from peat deposits, as they develop through the combination of the 

low temperature and pH (3.5–4.5) of the peat (inhibiting microbial activity) and the occurrence of 

permafrost (Fenton & Smith 1982; Cannone et al., 2017a) and not in depressions associated with water 

saturation and anaerobiosis. These features permit the inference that permafrost aggradation occurred 

after glacial recession in several locations, as moss peat banks develop only under favorable climatic 

conditions characterized by cool and wet summers (Royles et al., 2012), and their conservation requires 

the persistence of permafrost that prevents the degradation of the organic matter (Fenton 1982; Cannone 

et al., 2017a). 

The eastern AP region 

Biological activity in the eastern AP region is limited due to the very low precipitation, which is a 

critical factor for plant colonization and vegetation development (Elster, 2008; Láska et al., 2011; 

Figure 6A). Soils in the eastern AP are generally poorly developed with low organic content (Souza et 

al., 2014). However, in the James Ross Archipelago, hundreds of seal carcasses were found to have 

played an important role in promoting vegetation colonization (e.g. Nelson et al., 2008; Negrete et al., 

2011, 2015; Nývlt et al., 2016). These carcasses represent important vectors of nutrients (Nývlt et al., 

2016), but also of contaminants (Zvěřina et al., 2017), from the marine environment to nutrient-poor, 

ice-free environments where they produce hotspots of nutrient rich soil that are commonly colonized 

by mosses, lichens and algae (Nývlt et al., 2016).  

 

Figure 6 

 

Table 4 

The western AP region 

Plant colonization in the western AP has been observed to have followed a directional succession 

(Corner & Smith, 1973; Smith, 1982; Table 4 & Figure 6B). In this region, moss peat banks developed 

due to permafrost aggradation in a paraglacial context, but developed later than in the northern AP (after 

630 ± 50 yr BP, Smith 1982) with the youngest ages recorded in the southwestern AP (AD 1860, Royes 

et al., 2013). On the other hand, in several areas of the western AP, penguin occupation cycles during 

the Holocene correlate with glacial advances and retreats, with increased occupation identified between 

4 and 3 ka BP (Emslie & McDaniel, 2002; Table 4). Following deglaciation, the resulting postglacial 

rebound promoted a gradual redistribution of penguin colonies that moved onto newly exposed ground 

and left behind the former rookeries where ornithogenic cryosols had started forming (Emslie et al., 

1998; Table 4). 

 

The northern AP region and surrounding areas 

In regions where local-scale environmental characteristics are less severe, such as the northern AP 

region, landscape age is often the main driver of plant colonization, as observed in undisturbed regions 

of the northern AP where landscapes deglaciated from the LGM to the LIA to the 20th century (Favero-

Longo et al., 2012). The time needed for colonization in the northern AP region ranged between several 



 

 

decades for the earliest colonization by pioneer species to three or four hundred years for the 

establishment of immature communities, while the climax stage can develop only in the oldest ice-free 

landscapes (e.g., Polytrichum strictum-Chorisodontium aciphyllum community at Signy Island, Favero-

Longo et al., 2012; Table 4, Figure 6C). Similar patterns have been reported from several localities in 

the northern AP (Sancho & Valladares 1993; Smith 1995; Sancho & Pintado 2004, Table 4). However, 

disturbance factors, such as those associated with coastal dynamics, may alter this pattern, with the 

richest vegetation and highest coverage having been observed on coastal surfaces of intermediate 

deglaciation age, rather than the oldest landscapes where vegetation was less developed (Kozeretska et 

al., 2010). The oldest moss peat banks in the northern AP were dated at ~5.5 ka BP (Fenton, 1982; 

Bjorck et al., 1991), while peat deposits provided a slightly younger age (Ye & Rongquan 1999). 

Ornithogenic soils were also described near penguin colonies in Hope Bay (e.g. Pereira et al., 2013) 

and on Seymour Island (Souza et al., 2014). Chemical and mechanical weathering caused the alteration 

of guano layer and underlying phosphatized rock into ornithogenic soils, which are now at some places 

considered relict (Tatur, 1989).  

 

5.2. Recent paraglacial dynamics since the 1950s 

The warming that has occurred since the 1950s in the AP and surrounding areas has led to intense 

paraglacial processes in the new ice-free landscapes that have been generated during the last several 

decades. These processes are triggering significant changes in the terrestrial ecosystems of these areas. 

 

5.2.1 Coastline adjustment 

The eastern AP region 

Recent coastline changes in the eastern AP region are related to ice shelf disintegration (Prince Gustav 

and Larsen A ice shelves in 1995; Larsen B ice shelf in 2002), which exposed new coastal areas 

(Skvarca et al., 1995; Cook & Vaughan, 2010; Davies et al., 2012a). These changes were most 

pronounced in the areas of the James Ross Archipelago and the Nordenskjöld and Oscar coasts of the 

eastern AP. At present, ice unloading is driving glacioisostatic uplift in the sector of the Robertson 

Trough of up to ~40 mm yr-1 (Nield et al., 2014). Recent beaches are well-developed along the coast 

of the Ulu Peninsula (James Ross Island), with sand and gravel spits enclosing small bays due to 

sediment redistribution by coastal currents (Davies et al., 2013; Table 1, Figure 3D). 

 

The western AP region 

Coastline changes in the western AP region are also linked to changes in glacier extent that are less 

obvious and homogeneous in this sector (Figure 3E). According Seehaus et al. (2018), since 1985 

numerous glaciers along the west coast of the AP show stable ice-front positions or even some advance. 

Locally, pronounced retreats have also been recorded, such as at Rothera Station (Guglielmin et al., 

2016), but they did not affect the coastline.  

 

The northern AP region and surrounding areas 

Paraglacial dynamics in response to the enhancement of glacial retreat due to recent warming is also 

affecting contemporary coastal processes, as shown by the formation of tombolos and present-day 

beaches (Figure 3F). Well-developed and incipient tombolos in tidal environments are common 

landforms in coastal areas of the northern AP region near glacier fronts and moraine systems that favor 

high sedimentary inputs (e.g. Elephant Point on Livingston Island; Oliva & Ruiz-Fernández, 2017). By 

contrast, present-day beaches are forming on the lowest levels of Holocene raised beaches and at the 

foot of glacier fronts located on coastal edges. Recent glacial retreat in some areas has also favored the 

development of new proglacial environments during recent decades due to the very high sediment 

discharge remobilized by proglacial streams towards the sea (Table 1). Subsequently, these sediments 

are redistributed along the shorelines by coastal processes. 



 

 

 

5.2.2 Permafrost, periglacial processes and mass movements 

The eastern AP region 

Recent paraglacial processes in the eastern AP region are limited in their extent due to slower retreat of 

local glaciers (Figure 4D). The recent areal changes of land-terminating glaciers were on the order of 

tens of square meters per year (e.g.; Skvarca et al., 1995; Engel et al., 2012). The newly formed ice-free 

areas with possible paraglacial response have thus not been of the scope for periglacial research as of 

yet. Scree formation on foothills of volcanic mesas is the dominant modern process on ice-free surfaces 

(Davies et al., 2013). Frost shattering is widespread on the surfaces of volcanic mesas including basalt 

boulder subvertical turning due to freeze-thaw processes (Davies et al., 2013). In places, protalus 

ramparts show clear activity connected with material translation through the clast rolling down the 

seasonal snow banks. 

 

The western AP region 

Thermal weathering and thermal shock (Hall, 1997) are very active in newly exposed areas, even in 

granitic outcrops such as on Alexander Island, as well as frost shattering in metamorphic or sedimentary 

areas (Figure 4E). The widespread distribution of permafrost conditions that show evidence of 

degradation (at least until 2012; Bockheim et al., 2013) favor landslides, rockfalls and debris flows, 

although no visible exposure of ice-rich frozen sediments has been detected (Table 2). 

 

The northern AP region and surrounding areas 

Paraglacial processes in this region, in the form of very active periglacial activity, are very intense in 

non-consolidated sediments following glacial retreat (Table 2). Frost shattering is very active in this 

area, affected by high moisture and a high number of freeze-thaw cycles (Oliva et al., 2017b), mainly 

on sedimentary and metamorphic rocks. In gentle to moderate slopes, the resulting debris can be 

subsequently mobilized downslope by solifluction dynamics or even by rapid mass wasting processes 

such as mudflows, debris flows and landslides (Oliva & Ruiz-Fernández, 2017; Figure 4F). This 

sediment transfer between proglacial environments, slopes and valley bottoms can be enhanced by the 

presence of permafrost (López-Martínez et al., 2012; Oliva & Ruiz-Fernández, 2015). In some recently 

deglaciated environments, slope processes can expose permafrost, which has been found as warm/cold 

and ice-rich/dry, depending on the location and the thermal character of the glacier bases (Oliva & Ruiz-

Fernández, 2015). In some permafrost areas, frost mounds formed by ice segregation have been 

identified (López-Martínez et al., 2012; Oliva & Ruiz-Fernández, 2017). 

 

Rockfall activity is also very high in recently deglaciated vertical walls, favoring the development of 

scree deposits at the foot of the cliffs. Patterned ground features are very abundant in relatively flat 

areas (favored by the existence of fine sediments), especially stone stripes, stone sorted-circles and 

stone fields (Table 2). 

 

5.2.3 Alluvial and lacustrine dynamics 

Recent glacial retreat has led to the formation of new proglacial areas where alluvial processes are 

changing the landscape and new lakes are appearing.  

 

The eastern AP region 

Seasonal braided streams drain the proglacial environments between glacier fronts and moraines or the 

sea, in some cases even forming alluvial fans (Table 3). Ice-cored moraine degradation leads to the 

formation of kettle/perched lakes (Carrivick et al., 2012; Davies et al., 2013; Nedbalová et al., 2013), 

which are the least stable of all lake types found in the James Ross Archipelago. Sone et al. (2007) 

reported on the outburst of such a lake from the eastern flank of Lachman Crags (James Ross Island) 



 

 

between 2004 and 2005. Glacial lakes have also formed near glacier fronts (Nedbalová et al., 2013; 

Figure 5D). 

 

The northern AP region and surrounding areas 

In addition to lakes formed near glacier fronts (Toro et al., 2007, 2013; Oliva et al., 2016), in recently 

deglaciated environments of the northern AP region there are abundant coastal lagoons (e.g. coastal 

lagoon near Clark Nunatak in Byers Peninsula, Figure 5F). Local fluvial activity is restricted to a few 

months in summer (Mink et al., 2012; Kavan et al., 2017), when the streams are mostly fed by meltwater 

from glaciers, snowfields, or permafrost. 

 

5.2.4 Recent geoecological response 

Recently, a greening trend has been observed in Antarctica that has been attributed to warming 

(Amesbury et al., 2017). However, in the recently exposed ice-free areas of the AP region where 

paraglacial responses are very intense, several other processes have been detected. Deglaciation has 

resulted in an increase in ice-free areas with ground exposed to low temperatures and freeze-thaw 

cycles, which have proven to be a key factor in soil weathering in the AP region (Blume et al., 2002; 

Navas et al., 2006, 2008; Strauss et al., 2009; Moura et al., 2012; Michel et al., 2014). In these 

environments, intense cryoturbation with continuous sediment redistribution favors highly unstable 

soils, thus preventing plant colonization (Oliva et al., 2015; Ruiz-Fernández et al., 2016, 2017). In many 

deglaciated areas, not enough time has passed to diminish the activity of geomorphic processes and 

stabilize sediment redistribution, thus permitting soil development and plant and wildlife colonization. 

The amount of time elapsed since deglaciation is therefore a key factor explaining soil evolution and 

vegetation colonization in ice-free areas of the AP region (Simas et al., 2007; Strauss et al., 2009; Ruiz-

Fernández et al., 2017). 

 

Soils in recently deglaciated areas are typically coarse-textured and poorly developed. Cryosoils with 

low organic matter content are widespread due to the limited microbial contribution to soil development 

in cold temperature regimes (Blume et al., 2002). Consequently, in these environments organic matter 

levels were lower compared to guano- or vegetation-enriched soils in older environments (Engelen et 

al., 2008; González-Guzmán et al., 2017; Navas et al., 2017). The transport of mineral and organic 

matter is important in the process of biological colonization of newly exposed terrain. Water and wind, 

but also wildlife, have proven to be effective transport agents for both flora and microfauna (Janiec, 

1996; Smykla et al., 2006; Schlensog et al., 2013). 

 

The question of whether the very first colonizers of glacier forefields after glacier recession were 

microbial communities or plants is still under debate, even if soil microbial community can be detected 

just one year after deglaciation (Strauss et al., 2012). The activity of heterotrophic microbes (both 

bacteria and fungi), autotrophic microbes and nitrogen-fixing diazotrophs has been hypothesized to be 

the agent of the initial build-up of labile nutrient pools, although it still remains unclear to what extent 

microbial life or external sources are responsible for initial nutrient concentrations (Bradley et al., 

2014). Indeed, in many cases, nitrogen-fixing cyanobacteria are the photobiont (or photosynthetic 

partner in lichen symbiosis) of pioneer lichen species colonizing glacier forefields. Their nutrient 

fixation and subsequent degradation ensures the nutrient enrichment of recently deglaciated bare ground 

and promotion of further colonization by other plant species. 

 

The eastern AP region 

Periglacial processes limit the development of vegetation in newly ice-free areas exposed by recent 

glacial retreat (Cannone & Guglielmin, 2008; Figure 6D). However, no dispersal limitation for the 

lichen colonization of newly deglaciated substrates of volcanic mesas was found on James Ross Island, 

but lichen establishment is rather rare and growth of lichen communities is therefore a long-term process 



 

 

(Bohuslavová et al., 2018). Nutrients are effectively released from decaying seal carcasses, of which 

hundreds were mapped in ice-free areas of the James Ross Archipelago (e.g. Nelson et al., 2008; 

Negrete et al., 2015; Nývlt et al., 2016). According to radiocarbon ages most died during the last 

century, although a number of new carcasses appear every spring on Ulu Peninsula, James Ross Island 

(Nývlt et al., 2016). Recent mapping (Nedbalová et al., 2017) revealed that the fairy shrimp 

Branchinecta gaini, the largest Antarctic freshwater invertebrate, was more widely distributed in 

freshwater lakes of the James Ross Archipelago relative to samples taken 20–25 years ago (Björck et 

al., 1996). The desiccation of shallow lakes, which can occur due to evaporation or drainage following 

permafrost degradation, is another important phenomenon that may drastically change the availability 

of freshwater habitats (Váczi et al., 2011). 

 

The western AP region 

Vegetation and soil succession show similar patterns, with mineral soils that are typically coarse-

textured and poorly developed in recently deglaciated areas, and more evolved soils situated on older 

tundra (Strauss et al., 2009; Table 4 & Figure 6E). However, this successional trend is not always linear 

due to the impacts of environmental factors, which may decrease vegetation development through 

disturbance, or increase it through processes mainly associated to animal occurrence (Table 4). 

Cryoturbation has also been identified as a major factor of environmental disturbance affecting the 

colonization of recently deglaciated terrains by vegetation, with very poor lichen and bryophyte flora 

that are restricted to rock surfaces and crevices, and to the margins of soil polygons (Engelen et al., 

2008, 2010), mainly as a result of particle size sorting processes associated to cryoturbation and 

solifluction (Blume et al., 2002).  

 

The northern AP region and surrounding areas 

According to the prevailing patterns of ecological succession in glacier forefields, the visible plant 

colonization of recently deglaciated terrains started in the first 20-30 years after glacier retreat and was 

typically characterized by the appearance of pioneer epilithic lichens (Sancho & Valladares, 1993; 

Smith, 1995; Figure 6F), with the size and coverage of lichen increasing with age since deglaciation 

(Valladares & Sancho, 1995; Table 4). Recent climate warming further increased the colonization rate 

of pioneer lichens and mosses on ground recently exposed by glacier recession (Convey & Smith, 2006). 

On the other hand, the enrichment of terrestrial organic matter associated to animals (e.g. González-

Guzmán et al., 2017; Navas et al., 2017) may facilitate vegetation colonization. On Signy Island, the 

rate and extent of lichen colonization 20 years after deglaciation varied depending on nutrient 

availability, with epilithic lichens covering between 40 and >90% in nutrient-enriched sites, but only of 

20-25% in non-biotically-influenced sites (Smith, 1995). 

 

6. Discussion 

Our analyses of the distribution of landforms and processes associated with paraglacial activity in three 

contrasting climatic regions of the AP demonstrates that there are clear regional differences in the 

magnitude and type of response (Figure 7). 

 

Figure 7 

 

6.1. Factors and processes controlling paraglacial responses in the AP region 

The time elapsed since deglaciation is the crucial factor controlling the intensity of paraglacial processes 

(Ballantyne, 2002). The configuration of the same AP region is, in part, a consequence of the paraglacial 

response that occurred at long-term scales. Glacial retreat since the LGM has reshaped coastlines, 

favoring the emergence of new islands and peninsulas as well as exposing new fjords and bays (Ó 

Cofaigh et al., 2014). Short-term paraglacial dynamics have also changed landscapes at the local scale, 



 

 

favoring the development of periglacial landforms and sediment redistribution through a wide range of 

processes. 

 

Time elapsed also constrains the availability of sediment for mobilization. Environments where several 

centuries to millennia have passed since the paraglacial stage host soils that contribute to stabilize the 

sediments, even with an incipient vegetation cover, as in the uppermost raised beaches and bedrock 

plateaus of Elephant Point, Livingston Island (González-Guzmán et al., 2017). In some of these areas, 

biological activity can also contribute to soil fertilization (Blume et al., 2002; Simas et al., 2007; Strauss 

et al., 2009). However, recent studies in the northern AP region show that soil development in 

deglaciated environments is highly influenced by other factors (e.g. geology, altitude, slope, weathering 

intensity, sediment sources) (Navas et al., 2018). Therefore, soil development under paraglacial 

conditions can be very spatially variable, reinforcing the idea that the evolution of these landscapes is 

non-uniform (Oliva et al., 2019). By contrast, mass wasting is still highly prevalent in recently 

deglaciated (i.e., the second half of the 20th century) areas, with very active geomorphic processes 

favoring continuous sediment remobilization and impeding well-developed soils that favor vegetation 

cover (Oliva & Ruiz-Fernández, 2015; Ruiz-Fernández et al., 2017). 

 

Cryptobiosis, a state in which an organism ceases all metabolic processes in order to survive periods of 

intense adverse conditions, may also be linked with paraglacial dynamics. Entire moss patches survived 

six centuries of cold-based glacier burial through cryptobiosis, and were able to return to a metabolically 

active state after re-exposure due to glacier retreat (Cannone et al., 2017b). This finding provides new 

perspectives concerning species survival during glaciations and mechanisms of potential recolonization 

during the paraglacial stage. On the other hand, during the Holocene paraglacial phase a particular 

ecological response occurred in the northern AP, and later in the western AP, with the formation of 

moss peat banks where permafrost occurred (Cannone et al., 2017a). 

 

Another critical factor controlling the intensity of paraglacial processes is the local climate. Physical 

weathering is more active in the western AP, and particularly in the northern AP, where summer 

temperatures favor freeze-thaw cycles, frost shattering and cryoturbation (Balks et al., 2013). The cool 

and wet summers, along with rain events and positive temperatures, favor snow melt and surface runoff, 

as well as a thickening of the active layer and permafrost degradation, which in turn enhance periglacial 

dynamics (López-Martínez at al., 2012; Oliva & Ruiz-Fernández, 2017). In the Hope Bay area, colder 

conditions relative to the South Shetland Islands produce shallow permafrost depths, intense frost 

shattering and the suppression of soil development processes (Schaefer et al., 2015). In the drier and 

colder eastern AP, the lower soil moisture conditions limit periglacial activity in recently deglaciated 

environments. 

 

The transition from glacial to periglacial conditions is also strongly affected by the typology of glaciers. 

While the retreat of warm-based glaciers does not condition the presence of permafrost following 

deglaciation – even if climatic conditions favor its formation – cold-based glaciers determine the 

existence of permafrost once the land surface is exposed after glacier retreat (Carrivick et al., 2012). 

This is the case of the eastern AP, where dryer permafrost relative to the northern or western AP 

(Hrbáček et al., 2016) will condition paraglacial dynamics; in contrast, in the northern AP, such as in 

the South Shetland Islands, polythermal glaciers determine different patterns of response in neighboring 

areas. Paraglacial processes will be particularly effective in ice-rich permafrost environments, 

enhancing erosion and mass wasting processes (Oliva & Ruiz-Fernández, 2015). Thermokarst erosion 

may affect previously stable moraines, such as in the Hope Bay area where the formation of depressions 

have been observed (Birkenmajer, 1988, Schaefer et al., 2015). Thermokarst processes have also been 



 

 

identified in present-day proglacial areas of the northern AP such as Elephant Point, where tens of 

kettle-lakes appeared during the last several decades (Oliva & Ruiz-Fernández, 2015). 

 

The geomorphological setting also determines the types of processes that occur, as well as sediment 

redistribution. Areas with widespread unconsolidated sediments, such as moraines, coastal 

environments or proglacial areas that become exposed after glacier retreat, favor sediment 

remobilization by periglacial slope processes and alluvial dynamics. Consequently, the configuration 

of drainage systems is also altered, increasing erosion, transport and sedimentation processes in valley 

bottoms and across shorelines (Oliva & Ruiz-Fernández, 2015). Newly exposed bedrock is affected by 

glacial debuttressing, which favors the formation of screes at the feet of cliffs (Grämiger et al., 2017). 

 

Gravitationally-induced mass movement processes related to former glaciation have thus far received 

limited attention in the AP region, or indeed in the whole Antarctic (Gordon et al., 1978; Fitzsimmons, 

1996; Davies et al., 2013). Nonetheless, high availability of unconsolidated glacigenic sediments, drift-

mantled slopes and steep rockwalls preconditions these landsystems to be susceptible to slope relaxation 

and gravitational deformation, in turn leading to significant paraglacial modification (Ballantyne, 2002). 

Talus accumulations in the form of debris cones or aprons (scree slopes) are ubiquitous features formed 

beneath steep headwalls of oversteepened glacial cirques and valleys, or cliffs of vertically jointed 

hyaloclastite deposits (Davies et al., 2013). Following glacier retreat or ice surface lowering, 

debuttressing and stress release incite rockfalls or the toppling of weathered or fractured rock and its 

accumulation at slope foothills (Ballantyne, 2002). The importance of rockfall erosion has recently been 

studied in the southern AP, where long-term erosion rates due to rockfall are considered to be greater 

than those for cold-based ice action, thus providing ample debris supply for glacier landsystems 

(Dunning et al., 2016). In the Ellsworth Mountains, near the southern edge of the AP, Marrero et al. 

(2018) found that subaerial erosion rates are also influenced by the availability of abrasive, 

predominantly aeolian material, which is again related to areas with potential sediment supply. Finally, 

rockfall also modifies isostatically uplifted coastal cliffs in the South Shetland Islands (Strzelecki et al., 

2017). 

 

6.2. Expected environmental evolution 

The polar regions are among the areas expected to show the most dramatic climatic changes in the 

forthcoming decades. International reports suggest that the average warming across the whole Antarctic 

continent may reach ~3ºC (IPCC, 2014), which will lead to significant environmental consequences in 

the AP region. Temperature increases may be associated with increasing precipitation in the western 

and northern AP, while decreased precipitation is predicted for the eastern AP (IPCC, 2014) Depending 

on the seasonality and magnitude of precipitation changes, the mass balances of glaciers may increase 

or decrease, though most models show glacial loss by the end of the 21st century (Radic et al., 2014). 

 

Among the main consequences of this warming scenario in terrestrial environments in the AP region 

will be an increase in the number of ice-free areas as well as the expansion of the ice-free areas that 

already exist. Consequently, new areas will be affected by paraglacial dynamics and therefore an 

accurate characterization of environmental dynamics in the areas recently affected by glacial retreat 

may be useful for anticipating the future responses of terrestrial ecosystems in the AP region (Oliva & 

Ruiz-Fernández et al., 2015). 

 

The processes affecting newly ice-free environments will differ depending on the lithology, 

geomorphological and topographical setting and local climate conditions. In the drier eastern AP region, 

the predominance of cold-based glaciers implies the existence of permafrost once deglaciation occurs. 

Consequently, if precipitation is unchanged or decreases in the eastern AP, the amount of water stored 



 

 

within the active layer will continue to be limited and therefore the activity of periglacial slope processes 

will not increase. 

 

In the northern AP, where temperatures are currently positive during the summer season, more areas 

with a significantly larger land surface affected by paraglacial activity are expected. Following 

deglaciation, the intensity of paraglacial processes in this region will depend on glacier type (cold- vs 

warm-based) and the existence of permafrost. The presence of ice-rich permafrost immediately after 

deglaciation, where sediments are still unconsolidated and physical weathering processes are very 

intense, will generate environments in which paraglacial processes are highly active. In these areas, 

mass wasting processes, the formation of patterned ground features, thermokarst processes and 

permafrost degradation may accelerate with higher temperatures (Oliva & Ruiz-Fernández, 2015). In 

the southwestern AP, where temperatures are lower and the number and extent of deglaciated 

environments is also lower, the spatial distribution of paraglacial processes will be limited, showing 

similar processes to those of the northern and northwestern AP, but generally of lower magnitude. 

 

There will also be some general patterns of response to glacial retreat across the AP region. Slow and 

gradual redefinition of coastlines, with the appearance of some lagoons, tombolos, peninsulas, etc., 

driven by glacio-isostatic uplift and increased sediment input from proglacial environments, is to be 

expected. Changes are also likely in marine coastal environments due to increased sediment 

resuspension and mineralization that will induce changes in primary production (Fritz et al., 2017). 

Moreover, glacial retreat and permafrost degradation may also alter the biogeochemical cycles in the 

polar regions, with consequences for the climate system at regional and global scales (Hodson et al., 

2017). 

 

Research on paraglacial dynamics is more abundant in mountain areas (e.g. Ballantyne, 2008; McColl, 

2012; Knight & Harrison, 2014; Deline et al., 2015) than in polar regions (e.g. Mercier et al., 2009; 

Moreau et al., 2008); especially in the case of Antarctica, where there are only a few specific studies 

(Davies et al., 2013; Oliva & Ruiz-Fernández, 2015). In contrast, paraglacial studies are abundant in 

mountain ranges such as the European Alps (Curry et al., 2006; Cossart, 2008; Kellerer-Pirklbauer et 

al., 2010; Eichel et al., 2013; Bosson et al., 2014), the Andes (Harrison et al., 2006; Riquelme et al., 

2011), the Himalayas (Owen & Sharma, 1998; Barnard et al., 2004), the Hindukush and Karakorum 

(Iturrizaga, 2008), and other mountainous areas such as the Scottish Highlands (Ballantyne, 2008; 

Ballantyne & Stone, 2013). Some studies have even analyzed paraglacial dynamics occurring on large 

stratovolcanoes of Central America (Palacios et al., 1999). These investigations have addressed topics 

such as sediment transport, slope dynamics, associated fluvial and torrential processes, and the response 

on different time scales. Some of the most recent studies have also investigated the plant colonization 

of recently deglaciated areas in glacier forelands (Fickert & Grüninger, 2018), the interaction between 

Alpine glaciers and rock glaciers (Kenner, 2019), and even the role of biogeomorphic interactions in 

the paraglacial stage (Eichel et al., 2013). Conceptual models and methodological approaches, mainly 

focused on mountain areas, have also constituted a line of preferential research (Ballantyne, 2002; 

Mercier, 2008; Knight & Harrison, 2018).   

 

Future research on this topic in Antarctica will allow a better understanding of the environmental 

dynamics of newly exposed ice-free areas. This will improve current knowledge gaps, such as the 

interaction between cold- and warm-based glaciers and permafrost, the loss of landmass, as well as the 

control exerted by the subglacial topography on the mobilization of sediments once glaciers have 

retreated (Oliva et al., 2019). Although time elapsed for soil formation and vegetation colonization can 

be highly variable depending on several factors (topography, climate, geomorphic disturbances, 

contribution of nutrients from wildlife colonies, interactions between bio- and geo-systems, etc.), the 

succession of processes and its chronology is still poorly understood. The formation of new ice-free 



 

 

areas also has important implications that have yet to be studied in detail, such as the creation of wildlife 

colonies. 

 

Future research should also address the role that the nearshore zone plays in biogeochemical cycling in 

marine-terminating glaciers, which constitute large areas in Antarctica. Whereas Fritz et al. (2017) 

highlight the role that the sediment released due to coastal erosion - enhanced by permafrost degradation 

- has in the land-sea transition zone in the Arctic, a similar process may occur in recently deglaciated 

environments in Antarctica; in this case, it would be favored by both glacier retreat and permafrost 

degradation, although no studies have quantified it yet. The sediments reaching the sea may (i) 

transform into greenhouse gases, (ii) accelerate marine primary production, (iii) be buried nearshore, or 

(iv) be transported offshore (Fritz et al. 2017). 

 

7. Conclusions 

The AP, the warmest region of the Antarctic continent, represents a key area for the global climatic 

system. Increasing temperatures in the region may accelerate glacial retreat, which may have important 

consequences for local terrestrial and marine ecosystems but also implications at the global scale 

through altering ocean-atmospheric circulation patterns. 

 

Past glacial retreat since the LGM has reshaped the configuration of the AP and surrounding islands, 

favoring the emergence of new land as well as the exposure of formerly glaciated environments. The 

shrinking and spatial retreat of glaciers has favored glacio-isostatic uplift, which has redefined 

coastlines, with the development of new islands, peninsulas, and other landforms. All these changes 

that occurred during the paraglacial stage promoted changes in the distribution pattern of flora and 

fauna, which in maritime Antarctica are mainly restricted to coastal fringes. Glacial retreat has also 

conditioned environmental dynamics, which have been more or less intense according to topography, 

the geomorphological setting and the presence or absence of permafrost. 

 

The pronounced warming trend recorded during the second half of the 20th century has accelerated some 

of these processes, as inferred from the geological record. The abundance and variety of records (glacial, 

periglacial, permafrost, alluvial, coastal) as well as observations of ecological processes, has shown 

evidence of the rapid paraglacial readjustment of AP environments during the transition from glacial to 

ice-free conditions. High uplift rates have continued to reshape coastlines, permafrost degradation in 

newly exposed areas is accelerating mass wasting and sediment redistribution and changing 

hydrological processes, and wildlife and flora are rapidly adapting to the new environmental setting. 

 

All climate scenarios project a significant temperature increase by the end of the 21st century in the AP 

region, which will lead to an increase in the extent of ice-free environments and therefore of the areas 

affected by paraglacial dynamics. In this context, an accurate characterization of the response of 

recently deglaciated environments following glacial retreat is critical for anticipating the future 

environmental responses in this highly sensitive climatic setting. 
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Figure captions 

 

Figure 1. (A) Location map of the AP region within the Antarctic continent, and (B) extension of ice-

free areas around the AP region. 

 

Figure 2. Detail of the study area including the main sites mentioned in the text. 

 

Figure 3. Examples of the redefinition of coastlines related to past (A, B, C) and recent (D, E, F) 

paraglacial responses. 

 

Figure 4. Examples of permafrost, periglacial processes and mass movements related to past (A, B, C) 

and recent (D, E, F) paraglacial responses. 



 

 

 

Figure 5. Examples of alluvial and lacustrine dynamics related to past (A, B, C) and recent (D, E, F) 

paraglacial responses. 

 

Figure 6. Examples of geoecological processes related to past (A, B, C) and recent (D, E, F) paraglacial 

responses. 

 

Figure 7. Synthetic representation of past and recent paraglacial responses in the AP region. 
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Figure 7. Synthetic representation of past and recent paraglacial responses in the AP region. 

 



Table 1. Coastline adjustment related to paraglacial dynamics in the AP region.  

 

 

 

Region Past processes Recent processes 

Processes/landforms Area/ Chronology References Processes/landforms Area References 

Western AP Highest marine terraces from 
40.8 to 40.5 m  

 

 
At least 5 levels of Holocene 

raised beaches between 22.2 

and 4.5 m  

 

 

Rate of uplift between 2.7 
mm yr-1 to 4.1 mm yr-1 

 

 
 

Higher roundness of boulders 

related to periods of higher 
wave activity 

 

Pourquoi-Pas Island, 
Horseshoe Island / After 9 ka 

BP 

 
Antarctic Peninsula; Rothera 

and Anchorage Island 

 

 

Pourquoi-Pas Island, 

Horseshoe Island; Rothera 
and Anchorage Island / 

Between 7.3 and 2.7 ka BP 

 
8.8 ka BP /  Calmette Bay 

Horseshoe Island / 6 and 2.3 

ka BP 
Rothera and Anchorage 

Island / 3.5 and 2.4 ka BP 

 

Hodgson et al., 2013 
 

 

 
Bentley et al., 2009;  

Guglielmin et al., 2012 

 

 

 

Guglielmin et al., 2012; 
Hodgson et al., 2013 

 

 
 

Hodgson et al., 2013 

Bentley et al., 2005; 
Guglielmin et al., 2012 

Numerous glaciers show stable 

ice-front positions or even some 

advance 

 

 

 
 

Locally, pronounced glacial 

retreats have also been recorded,  
but they did not affect the 

coastline 

Along the west coast of the 
AP 

 

 
 

 

 
Rothera 

 

 

Seehaus et al., 2018 
 

 

 
 

 

 
Guglielmin et al., 2016 

 

 

Eastern AP Development of marine 

terraces 

- isostatic uplift up to ca 30 
m 

 

- isostatic uplift up to ca 15 
m 

 

 

JRI – Ulu Peninsula 
 

 

Beak Island 

 

 

Hjort et al., 1997 
 

 

Roberts et al., 2011 

Breakup of ice shelves and 

opening of coastal areas 

 
 

Sand and gravel spits and modern 

beaches formation 

Prince Gustav Ice Shelf 

Larsen A Ice Shelf  

Larsen B Ice Shelf 
 

JRI 

Skvarca et al., 1995 

Cook & Vaughan, 2010 

 
 

Strelin & Malagnino, 1992; 

Davies et al., 2013 
Mlčoch et al., 2017 

 

Northern AP and 

surrounding areas 

Development of a sequence 
of 5-7 raised beaches 

(relative heights above sea 

level from 2 to 20 m) during 
the Holocene showing a 

maximum glacio-isostatic 

uplift of ca 20 m. 
 

Center of maximum uplift 

situated in the SSI between 
Greenwich and Robert 

islands 

 
 

 

 
SSI / Uplift rates of 2.2 and 

4.8 mm yr-1 over the last ∼7 
ka BP. Age of the highest 

raised beaches of 7.5-7 ka 

BP. 

 
 

 

 
John & Sudgen, 1971; 

Hanson, 1979; Del Valle et 

al., 2002; Bentley et al., 
2005a;  Fretwell et al., 2010; 

Hall, 2010; Watcham et al., 

2011 

Formation of tombolos and 
present-day beaches, and 

discharge of sediments from new 

proglacial environments to 
marine environments 

 
Livingston (Byers, 

Elephant Point), Deception 

López-Martínez et al., 1996; 
López-Martínez & Serrano, 2002; 

Oliva & Ruiz-Fernández, 2015, 

2017 



Table 2. Permafrost, periglacial processes and mass movements related to paraglacial dynamics in the AP region. 

 

Region 
Past processes Recent processes 

Processes/landforms Area/ Chronology References Processes/landforms Area References 

Western AP Sporadic permafrost at 

elevations above 100-

180 m a.s.l. 

 

Continuous permafrost 

 

Permafrost strongly 

controlled by snow 

accumulation 

 

Stone-banked 

solifluction lobes and 

terracettes are common 

features 

Palmer Archipelago and 

Biscoe Islands 

 

 

Rothera area 

 

 

WAP 

 

 

 

WAP 

Bockheim et al., 2013 

 

 

 

Guglielmin et al., 2014 

 

 

Bockheim et al., 2013 

 

 

 

Guglielmin et al., 2014 

Thermal weathering and thermal 

shock are very effective in the 

newly exposed areas 

 

Widespread distribution of 

permafrost (mainly in strong 

degradation) favour mass wasting 

processes (rock falls, rock 

landslides, debris flows, slumps, 

etc.) 

Alexander Island 

 

 

 

WAP 

Hall, 1997 

 

 

 

 Bockheim et al., 2013 

Eastern AP Mass processes like 

landslides, debris flows 

and rockfalls 

 

Talus slopes, scree 

slopes, protalus rampart 

 

 

Active rock glaciers 

 

 

 

Rock glaciers, sorted 

grounds, thermokarst 

depresions 

JRI – Ulu Peninsula 

 

 

 

JRI – Ulu Peninsula, Vega 

Island 

 

 

JRI – Ulu Peninsula, 

Tumbledown Cliffs, Rink 

Crags 

 

Vega Island, Devil Bay 

Davies et al., 2013 

 

 

 

Ermolin et al., 2002; Davies et 

al., 2013; Nozal et al., 2013; 

Mlčoch et al., 2017 

 

Lundqvist et al., 1995; Fukui et 

al., 2007; 2008; Strelin et al., 

2008 

 

Ermolin et al., 2002 

Recent process limited to scree on 

newly exposed areas 
JRI – Ulu Peninsula Davies et al., 2013 

Northern AP and 

surrounding areas 

 

 

 

 

 

Nine rock glaciers and 

eleven main protalus 

King George (Fildes, Keller, 

Italian Valley, Ferguson, 

Tyreell, Hennequin, Loggia 

Corrie,), Livingston (Hurd, 

Mackay, Renier), Robert 

(Coppermine), Nelson 

(Standbury) / Three 

 

 

 

 

 

Serrano & López-Martínez, 

2000; López-Martínez et al., 

Several slow and rapid mass 

movements related with presence 

of permafrost/seasonal frost: 

mudflows, debris flows, rockfalls, 

landslides, solifluction landforms 

 

 

 

SSI - King George (Fildes), 

Livingston (Byers, Elephant 

Point), Deception; NAP 

 

 

 

López-Martínez et al., 1996, 2012; López-

Martínez & Serrano, 2002; Serrano et al., 

2002; Bockheim et al., 2013; Michel et al., 

2014; Oliva & Ruiz-Fernández, 2015, 2017; 

Ruiz-Fernández & Oliva, 2016; Ruiz-

Fernández et al., 2016 

 



lobes 

 

 

 

 

 

Inactive blockstreams 

 

 

 

Abundance of patterned 

ground features 

generations of rock glaciers 

formed: 1) post-last major 

deglaciation, 2) between 2 ka 

BP and pre-LIA, 3) during 

the LIA 

 

SSI; Byers Peninsula / 

Presence of inactive 

blockstreams without datings 

 

SSI - King George (Fildes, 

Barton, Weaver), Livingston 

(Byers, Elephant Point), 

Deception 

South Orkneys islands - 

Signy 

2012; Michel et al., 2014 

 

 

 

 

 

López-Martínez et al., 2012; 

Ruiz-Fernández & Oliva, 2016 

 

 

López-Martínez et al., 1996, 

2012; López-Martínez & 

Serrano, 2002; Serrano & 

López-Martínez, 1997a, 1997b, 

1998, 2004; Serrano et al., 

1996, 2002; Guglielmin et al., 

2008; Michel et al., 2014; Oliva 

& Ruiz-Fernández, 2015, 2017; 

Ruiz-Fernández & Oliva, 2016; 

Ruiz-Fernández et al., 2016 

 

Active patterned ground features: 

stone sorted-circles, stone stripes, 

stone fields, stone polygons, 

micropolygons, earth hummocks, 

mudboils 

 

 

 

 

Active rock glaciers, protalus 

lobes and blockstreams 

 

 

 

Existence of permafrost in 

recently deglaciated areas related 

with cold-based glaciers 

SSI - King George (Fildes, 

Barton, Weaver), Livingston 

(Byers, Elephant Point), 

Deception,  

South Orkneys islands - Signy 

 

 

 

SSI - King George (Fildes, 

Barton, Weaver, Keller), 

Livingston (Hurd, Byers, Barnard 

Point), Robert (Coppermine), 

Nelson (Standbury) 

 

SSI - Livingston (Byers, Elephant 

Point) 

López-Martínez et al., 1996, 2012; López-

Martínez & Serrano, 2002; Serrano & López-

Martínez, 1997a, 1997b, 1998, 2004; Serrano 

et al., 1996, 2002; Guglielmin et al., 2008; 

Michel et al., 2014; Oliva & Ruiz-Fernández, 

2015, 2017; Ruiz-Fernández & Oliva, 2016; 

Ruiz-Fernández et al., 2016 

 

 

Serrano & López-Martínez, 2000, 2004; 

López-Martínez et al., 2012; Michel et al., 

2014; Correia et al., 2017 

 

 

Oliva & Ruiz-Fernández, 2015, 2017; 

unpublished data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 3. Alluvial /lacustrine dynamics related to paraglacial dynamics in the AP region. 

 
Region Past processes Recent processes 

Processes/landforms Area/ Chronology References Processes/landforms Area References 

Western AP Increase of productivity in the 

Narrows Lake indicating warm 

periods 

Marguerite Bay / Between 9260 

and 8.5 ka BP, between 6.2 and 2 

ka BP, after 2.1 ka BP, and 

between 540 and 380 cal yr BP 

Hodgson et al., 2013 

--------------------------- --------------------------- --------------------------- 

 

   

Eastern AP 

 

Formation of lakes after 

deglaciation. Different types of 

lakes according to their origin 

and geomorphological position: 

coastal lakes, lakes on volcanic 

mesas and other erosional 

surfaces, lakes in old moraines, 

lakes in young moraines, cirque 

lakes 

 

 

 

 

 

River network formation 

 

JRI, Ulu Peninsula  

 

 

JRI, Lagoons Mesa 

 

JRI, Clearwater Mesa 

 

Beak Island 

 

Vega Island  

 

 

 

 

JRI, Ulu Peninsula  

 

Ingólfsson et al., 1992; Björk 

et al., 1996; Hjort et al., 

1997; Nedbalová et al., 2013 

 

Lecomte et al., 2016 

 

Roman et al., in review 

 

Sterken et al., 2012 

 

Lecomte et al., 2016; Píšková 

et al., 2017 

 

 

 

Davies et al., 2013; 

Kavan et al., 2017 

 

 

 

Kettle, cirque and unstable moraine lakes 

 

 

Moraine lake development and outburst 

 

 

 

 

JRI, Ulu Peninsula 

 

 

JRI, Ulu Peninsula 

JRI, Abernethy Flats 

 

Carrivick et al., 2012; Davies et 

al., 2013; Nedbalová et al., 

2013 

 

Sone et al., 2008 

Northern AP and 

surrounding areas 

Formation of lakes and semi-

permanent coastal lagoons 

favouring changes on terrestrial 

vs aquatic ecosystem dynamics 

in these areas  

 

Early stage of drainage network 

related to past local glacial spots 

SSI - King George (Fildes), 

Livingston (Byers, Elephant 

Point) / since the Early Holocene 

onwards 

 

 

 SSI - Livingston (Byers) 

 

Toro et al., 2013; Oliva et al., 

2016, Oliva & Ruiz-

Fernández, 2017 

 

 

 

Mink et al., 2014 

Hydrologic changes with the formation of 

kettle-lakes, seasonal streams, lagoons, 

lakes, alluvial fans in proglacial areas  

 

 

 

Early stage of drainage network related to 

past local glacial spots 

SSI - King George 

(Fildes), Livingston 

(Byers, Elephant Point), 

Deception Island 

 

 

SSI - Livingston (Byers) 

López-Martínez et al., 1996, 

2012; López-Martínez & 

Serrano, 2002; Oliva & Ruiz-

Fernández, 2015, 2017. 

 

 

Mink et al., 2014 

 

  



Table 4. Geoecological responses related to paraglacial dynamics in the AP region. 

 

Region 
Past processes Recent processes 

Processes Area/ Chronology References Processes Area References 

Western AP 

 

Vegetation succession with 

increasing cover and changes of 
floristic composition on 

deglaciated areas 

 

Vegetation cover is denser in the 

oldest tundra areas. Increase of C, 

N, and P under vegetation cover 
 

Permafrost aggradation after 

deglaciation promotes the 
development and persistence up to 

millennia of moss peat banks 

 
Moss individuals survived through 

cryptobiosis during six centuries of 

cold-based glacier burial and were 
alive after re-exposure 

 

 
Occupation cycles of fauna 

correlate with glacial retreat stages 

 

Deglaciated terrains at 

Argentine and Comer Island; 
Anvers Island 

 

 

Anvers / ice-free for several 

hundred years 

 
 

Anvers Island 

Alexander Island 
 

 

 
glacier forefield at Rothera 

Point 

 
 

 

Marguerite Bay / 
ornithogenic soils formed > 6 

ka BP 
Palmer Region/ penguin 

occupation began ~600 cal yr 

BP 

 

Corner & Smith 1973 

Smith 1982 
 

 

 

Strauss et al., 2009 

 

 
 

Smith 1982 

Royles et al., 2013 
 

 

 
Cannone et al., 2017b 

 

 
 

 

Emslie, 2001, Emslie & 
McDaniel, 2002 

 
Emslie et al., 1998 

 

Vegetation colonization starts within 20-30 

years since deglaciation 
 

Cryoturbation affects the colonization of 

recently deglaciated areas 

 

Coarse textured cryosols with a low content in 

soil organic matter form in recently deglaciated 
terrain 

 

Soils with different chemistry exhibit similar 
bacterial composition 

 

Mineral soils containing greater soil moisture 
form near the glacier fronts, with active 

microbial community 

 
Higher development of soils affected by faunal 

activity, with significant N enrichment 

 

Anvers Island 

 
 

Alexander Island 

 

 

Alexander 

 
 

 

Alexander Island 
 

 

Anvers 
 

 

 
Anchorage 

 

 

Smith 1995 

 
 

Engelen et al., 2008, 2010 

 

 

Engelen et al., 2008 

 
 

 

Newsham et al., 2010 
 

 

Strauss et al., 2009, 2012 
 

 

 
Bokhorst et al., 2007 

Eastern AP 

Alteration of guano layer on relict 
ornithogenic soils by chemical and 

mechanical weathering, mass 

movements and frost processes 
 

Hundreds of seal carcasses that are 
important transporting agents of 

nutrients 

 
 

Seymour Island 

 
 

James Ross Island 

Archipielago 

 
 

Tatur, 1989 

 
 

Nelson et al., 2008; Negrete 

et al., 2011, 2015; Nývlt et 
al., 2016 

 
Periglacial processes limiting vegetation 

development 

 
 

Higher development of soils affected by faunal 

activity 

 
James Ross (Lachman Crags, 

Rink Plateau) 

 
 

Seymour; Ice-free terrains in 

Hope Bay 

 
Cannone and Guglielmin, 2008 

 

 
 

Souza et al., 2014; Pereira et al., 

2013; Schaefer et al., 2015 

Northern AP 

and surrounding 

areas 

 

Ecological succession with 
pioneer/early/late (climax) 

communities and increase of plant 

species diversity and coverage 
with deglaciation age 

 

Vegetation succession with 

 

Deglaciated areas since LGM 
to XX century at Signy Island 

 

 
 

 

Glacier forefields at Robert 

 

Smith 1995; Favero-Longo 
et al., 2012 

 

 
 

 

Sancho & Valladares 1993; 

 

Vegetation colonization starts within 20-30 
years since deglaciation 

 

 
Coarse textured cryosols with a low content in 

soil organic matter form in recently deglaciated 

terrain 

 

Robert and Livingston Island 
 

 

 
SSI – King Geroge (Fildes), 

Ardley Island. 

Close to Arctowski Station 

 

Sancho & Valladares 1993; 
Valladares & Sancho, 1995 

 

 
Blume et al., 2002, Michel et al., 

2014 

 



increasing cover and changes of 

floristic composition on 
deglaciated areas 

 

Disturbance may alter the normal 
patterns of the vegetation 

succession 

 
Permafrost aggradation after 

deglaciation promotes the 

development and persistence up to 
millennia of moss peat banks 

 

Increase of C, N, and P under 
vegetation cover.  

Increase of pH values in 

ornithogenic soils after the 
abandonment of settlements. 

 

Development of ornithogenic soils, 
with enhanced chemical 

weathering, enrichment of N and P 

and a higher organic matter 
content near vertebrate colonies. 

 

 

Ornithogenic soils developed in 

stable landforms 

 
 

 

 
 

Algae as first colonists near 

vertebrate colonies 
 

 

 
Higher development of soils 

affected by faunal activity 

 

and Livingston Island 

 
 

 

Eldest deglaciated areas 
(along the coast) King 

George Island 

 
Ice-free areas with permafrost 

at Signy Island 

 
Elephant Island 

 

Ice-free areas in the 
surroundings of Arctowski 

Station and Ferraz Station 

(Admiralty Bay) 
 

 

SSI – King George (Stranger 

Point), Livingston (Byers) 

Ice-free terrains in Hope Bay 

/ ornithogenic cryosols 
development since ~2.5 ka 

cal BP 

 

SSI - Livingston (Byers), 

Hope Bay region / Late-

Pleistocene to Holocene 

stable ground moraines; 

oldest raised beaches 

 

SSI - Arctowski area 

(Admiralty Bay); Livingston 

(Elephant Point)  

 

SSI - Livingston (Byers, 

Elephant Point).  

Close to Arctowski Station 

(Admiralty Bay) 

Signy Island 

 

Sancho & Pintado 2004 

 
 

 

Kozeretska et al., 2010 
 

 

 
Fenton, 1982; Fenton & 

Smith 1982; Cannone et al., 

2017a 
Bjorck et al., 1991 

 

 
Simas et al., 2007 

 

 
 

 

Tatur et al., 1997, Michel et 
al., 2006, Moura et al., 2012, 

Pereira, 2013, Schaefer et al., 

2015, González-Guzmán et 
al., 2017, Navas et al., 2017 

 

 

 

Schaefer et al., 2015; Correia 

et al., 2017 
 

 

 
 

Smykla et al., 2006,Ruiz-

Fernández et al., 2017 
 

 

 
Smith 1995; Myrcha & 

Tatur, 1991; Tatur, 2002; 

Michel et al., 2006, 2012, 
Smykla et al., 2006, 2007, 

González-Guzmán et al., 

2017, Kozeretska et al., 2010 
 

 

 

 
Plant communities interact with soil namely by 

litter input in ice-free areas 

 
 

Highly unstable soils and sparse vegetation in 

recently deglaciated environments 
 

 

 
 

Grass and lichen formations concentrated in 

raised beaches and bedrock plateaus 
 

 

 
Vascular plants and bryophytes as primary 

colonists in recently deglaciated environments. 

 
Limited presence of vertebrate settlements in 

newly exposed terrain 

(Admiralty Bay) 

 
SSI – King George Island 

(Fildes), Ardley Island 

 
 

SSI - Livingston (Byers, 

Elephant Point) 

 

 

SSI - Livingston (Elephant 

Point). 

Close to Arctowski Station 

(Admiralty Bay) 

Ice-free terrains in Hope Bay 

 
SSI - Close to Arctowski Station 

(Admiralty Bay) 

 

SSI - Livingston (Elephant 

Point), Ice-free terrains in Hope 

Bay 

 

 
Boy et al., 2016 

 

 
 

Oliva et al., 2015, Ruiz-Fernández 

et al., 2017; González-Guzmán et 
al., 2017; Navas et al., 2017 

 

 
 

Smykla et al., 2006, Michel et al., 

2006, Ruiz-Fernández et al., 2017 
 

 

 
Schaefer et al., 2015, Ruiz-

Fernández et al., 2017 

 
Janiec, 1996,  Smykla et al., 2006, 

Ruiz-Fernández et al., 2017 

 


