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Introduction

Global warming is accelerating glacial retreat, forming new terrains for species to colonise and creating new habi-
tats (Cauvy-Fraunié & Dangles, 2019; Losapio et al., 2021). While pioneer species benefit initially from these de-
velopments, late-stage species and high-level trophic consumers, do not (Losapio et al., 2025). Additionally, some
pioneer species, such as Artemisia genipi and Saxifraga bryoides will ultimately decline after a period of time (100
years after glacial retreat; Losapio et al., 2021). Changing ecosystems have significant societal implications as they
affect the types of ecosystem services available. Moreover, snow and ice cover are shifting to bare ground and
vegetation. This exacerbates global warming and increased glacier melt due to a reduced albedo (Gibbard et al.,
2005). Understanding patterns in plant succession in pro-glacial areas is therefore not only a way to understand
ecosystem development, but also the potential future changes in the surrounding geomorphology, natural haz-
ards, water resources and overall resilience of the landscape (Losapio et al., 2021). This paper investigates the
impact of glacial processes on plant succession in the Gigjokull foreland in southern Iceland.

Iceland is experiencing rapid and intense warming (Intergovernmental Panel on Climate Change, 2013). Nearly
all outlet glaciers from the principal icecaps have retreated by at least a kilometre over the last century, forming
fresh surfaces and landforms (Synan et al., 2021). Gigjokull’s glacial foreland is an ideal site to study ecosystem
change because of the well-dated exposed surfaces formed by deglaciation and outburst floods since the early
18th century high stands of the Little Ice Age (Kirkbride & Dugmore, 2008; Ficetola et al., 2021). They represent
different chronozones, which are units in chronostratigraphy where rocks around the world were formed during a
specific time period (Ramezani & Hemming, 2026). Since successional stages vary by chronozone, the land surface
across the Gigjokull foreland can be studied to understand plant community development (Glausen & Tanner,
2019). Understanding this will help contextualise the influence climate or geomorphological events to pro-glacial
ecosystem development, offering insights for future landscape change and resource management (Bazzaz, 1979).
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Theories in Plant Succession

Plant succession was first described by Clements (1916) as involving six stages: nudation, migration, ecesis, com-
petition, modification, and stabilisation (Walker & del Moral, 2003). ‘Nudation’ refers to when a disturbance event
initiates succession. ‘Migration’ of species occurs when they have the biological traits, such as their germination
and resource optimisation methods, to arrive in the environment. ‘Ecesis’ occurs when germination is successful,
and ‘competition’ refers to the driving out of less-adapted species. In ‘modification’, surviving species, which also
co-exist with other species, eventually modify the environment by altering pollination networks and the hydrol-
ogy and geochemistry (Walker & del Moral, 2003). Over time, the plant community becomes ‘stabilised’ - species
abundances in the community stop fluctuating.

However, the succession of plant communities does not always progress linearly or reach a dynamic equilib-
rium. Communities have been shown to be dynamic and their development unpredictable due to the changing
interactions among coexisting species (Gleason, 1927). For example, the facilitation model suggests that pioneer
species such as lichens and mosses modify barren substrate by accumulating organic matter and stabilising soil
(Broady, 1993). This enables the later-successional and structurally more elaborate organisms like flowering plants
and woody taxa to establish (Siqueira et al., 1998), ultimately creating an increasingly heterogeneous community
(Yarranton & Morrison, 1974). Additionally, some ecologists emphasise the influence of abiotic conditions, such
as topography, soil depth and moisture gradients in the landscape, on enhancing or disrupting successional path-
ways (Matthews, 1992) Grime’s Competitors, Stress-tolerators and Ruderals (CSR) theory (2001) focuses on the
physiological and morphological characteristics thatincrease a species’ competitiveness to dominate a landscape.
This includes having an extensive root system and a rapid growth rate (Munoz et al., 2016). The wide range of suc-
cession theories shows that plant succession pathways are diverse and can be described in many ways (Poorter
etal.,2023).

Quantifying Plant Succession

Plant succession can be quantified through measurement of species richness and functional group abundance
across a chronosequence. In ecology, this refers to a group of sites that share the same parent material (Walker et
al.,2010). The chronosequence in this study consists of sites formed from glacial/fluvio-glacial sediments over the
last three centuries at times that have been determined using historical sources, lichenometry, and tephrochronol-
ogy (Kirkbride & Dugmore, 2008). Chronosequences are useful because it allows ecosystem development to be
tracked without needing long-term observation. Species richness is the count of species identified at a site and
is the most fundamental, yet simplest, way to measure an ecosystem’s diversity (Gotelli & Colwell, 2001; Chao &
Chiu, 2016). The more species there are, the more productive and resilient it is to climate change and disturbances
(Waideetal., 1999). Meanwhile, functional group cover takes an estimated percentage cover of each speciesidenti-
fied, and categorises them based on their ecological functions. Thisisimportant because the relative abundance of
a functional group reflects the extent to which a species affects an ecosystem, and is used to model future species
responses to climate change (McLaren & Turkington, 2010).

Previous Successional Studies on Deglaciated Terrain

Glacial forelands have been popular locations for successional studies because de-glaciation can create a spa-
tially ordered chronosequence; processes of abrasion, plucking, sub-glacial melting and sediment deposition by
glaciers create heterogeneous terrains which provide patches of variable suitability for vegetation to inhabit and
grow (Walker & del Moral, 2003). Moraines, which are accumulated glacial deposits (Clark et al., 2004) for instance,
have uneven terrains that may store seeds and provide protection against disturbances (Mayer & Erschbamer,
2011). Bedrock outcrops on the other hand, are formed by glacial erosion and they discourage plant growth, in-
cluding pioneering species of moss and lichen (Garibotti et al., 2011). Meanwhile, Ka’mierczak et al. (1995) demon-
strated that kettleholes, which are depressional surfaces formed by the melting of dead ice (Patzig et al., 2012) sup-
port communities dominated by short-lived species. Here, competitive displacement drives high turnover rates;
as outcompeted species decompose, the nutrients released facilitate the establishment of subsequent colonisers.
Moreover, sandur plains consist of glacial outburst flood deposits of varying sizes (from coarse gravels to sand and
silt), and a nutrient poor soil that discourage seed dispersal (Maizels, 1993; Marteinsdéttir et al., 2018).

Despite the significant role of landforms on ecosystem development, there is a lack of studies on the interaction
between physical and biotic factors, and their influence on plant growth, especially following glacier retreat and
extinction (Tukiainen et al., 2019; Losapio et al., 2021). The earliest successional studies in glacial forelands were
conducted in Scandinavia and North America, notably Cooper (1923) study at Glacier Bay, Alaska, which measured
species richness on landforms of known ages (Chapin et al., 1994). More recently, Glausen & Tanner (2019) exam-
ined successional changes in plant community structure at the Skaftafellsjokull glacier in southeastern Iceland.
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They found that species richness was highest on the oldest landforms, before declining in younger landforms,
where vegetation cover was dominated by bryophytes. The strong regional differences in plant succession em-
phasise the need for successional studies in multiple environments globally (Rosa, 2016). This approach helps
identify alternative successional pathways, enhancing our understanding of interactions among species and dif-
ferent landscape qualities rather than focusing solely on the relationship between plant communities and terrain
age (Matthews & Whittaker, 1987). Since there remains a limited number of studies on primary succession in sub-
arctic glacial forelands (Tanner et al., 2024), investigating succession in the Gigjokull foreland in Iceland is particu-
larly valuable as it tackles both a geographical knowledge gap and an understudied site with a distinctive history
of both glacial retreat and catastrophic flooding as a result of the 2010 eruption of Eyjafjallajokull.

Aim and Research Questions

As a result, our overarching aim is therefore to investigate plant succession in the Gigjokull foreland 1740-2025.
This is broken down into two research questions: i) how do species richness and functional groups vary across
successional stages? And ii) how do these relationships vary by landform type? To address these questions this
paper identifies the species present at eight sites in the Gigjokull foreland formed 1740-2010, and estimate their
percentage cover. The percentage cover of functional groups present is calculated based on the species identified
to assess how species richness and functional groups vary across chronozones and successional stages, moraines,
sandur and kettleholes.

Study Area: Geologic and Glacial History of the Gigjokull Foreland

Gigjokull is a steep, northern outlet glacier of the Eyjafjallajokull ice cap in the south of Iceland (Figure 1; Kirk-
bride & Dugmore, 2008). The Gigjokull foreland consists of a complex terrain of varied landforms. Multiple land
scape-forming events have taken place since the 18th century AD ‘Little Ice Age’ high stands (Gudmundsson et al.,
2012; Dunning et al., 2013); tephrochronological evidence suggests that there have been five episodes of glacial
re-advance between 1700 and 1930 AD, combined with volcanogenic floodingin 1821-1823 (Kirkbride & Dugmore,
2008), forming various moraines and outwash deposits and kettleholes. The sediment-rich outburst floods from
the most recent Eyjafjallajokull eruption in 2010 filled in the proglacial lake, forming a sandur plain with actively-
forming kettleholes. The Gigjokull foreland’s heterogeneous terrains and chronozones are thus well suited to
studying plant succession.

1821 moraine, sandur plain
and kettleholes
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Figure 1: Dated geomorphic landforms in the Gigjokull foreland, adapted and annotated from Figure 3
from Kirkbride & Dugmore (2008), showing the 1740, 1821, 1920, 1994, and 2010 sites samples in 2025.
(a) Overview of the glacial foreland; (b) zoomed-in view of the same area.
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Methods

Site Description

Terrains formed in the 1740s, 1821, 1920s, 1994, and 2010 in the Gigjokull foreland were selected for this succes-
sional study because their locations and dates of formation are documented and dated by Kirkbride & Dugmore
(2008) using tephrochronology. The sites on land surfaces from the 1740s, 1821, 1920s, and 1994 include moraines,
and those from the 1821 and 2010 also contain sandur formations and kettleholes. In total, eight sites were sam-
pled: four moraines (1740s, 1821, 1920s, and 1994), two sandur (1821 and 2010), and two kettleholes (1821 and
2010; Figures 2 and 3).

Figure 2: Site locations, coloured according to their year of formation and successional stage (1740,
1821, 1920, 1994, 2010), chosen with reference to Figure 1. Extra quadrats from sandur plains and ket-
tleholes are included for the 1821 and 2010 sites.
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Figure 3: Photographs of the study sites: A Moraines from 1740, 1821, 1920, and 1994; B Sandur plains
from 1821 and 2010; C Kettleholes formed after 1821 and 2010.

Sampling Method

To assess species richness and functional group cover at each site, three 25-meter transects were established, each
positioned progressively further north. Along each transect, stratified sampling was conducted by recording plant
species and estimating percentage cover within 50 cm x 50 cm quadrats placed at 5 m intervals (Figure 4). This
approach yielded a total of 15 quadrats per site.

Species Richness and Functional Group Cover

To assess species richness of each successional stage, the number of species present at each sample were counted
and identified according to the catalogue ‘Icelandic flora and fauna’ by Kristinsson (2010). The count of species
across all 15 quadrats at each site was averaged to represent the species richness for the site’s chronozone and
landform.

Functional group data is derived from the species count data. The plant functional groups of trees, shrubs, rushes,
grasses, other flowering plants, and mosses; as well as lichens and fungi were included. Records of individual
species cover in each quadrat were summed to determine the total percentage that each functional group cov-
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50 cm quadrat

Figure 4: The transect method for conducting the quadrat sampling illustrated on an 1821 moraine.
The 50 cm x 50 cm quadrat was placed at 5 m intervals. There were three transects at each site.

ered in a sample. In the raw dataset, a note was made as to which landform the site and sample belonged, so
that species richness and functional group cover variation between landforms could be established. ANOVA and
relevant post-hoc tests were conducted to compare the differences in species richness across the different succes-
sional stages and landforms, which represent multiple independent groups.

Data Processing: Non-metric Multidimensional Scaling (NMDS)

Ordination is a statistical approach for modelling the variation of a community in relation to the environment,
using species richness and functional group cover (Minchin, 1987). Non-metric Multi-dimensional Scaling (NMDS)
is a popular ordination technique which visualise differences and gradients in community composition (Philippi et
al., 1998; Aggemyr et al., 2018). This study used NMDS to quantify and visualise how species and functional groups
between the successional stages and landform type vary. It is complemented by a PERMANOVA test to quantify
the statistical significance of the patterns observed from NMDS (Dixon, 2003). Pairwise PERMANOVA is used as a
secondary step to determine which specific pairs of samples are different from each other. Post-hoc tests are used
to confirm whether overall trends are statistically significant (Dexter et al., 2018). The use of the NMDS framework
is justified by both the multivariate nature of the Gigjokull dataset, and its ability to enable a deeper analysis of
functional group cover data, by examining how the trajectory of successional changes varies among sites, and
which particular functional groups drive these changes.

Results

Species Richness Across Successional Years

A total of 48 species were identified across all sites. Landforms from 1740 AD supported the most species (u =
12.9), whereas those from 2010 supported the least (. = 3.17). There is a general trend of species richness in-
creasing with time (Figure 5a). Along with the observed large variations of data (elongated violin plots and box
and whisker plots), Welche’s ANOVA test results shows that this trend is statistically significant (p <0.001). Addi-
tionally, the mean species counted is strongly distinct between each chronozone (F = 65.26). In other words,
the variation in data between the successional stages is greater than the variation within each stage. A pairwise
comparison using Games-Howell’s post-hoc test further identified data from the years 1740 and 2010 as the most
distinctly different, as there was a gain of between 9-10 species between the early 18th and early 21st centuries.
The difference between 1994 and 2010 was the next most pronounced, with a gain of between 3-4 species (p <
0.0001) in quarter of a century. Meanwhile, the differences observed between 1821 and 1920, and 1920 and 1994
are insignificant (p > 0.05).
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Functional Group Cover Over the Years

The number of functional groups present increased in older successional stages. While only four groups were
identified in 2025 on the 2010 surfaces, eight groups (fungi, lichen, moss, russ, grass, fungi, shrub, trees and other
flowering plants) were present on those formed in 1740 (Figure 5b). The percentage cover of each functional group,
when present, also increases. For example, in 2025, the percentage cover of other flowering plants was 0.39% for
the 2010 surfaces compared to 5.24% for those from 1740. The total vegetation cover increased from 21.3% on
the 2010 surfaces to 89.41% on the surfaces from 1740. In all successional stages, moss percentage is the highest,
relative to other functional groups.
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Figure 5: Species richness A and functional group B cover across successional years. In A, blue dots rep-
resent individual data points, red diamonds indicate means, and the violin plot (light blue) underneath
shows the shape of the data distribution. Compact letter displays on the top of each violin indicate
which years differ statistically; groups that share a letter are not statistically different.

The 1920 chronozone appears to be an anomaly in this trajectory. Not only does total vegetation cover rise from
76.95% in 1821 to 85.15%, shrub and tree cover also peak this year at 12.87% and 0.34% respectively. In compari-
son, shrub and tree cover in 1994 was 0.25% and 0%.

Functional Group Composition Across the Years

Plotting the NMDS results illustrated that functional group composition changes in a progression from early to
late succession. Older successional stages (dark blue) cluster towards the bottom in the centre, whereas younger
stages spread towards the top right (green and yellow; Figure 6). The composition of the 1920 community is distinct
from other years because, though younger than that from 1821, it clusters below 1821 in the centre-bottom right
of the ordination. This is driven by its higher shrub, tree and rush abundance. Nonetheless, a stress value of 0.182
indicates that the ordination of the data points is a good fit (stress <0.02).

The plant community diverges after 1920 because the 1740, 1821 and 1920 ellipses intersect, whereas 1994 over-
laps with 1821 and 2010, and 2010 overlaps only with 1994. This is reflected in the functional groups that drive
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the change; fungi and lichens are more abundant in older stages (1740-1821), whereas mosses and grasses are
represented more in younger stages (1994-2010). This is supported by the Pairwise PERMANOVA results, which
showed that the functional group composition between earlier stages (1740 and 1821) did not differ significantly
(R?=0.018, p=0.358). In contrast, the comparison between 1920 and 1994 showed a significant difference in com-
munity composition (R? = 0.239, p = 0.010). This indicates that there has been a significant change in functional
group assemblages between the chronozones formed in 1920 and 1994.
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Figure 6: NMDS of functional group composition across successional stages. Each point represents
a sample and distances reflect community dissimilarity (closer points = more similar). In the vector
biplot, arrow length and direction indicate the functional groups driving compositional differences
(longer arrows = stronger influence; arrows close together = species co-occurrence).

Species Richness by Landform

Species richness between the landformsin 1821 can be compared, as all three landforms exist for this year. ANOVA
tests show that moraines support a significantly higher number of species than sandur plain (1 = 8.6), but are
not statistically different to kettleholes (1 = 8.1) as p = 0.130 (Figure 7a). It is additionally noted that in 2010,
species richness was lower for kettleholes than for sandur plain (2.67 compared to 3.67), but by 1821, their species
richness exceeded that of sandur plains, with mean of 8.1 compared to 6.67, respectively (Figure 7b). For 2010,
only kettleholes and sandur plains were compared as moraines were absent. The trajectory of species richness
over time is also different between moraines, sandur plains and kettleholes (p < 0.05). While species richness
peaks on the oldest surfaces across all landforms (1740 for moraines, 1821 for sandur and kettleholes), the rate of
species richness change is greatest on kettleholes, followed by moraines and sandur.

Functional Group Composition by Landform

The functional group assemblages are distinct between moraines, sandur and kettleholes. Although moss is the
dominant functional group in all landforms, kettleholes in 1821 have the most functionally diverse community,
followed by moraines and sandur, despite being the least diverse in 2010 (Figure 7c, Figure 7d). Total vegetation
cover also rose from 9.87%in 2010 to 84.3% in 1821, nearly matching sandur’s increase from 33% to 85% (Figure 5).

Functional group composition changes are also the most gradual on moraines (Figure 7c), as the ellipses in the
NMDS ordination plot overlap greatly, indicating similar plant communities across the years. Kettleholes’ func-
tional group assemblage also demonstrate minimal change as their 1821 and 2010 ellipses fully overlap. Sandur
plains, by contrast, have distinct non-overlapping communities between 1821 and 2010.



Y. Kang, A. J. Dugmore, R. G. Bingham, J. D. Wieczorkowski Edinburgh Student Journal of Science

a) 1821 b.) 2010
15
5.
= a = °
2 g -
2 | 3 Mean: 3%
S 10 kA -
2 Py
3 Moan: 8.6 . 8
c - .1 Mean: 8.1 <
£ 0 S3
S - S ’x
= = % Mean: 2.7
2 Mean: 6.7 . 8 *
3 K . r 3
2 & o
n k" < @ .
. . 21
5 > }' .
|
Moraine Sandur Kettlehole Sandur Kettlehole
c.) 1821 d.) 2010
100 1004
80 801
2 S Functional group
= = [l Other flowering plants
] g H Fungi
8 60 8 601 M Grass
@ @
g g B Lichen
8 8 -
= = usl
40 407
g g Shrub
g g Tree
S s Woodrush
20 204

Moraine Sandur Kettlehole Sandur Kettlehole

Figure 7: Species richness of moraines, sandur and kettleholes in 1821 A and in 2010 B and functional
group percentage cover of moraines, sandur and kettleholes in 1821 € and 2010 D. Similar to Figure 5,
compact letter displays were added to panels A and B.

Discussion

Results showed that species richness generally increases with successional stage (Figure 5), indicating an increas-
ingly complex ecosystem as taxa accumulate over time. This aligns with older stages having greater functional
group diversity, consisting of other flowering plants like the Alchemilla alpina and the Galium verum, which are
non-graminoid herbaceous plants (forbs). (Figures 6 and 7). This suggests that the ecosystem is the most stable
during mid to old successional stages (1821-1920) because resource-demanding species can establish and coexist.
Younger successional stages (after 1920), on the other hand, are dominated by mosses and grasses (Figure 7). Given
that moss species thrive in resource-poor environments, younger successional stages in Gigjokull likely support
species that are highly resource-efficient. Mosses in particular are resilient to the disturbance events character-
istic of glacial forelands and even benefit from the harsh environment by dispersing their spores via glacial wind
(Tanner et al., 2024). This allows them to colonise areas closer to the glacial edge.

Thetrajectory of increased species richness and functional group diversity across older successional stages further
reflect the foundational role of moss in facilitating ecosystem development at Gigjokull. As mosses decompose,
they contribute organic matter that forms the basic soils necessary for the establishment of more complex plant
species (Turetsky et al., 2010). Thus, the soil gradually matures over time, accumulating key nutrients, such as
nitrogen and carbon, that support a greater diversity of species across functional groups with varying ecological
requirements. This process likely explains the emergence of a distinct community composed of shrubs, trees, and
fungi observed in the mid to late successional stage (1920; Figures 6 and 7), because the structural complexity
of woody taxa requires greater quantity and heterogeneity of resources (Loveys et al., 2010). In this way, plant
succession in the Gigjokull foreland follows the classical successional theory, whereby pioneer species facilitate
the emergence of further species. These findings align with findings by Tanner et al. (2024) in the Skaftafellsjokull
glacial foreland, where functional group diversity declines towards more recent successional stages, with moss as
the dominant functional group. This is relevant because it suggests that the plant community in Gigjokull may be-
come increasingly complex over time if major disturbances do not occur, as pioneering, resource-efficient species
lay the foundation for the more complex ecosystem.

Species richness and functional group patterns also varied across landforms. The 1821 moraines and kettleholes
had the highest species richness (Figure 7a). Kettleholes exhibited the highest functional group diversity, which
increased markedly from being significantly less diverse than sandur formed in 2010 to becoming the most func-
tionally diverse of the three landforms (Figure 7b). This could be because the ecosystem within the kettlehole
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is more sheltered from wind stress and exposure, and once formed, stabilises more rapidly, potentially due to
its geomorphology; the depressional form allows for organic matter accumulation and water retention, fostering
higher-quality soils that support more established communities (Ka’mierczak et al., 1995). Therefore, even if ini-
tial species richness and functional group diversity was low, this becomes higher overtime. As aspect is significant
for vegetation growth in higher latitude areas (Guo, 2001; Dearborn & Danby, 2017; see Figure 8 in Appendix 1),
controlling sampling to north-facing slopes in kettleholes, as in moraines and sandur in future studies, may reveal
higher mean species richness.

In contrast to the sheltered environments of established kettleholes, the gravel surfaces of unstable outwash de-
posits of sandur are constantly shaped and reshaped by disturbance events and exposed to harsher microclimatic
conditions (9 in Appendix 1). This restricts colonisation because it limits the availability of suitable seeding sites
and hinder the long-term persistence of species by impeding root growth (Tanner et al., 2024). Consequently, func-
tional group diversity reduces over time. Further analysis using NMDS supports this interpretation, because the
turnover of plant communities between the 2010 and 1821 kettlehole is low (shown by their overlapping clusters)
but high for sandur (clusters diverge strongly; see Appendix 1). Kettleholes thus exhibit ‘functional redundancy’:
although species changed, the main functional groups stayed in similar proportions (Michalak et al., 2020). In this
way, kettleholes in Gigjokull are ecological hot spots, helping plant communities to survive and gain complexity.

The wide spread of species richness data in the 1920 moraine (Figure 5) reinforces the significance of landform in
influencing plant successional patterns. While a moraine facilitates greater species richness due to poorly sorted
glacial deposits and protruding boulders supporting root penetration, local abiotic factors are implied to con-
tribute to the 1920 site’s sudden abundance of shrubs and trees (Figure 7). Figure 10 in Appendix 1 notes that the
1920 site exhibits some gullies colonised by Nootka lupine (Lupinus nootkatensis) - an invasive species used in
Iceland to enhance soil. Higher nitrogen and carbon content, along with altered soil structure at these sites due
to the effect of the lupine (Benediktsson, 2015), may contribute to the growth of shrubs and trees. This suggests
that variability within a landform can support the development of specific communities. However, further study
is needed to confirm this effect, particularly because the 1920 moraine is substantially taller and wider than the
other sites, meaning that the quadrats sampled there may not have represented it as accurately as at other loca-
tions. This are may also benefit from somewhat greater shelter from winds flowing down the glacier. Additional
transects and a greater sampling coverage may facilitate a more nuanced interpretation.

The combined findings of plant succession patterns over time and across different landforms suggest that more
complex topographies are associated with greater species richness and functional group diversity. Microsites and
resource niches cater for the needs of diverse species, which ultimately enhances ecosystem stability. This is im-
portant because if landform heterogeneity helps support multiple successional pathways, it may play an impor-
tant role in supporting biodiversity under environmental change.

Opportunities for Future Research

All successional studies face a statistical challenge when estimating species richness. Inevitably, the number of
species identified increases with the number of sites sampled (Bunge & Fitzpatrick, 1993). This means that the
true species richness is not represented in this study, and the significance of this influence depends on the size of
the species catalogue for each successional year and landform. Nonetheless, this limitation can only be addressed
through increased sampling in further studies.

There are opportunities to improve the representation of Gigjokull foreland’s ecosystem by sampling a wider vari-
ety of landforms, particularly those on still older chronozones and at sites closer to the glacier. The site selection
in this paper captures only a part of the foreland’s full heterogeneity; post-data collection, developed plant com-
munities were observed near the glacier edge (Figure 11 in Appendix 1). Additionally, bird roosts - which are small,
elevated patches of well-vegetated ground formed from bird dropping (Verbeek & Boasson, 1984) - are common
in Southeast Iceland (Sigurdardottir et al., 2022). These features represent a biotic driver of localised vegetation
development (Sigurdardéttir et al., 2022). Such wildlife-shaped geomorphic features may equally promote vege-
tation growth in surfaces closer to the Gigjokull glacier edge, representing a valuable focus for future research.

In this way, further exploration may reveal other successional pathways that contrast sharply with the low species
richness and functional group diversity of the final 2010 site. Given the relevance of soil in plant succession (Mori
etal.,2017), soil pH and moisture could be measured to deepen our current understanding of how landform affects
species richness and functional group diversity.
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Conclusion

Glacial processes shape plant succession at Gigjokull, by forming chronozones of different ages influencing species
richness and functional group cover across successional stages and different landforms. By identifying species on
terrains dated by Kirkbride & Dugmore (2008), representing a chronosequence from 1740, 1821, 1920, 1994 and
2010, we find that species richness and functional group diversity in 2025 increases with successional stage. The
results from NMDS and PERMANOVA offer detailed analysis of how plant communities, based on their functional
groups, developed over the years; by 2025, the years 1740-1920 and 1994-2010 exhibited distinct communities,
highlighting two separate successional stages. While moss is the dominant functional group across all sites, the
older successional stage is more abundant in the functional groups of fungi, lichen, grasses, and other additional
flowering plants. Comparing the results by landform, the surfaces formed in 1821 showed that moraines and ket-
tleholes are the most species rich (Figure 7). Kettleholes show notable functional diversity patterns; not only are
those from 1821 the most diverse of the three, but the data from 2010 show they also begin with the lowest di-
versity. In contrast, sandur’s initial high functional group cover became the lowest on the surfaces from 1821 (Fig-
ure7).

These results show that plant succession at Gigjokull follows a classical successional pathway. The ecosystem
gains stability over time as pioneering species such as moss creates conditions that support more complex species.
This trajectory is, however, modulated by the heterogeneity of glacial landforms. Kettleholes serve as ecological
hot spots that promote ecosystem development, whereas the dynamic nature of the gravel plains hinders it. To-
pographical variations within a single landform clearly contributes to ecosystem development.

This study highlights the fundamental role that glacial processes and time play in shaping ecosystem develop-
ment, as glacial landforms both mediate and provide alternative successional pathways. Given that Iceland’s
ecosystems are unique yet simultaneously impacted by frequent disturbance events, which are exacerbated by
rapid climate change, successional studies are crucial for enhancing our understanding of plant community devel-
opment. Such research can inform land management practices to maintain geomorphological diversity, thereby
fostering ecosystem resilience and the provision of ecosystem services to local communities.
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Appendix 1

Species richness by direction - Kettleholes only Aspect Mean richness

N N 7.05
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E 4.75
5.0
SE 5.33
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NW 8.05

=== STATISTICAL TEST: ASPECT EFFECT ON RICHNESS ===
> # Create aspect categories for ANOVA
> sr_data_for_anova <- sr_data %%

Mean species richness per site

SwW SE |+ mutate(aspect_cat = cut(Aspect,
[+ breaks = c(0, 45, 90, 135, 180, 225, 270, 315, 360),
. Tabels = cC'N", "NE", "E". "SEV, "Sw, SHT, WO, NH')Y)

> anova_result <- aov(Total ~ aspect_cat, data = sr_data_for_anova)
> print(summaryCanova_result))
s Df Sum Sq Mean Sq F value Pr(>F)
laspect_cat 7 177.6  25.37 2.152 0.0428 *
Residuals 127 1497.2 11.79

Compass direction |Signif. codes: © ***’ 0.001 *** 0.01 ‘*’ 0.05 .’ 0.1 ¢’ 1

Figure 8: Compass plot showing the species richness of kettleholes by the aspect of the sample A and
table of summary statistics (B) showing the mean richness by aspect. ANOVA results show that the
mean richness by aspect is slightly significant as p = 0.0428.
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Figure 9: NMDS plot of functional groups across the moraine, sandur and kettlehole. Itis noted that the
ellipses of the data for years 1821 and 2010 in sandur diverge, whereas they fully overlap in kettlehole.

All stress values are less than 0.2, indicating a good fit of the observations.
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1920

Lupins near the
gullies of 1920
moraine

Figure 10: Site photograph of the 1920 moraine showing the Nootka lupine population along one of its
gullies.
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Barren ground

Patches of vegetation
despite being close to the
Gigjokull glacier edge

Figure 11: Site photograph in a location beyond the site closest to the gigjokull, taken during a walk
after completing data collection. Patches of dense vegetation that were not in either kettleholes, san-
dur or moraines were observed. They may potentially be bird roosts that are common in South-East
Iceland (Sigurdardéttir et al., 2022). Observed woody taxa indicates diversity, contrasting the data from

the latest kettlehole sampled.
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