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Abstract

In glacier forefields, the chronosequence approach is used to investigate ecological, biogeochemical
and physical features of autogenic successional change as a function of time. Chronosequences rely
on the central assumptions that all sites were subjected to the same initial environmental conditions
and have undergone the same sequence of change, and thus sites only differ by their age. In many
cases, these two assumptions can be challenged by the fact that allogenic factors (initial environmental
conditions and geomorphological disturbances) may affect the rates and/or trajectories of successions
in a spatially and temporally heterogeneous manner. Here, we emphasize that the patterns of glacier
forefield successions should be interpreted as the result of (1) autogenic changes (equivalent to time
since deglaciation), (2) initial site conditions and (3) geomorphological disturbances. We provide an
original and up-to-date synthesis of knowledge from various fields on how initial local conditions
(climate, substrate properties and resources availability) and geomorphological (hillslope, fluvial,
periglacial and aeolian) disturbances may affect the evolution of glacier forefield ecosystems. Further,
we present a conceptual model for glacier forefield ecosystem development whereby stochastic and
allogenic factors are important in early successional stages but gradually decline thereafter, while the
relative importance of autogenic processes increases over the course of successions. Lastly, we
summarize how biota may provide biogeomorphological feedbacks to the major types of

geomorphological disturbances taking place in glacier forefields.



1) Introduction

1) Succession and chronosequence

A succession is the set of changes in species composition and ecosystem structure and their physical
environment occurring over time, following an initial disturbance (Matthews, 1992; Walker et al.,
2010). A disturbance is a temporary change in environmental conditions that is relatively discrete in
time and space and causes abrupt alterations in the density, biomass and spatial distribution of biota
and/or that affects the availability of resources or physical substrate (Walker and Willig, 1999; Chapin
et al., 2011; Walker et al., 2010). Two different types of successions can be distinguished: primary and
secondary. Primary successions can be initiated on a newly formed (e.g., after a volcanic eruption) or a
recently denuded land surface (e.g., after glacier recession). Such ‘primary disturbances’ have led to
either the removal or burial of a previous ecosystem, thus resetting the system. A secondary
successions occur after a less severe disturbances where biological legacies such as plant debris and
soil organic matter remain (e.g., forest fire; Matthews, 1992; Walker et al., 2010; Chapin et al., 2011).
Knowledge of successional change is key to understanding the evolution of landscapes, and
developing sustainable land-use strategies regarding the protection and management of natural
ecosystems, the restoration of damaged ecosystems as well as to improve our ability to predict how
ecosystems are affected by changing environmental conditions (Walker and del Moral, 2003; Mitchell

et al., 2006; Walker and del Moral, 2009).

In this review we follow previous definitions (e.g., Matthews, 1992; Anderson, 2007) and use
the term ‘glacial forefield’ to refer to an area extending between the front of a glacier and any moraine
deposited through the glacier recession In addition, sometimes we refer to an LIA moraine as a
moraine that formed during the advance/retreat of of glaciers during the Little Ice Age (LIA), a
climatic cooling period that lasted between the 14™ and ~ the 19" century and in which many glaciers
advanced prior to retreating again in modern times. Glacier forefield successions are most commonly
studied using a post-incisive chronosequence (space-for-time substitution) approach (Vreeken, 1975),
which uses time since deglaciation as a proxy for time to study ecological development (Walker et al.,
2010). Following the classical conceptual model proposed by Jenny (1941), the development of geo-
ecosystems is controlled by five major soil-forming factors: climate, biota (autogenic change), parent
material, topography and time. A chronosequence is ideally implemented where the variation in the
effects of all factors other than time is negligible. As a result, the chronosequence approach rests upon
two intrinsic assumptions. First, all study sites of a chronosequence were subjected to the same initial
environmental conditions. Second, successional change is primarily driven by autogenic factors and all
sites of a succession are assumed to have undergone the same sequence of changes after the initial

disturbance, thus mainly differing by the time since the initiating disturbance (Johnson and Miyanishi,



2008;). However, other studies such as Walker et al. (2010) highlighted that these assumptions are

likely not always valid and that differences in disturbance ages may affect successional changes.

2) Features of autogenic development in successions
Glacier forefield chronosequence studies commonly focus on autogenic development — that is, the

development of ecosystems as a function of time. Note that here, we use the term ecosystem to refer to
a unit that includes both biotic and abiotic components and their interactions (following Walker 1999).
Microbial and plant colonization, chemical weathering and physical weathering are the major
processes driving autogenic successional development and these processes are strongly linked. This
paragraph provides an overview of the major features of autogenic developments in glacier forefield

successions.

With increasing age, the main autogenic features of biota development are increasing species
diversity and abundance, and thus increasing biodiversity (Cauvy-Fraunié and Dangles, 2019).
Microbes are the pioneer colonizers in recently deglaciated terrains. In the earliest stages of glacier
forefield successions, microbial populations comprise primarily autotrophic (Walker and del Moral,
2003; Bardgett and Walker, 2004) and heterotrophic (Bardgett et al., 2007) microbial populations.
Rime et al. (2016) found that microbial communities on recently deglaciated moraines of the Damma
glacier (Swiss Alps) mostly originated from endogenous subglacial or supraglacial habitats, rather
than from exogenous atmospheric depositions and that thus they reflect more the loss of ice habitats
due to glacier retreat and less so a de nuvo microbial colonization (see also Stibal et al., 2020).
Microbial communities exert a dominant control on weathering progression in glacier forefields by
producing organic acids that contribute to the enhancement of mineral dissolution (Skidmore et al.,
2005; Borin et al., 2010; Frey et al., 2010; Brunner et al., 2011; Ciccazzo et al., 2016). The abundance,
diversity and activity of soil microbes tend to increase over time since deglaciation (Schmidt et al.,
2008; Zumsteg et al., 2012). Photosynthetic microorganisms including Diazotrophs, Firmicutes and
Cyanobacteria play a central role in the initiation and maintenance of ecosystem development by
fixing C and N from the atmosphere into bioavailable forms that promote the development of more
complex microbial communities and eventually allow the establishment of plants (Tscherko et al.,
2003). Similarly, plant primary succession studies generally show that both plant abundance and
diversity tend to increase over the course of successions (Jones and Henry, 2003; Jones and del Moral,

2005).

The accumulation of organic matter in developing soils typically causes the soil bulk density to
decrease with increasing distance front the ice front (Vilmundardottir et al., 2014; Vilmundardéttir et
al., 2015). The availability of macronutrients, including organic carbon (Nakatsubo et al., 2005;

Smittenberg et al., 2012), dissolved nitrogen (Goransson et al., 2016; Castle et al., 2017; Turpin-Jelfs



et al.,, 2018) and phosphorus (Perez et al., 2014; Schmidt, et al., 2016; Darcy et al., 2018) is the
dominant parameter limiting the development of microbial and plant communities. Based on a
compilation of data from 20 independent glacier forefield studies, Bradley et al. (2014) reported the
typical concentrations of organic carbon (0.1 to 40 mg g-1), nitrogen (0.1 to 2 mg g-1) and phosphorus
(2 to 8 mg g-1) in recently deglaciated soils and moraines. The effect of nutrient scarcity on soil
microbial communities was demonstrated by artificial nutrient addition experiments forefields
(Knelman et al., 2014), that showed that added nutrients dramatically accelerated microbial
community succession. Some studies have indicated that carbon and nitrogen are predominantly
limiting nutrients during the early successional stages and phosphorus is limiting in later stages
(Lambers et al., 2008; Diaz et al., 2018; Jiang et al., 2019), whereas other studies have documented
phosphorus as the major limiting nutrient also during the earliest stages of succession (Anderson et al.,
2000; Konhauser, 2007; Augusto, et al. 2017; Darcy et al., 2018). While phosphorus supply is
primarily driven by weathering kinetics of local glacigenic phosphate-bearing minerals, the supply of
bioavailable nitrogen is controlled by fixation rates of atmospheric nitrogen gas by cyanobacteria and
other root-associated microbes (Brankatschk et al., 2011; Augusto et al., 2017). Darcy et al. (2018)
suggested that phosphorus is more likely to be a limiting nutrient at sites that are subjected to
particularly cold and dry conditions (e.g., inland areas or high-latitude areas) because cold and dry
conditions tend to slow chemical weathering rates. Alternatively, the development of glacier forefield
ecosystems rather tends to be limited by nitrogen because at sites with temperate climate where

weathering rates are higher and phosphorus is more abundant (Darcy et al., 2018)..

The progression of chemical weathering is a commonly observed feature of autogenic
development along glacier forefield chronosequences (Egli et al., 2011; Blacker, 2018; Wojcik et al.,
2020). Rather than examining the progression of chemical weathering by studying changes in the
relative abundance of individual elements or minerals, Wojcik et al. (2020) noted that the overall
progression of chemical weathering is better quantified when using principal component analyses to
evaluate shifts in complementary geochemical, mineralogical and microbiological patterns in forefield
soils. Generalizing on the features of chemical weathering is challenging because these features vary
drastically depending on the bedrock composition of the catchment. Studies on chemical weathering in
glacier forefield chronosequences are drastically limited by the facts that: (1) the composition of
topsoil material often vary significantly along chronosequence due to the heterogeneous nature of
glacial debris, (2) ca. 150 years of exposure is a short amount of time to study chemical weathering
and (3) chemical weathering rates in glacier forefield are particularly slow due to cold (Anderson,
2007; Egli et al., 2014) and dry (Egli et al., 2006) climatic conditions. As a result of cold and dry
climatic conditions, chemical weathering tends to operate over a kinetic-limited regime rather than a
supply-limited regime in glacier forefield (Anderson, 2007). The intensity of the chemical weathering

fluxes is directly affected by the reactive mineral surface area exposed and, therefore, is controlled by



soil texture.

Changes in soil texture in glacier forefields are driven by two major processes: erosion (allogenic
factor) and physical weathering (autogenic factor). Erosion (the transport of rock particules) is
primarily driven by the action of gravity, water flow and wind while and physical weathering (the
mechanical breakdown of rock particules) is driven by the action of gravity, water flow, winds as well
as plant roots, ice wedges and thermal stress. Soils present in the parts of glacier foreifled that are
closes to the ice edge, usually contain a high fraction of very fine materials (often clays) as a legacy of
glacial erosion, but these fine deposits are rapidly eroded in less than a decade (Boulton and Dent,
1974; Temme et al., 2016). After decades of exposure, there is typically a decrease in soil grain size
and an increase in the clay and silt fraction with terrain age (Egli et al., 2006; Bernasconi et al., 2011;
Wojcik et al., 2020), largely attributed to the effect of physical weathering (Frenot et al., 1995; Marvis
et al., 2010). The progression of physical weathering has also been studied via the decrease in surface
hardness and surface micro-roughness on rock weathering rinds along chronosequences in glacier

forefields using Schmidt hammer tests (Dabski, 2009; Dabski, 2014).

3) Allogenic factors and synthesis
The autogenic processes described above are a major driver of successional change in the forefields of

retreating glaciers. Yet, successional patterns do not result from autogenic processes and time alone
(Matthews, 1992). The evolution of glacier forefield ecosystems is subject to both autogenic and
allogenic processes, as well as the interplay between them (Matthews, 1992). In ecological succession
theory, autogenic changes essentially driven by time and are taking place in the absence of external
environmental factors. On the opposite, changes that are caused by factors or environmental forcings
other than time are called allogenic factors (White and Picket, 1985; Matthews, 1992) . Note thln this

study, we primarily focus on the role of abiotic allogenic factors.

Allogenic factors can influence successional change by affecting the rate and/or the trajectory
of successions (Matthews, 1999 and Fig 1). Where allogenic factors only affect the rate of succession,
they can ‘delay’ (e.g., via erosion) or ‘enhance’ (e.g., via nutrient supply) the rate of succession
without influencing its deterministic endpoint (White and Pickett, 1985; Whittaker, 1991; del Moral
and Bliss, 1993). In the case of glacier forefields, the actual ‘terrain age’ or ‘seral community’
(intermediate succession stage) of a seral community (the intermediate stage of a succession) affected
by disturbances must be considered as potentially drastically different from its absolute ‘time since
deglaciation’ (McCarroll, 1991; Huggett, 1998). Thus, this can often be totally uncorrelated with the
absolute ‘distance from the ice front’. For example, if we take a moraine that formed through
deglaciation ~ 100 yr ago (time since deglaciation) and that underwent an intense geomorphic erosion

event (e.g., a change in fluvial channels, or a slope failure) ~ 50 years ago. That means that such a



geomorphic disturbance likely has removed the established exsystem that formed in the first 50 years,
and thus the relative ‘terrain age’ of this ecosystem should be considered to be 50 yr (scenario B in
Figure 1). Alternatively, ecosystems located in concave formation or at the foot of hillslopes on
terrains that have been deglaciated 100 yr ago may resemble the ecosystems of 150 yr old moraines if
their development has been enhanced by a balanced addition of nutrients, moisture and fine grained-

sediments (scenario C in Figure 1).

Allogenic factors can also force successions along different directional trajectories, which can
converge, diverge but also evolve in parallel, diverted or network-like trajectories (Walker et al.,
2010). Convergence and divergence respectively refer to the average decrease or increase in
variability, irregularity, differentiation and diversity of different seral communities as a succession
proceeds from early to late stages over time (Leps and Rejmanek, 1991; Phillips, 2017). Research on
successional trajectories has traditionally been more focused on vegetation studies rather than soil
studies. More recent studies aimed to update the classical linear soil development models with an
‘evolutionary view’ of pedogenesis that views soils as an entity that can evolve toward multiple steady
states and that is the result of heterogeneous environmental conditions (Huggett, 1998; Phillips, 2017).
Disturbances and spatially uneven environmental conditions lead to heterogeneity in successions and
can result in the formation of ‘mosaic of patches’ (White, 1985; Willig and Walker, 1999; Turner et
al., 2010). Yet, the idea that divergence tends to be associated with strong disturbance regimes, while
convergence occurs where autogenic change is dominant, typically in later successional stages, is not
always true (Matthews, 1992). Allogenic factors (and autogenic processes too; Robbins and Matthews,
2010; Walker and del Moral, 2011), can force successions either along divergent or convergent
trajectories (Matthews, 1999; del Moral, 2007; del Moral and Titus, 2018). Generalizing on the effect
of disturbances on the rate and trajectory of successions is difficult, considering the large variability in
the type, intensity and frequency of disturbances as well as the variability of the spatial and temporal
scale at which they operate (Matthews, 1992; Matthews, 1999; Willig and Walker, 1999; Mori et al.,
2008). Fig. 1 illustrates how disturbances can affect the rate and/or trajectory of glacier forefield

successions.
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Figure 1: Schematic representation of how disturbances can affect the rate or trajectory of
successions. In scenario A, the succession is solely driven by autogenic change and gradually
progresses from pioneer to mature stage without set back, enhancement or trajectory changes. In
scenario B, a disturbance sets back the succession to a prior successional stage (e.g., plant damage or
organic matter removal due to erosion). In scenario C, a disturbance enhances the succession rate to a
more advanced stage (e.g., via the addition of nutrients, moisture or fine materials). Finally, scenario
D depicts the case of a succession trajectory divergence where seral communities (intermediate
successional stages) evolve toward different mature stages in equilibrium with prevailing local
allogenic conditions determined by e.g., geomorphological disturbances. Although this figure focuses
on how disturbances may change successional behavior over the course of successions, note that initial
abiotic site conditions too may create heterogeneity by affecting the rate and trajectory of successions

unevenly.



Time since deglaciation (autogenic development) is almost always found to be the dominant
parameter explaining patterns observed in glacier forefield successions (e.g., Andreis et al., 2001;
Raffl et al., 2006; Temme et al., 2016). However, in some cases, variations in allogenic factors are
important enough so that time since deglaciation is not the dominant control of successional change
and in some cases even explains less than half of the successional patterns (e.g., Temme and Lange,
2014; Rydgren et al., 2014; Stawska, 2017). Many studies on glacier forefield successions report
evidence indicating that typical allogenic factors (i.e., uneven environmental conditions and
geomorphological disturbances) affect the rate and trajectory of plant successions (e.g., Andreis et al.,
2001; Raffl et al., 2006; Pech et al., 2007; Moreau et al., 2008; Garibotti et al., 2011a) and soil
evolution (Matthews, 1999; Haugland and Haugland, 2008; Temme and Lange, 2014; Heckmann et
al., 2016; Wojcik et al., 2020) in glacier forefields. Heterogeneous small-scale successional patterns
can in part be explained by local variations in allogenic factors (Gurnell et al., 2000; Burga et al.,
2010). In glacier forefields, geomorphological disturbances are ubiquitous, and their occurrences are
spatially and temporally heterogeneous. For example, Lawson (1979) estimated that as much as 95%
of the primary till deposits in the forefield of Manatuska glacier (Alaska) were affected by
geomorphological disturbances. Similarly, Oliver et al. (1985) reported that 63% of the primary
deposits in the Nooksack Glacier forefield (USA) were affected by geomorphological disturbances.
The geomorphological diversity of glacier forefields have also been described for sites for example in
Svalbard (e.g., Zwolinski et al., 2013; Miccadei et al., 2016), in Iceland (Jonsson et al., 2016) or in the
European Alps (Eichel et al., 2013).

These observations demonstrate that acquiring a holistic understanding of how allogenic
factors affect ecosystems is critical to develop an accurate interpretation of the features of successional
change. We suggest that one has to evaluate the spatial patterns of glacier forefield ecosystems
evolution as being determined by (1) autogenic processes (equivalent to time since deglaciation), as

well as variations in (2) initial site conditions and (3) geomorphological disturbances (see Fig. 2).



Glacier forefield succession patterns should be interpreted as the result of variations in:

s
Time since deglaciation
(autogenic development)
.
e ™
@ Initial site conditions
TNgine
5 N/ Heterogenous micro- Hillslope disturbances
o climatic conditions
‘ /» e Fluvial disturbances
B e Heterogenous
~==. " substrate properties A . i
Periglacial disturbances
A0 Heterogeneous - e . )
g W resources legacy R g i Aeolian disturbances
N 4

Figure 2: Schematic representation of the major factors determining ecosystem succession patterns:

time since deglaciation, initial site conditions and geomorphological disturbances.

Similarly, Matthews (1992) highlighted that glacier forefield ecosystems are the result of
interactions between multiple biotic and abiotic factors and emphasizes the spatially heterogeneous
nature of these ecosystems. Allogenic factors exert a continual influence on the rate and trajectory of
ecological successions and soil evolution in glacier forefields. Therefore, it is of great importance to
consider both autogenic and allogenic factors at all stages of an investigation, including study design,
site selection, data analysis, and hypothesis testing. To address these various steps, we provide a
comprehensive inventory of the many ways in which heterogeneous initial site conditions and
geomorphological disturbances can affect microbial and plant successions and the associated soil
evolution in glacier forefields. We also discuss how the relative importance of these factors may

change over the course of successions.

I1) Initial site conditions
As mentioned above, the classical chronosequence approach relies on the assumption that sites of a

succession were subjected to the same initial environmental conditions. Nevertheless, glacier retreat
may expose terrains that depict spatially uneven environmental conditions for primary succession,

even before these terrains are affected by geomorphological disturbances. Initial environmental



conditions refer to the set of abiotic conditions that make up the original template on which early
successional stages evolve on. Below we discuss how the composition and texture of the substrate,
topography of the terrain, climatic and resources legacy can all, individually and together, create

spatially heterogeneous site conditions for glacier forefield successions.

1) Climate and microclimate
Climatic parameters such as mean annual temperature and annual precipitation- are generally

considered to be dominant parameters explaining the differences in ecosystem development rates
between glacier forefields around the world. At the global or regional scale, climate differences in
mountainous regions are primarily controlled by latitude, altitude and continentality (Donhauser and
Frey, 2018). Regions located at higher latitudes are subjected to colder climates than temperate and
equatorial latitudes due to the lesser amount of incoming solar radiations (Barry, 2008). With
increasing altitude, temperature decrease, UV radiation increases and precipitation increases (Barry,
2008; Schulz et al., 2013). Furthermore, proximity to the ocean, prevailing wind direction, and wind
speed are important factors in determining regional climatic conditions. As opposed to oceanic
climates, continental climates tend to be characterized by lower precipitation and higher daily and
annual temperature variations. Glaciers generally occur at increasing altitudes with greater
continentality (i.e. distance from the coastline), due to the decrease of precipitation in inland regions
(Matthews, 1999). Based on a comparison of 39 glacier forefields in south-central Norway, Robbins
and Matthews (2010) found that altitude and continentality were dominant parameters explaining the

differences in succession rates and trajectories between glacier forefields.

At the scale of individual glacier forefields, climatic conditions are rarely homogeneous.
Within a glacier forefield, microclimatic heterogeneities can occur due to variations in distance from
the glacier front, altitude, aspect, solar radiation and snow distribution. For example, microclimatic
conditions at younger moraines recently exposed by glacier retreat tend to be colder because they are
more often affected by colder air from supraglacial katabatic winds. With increasing distance from the
glacier, the influence of katabatic winds weakens and microclimate is increasingly influenced by the
larger-scale regional climate (Maizels, 1973; Matthews, 1992). Variations in microclimatic conditions
that result from distance from the glacier are well illustrated in Figure 3. In view of the different uses
of the terms ‘time since deglaciation’ and actual ‘terrain age’ at sites affected by disturbances, we use
in the present study, the term ‘terrain age’ to refer to the actual age of the ecosystem since that last
major disturbance. Note however, that parameters such as microclimatic variations are primarily
determined by ‘distance from the glacier’ (katabatic winds) and these are mostly unaffected by

geomorphological disturbances.
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Figure 3: Spatial variation in temperature in the forefields of Midtre Lovénbreen and Austre
Lovénbreen glaciers (Svalbard) in July (measurements were taken at a 20-meter resolution, figure

adapted from Joly and Brossard 2007).

Additionally, important microclimatic heterogeneities can occur as the result of variations in
topographic setting (i.e., variations in altitude, aspect, solar radiation and snow distribution). For
example, in mountainous regions (e.g., alpine valleys), altitude may vary up to several hundred meters
between different parts of a glacier forefield and these change creates sharp altitude-controlled
climatic variations at small spatial scales (Haeberli and Gruber 2009). Older moraines that are located
at lower altitudes may be subjected to significantly warmer microclimates than young moraines
located at a greater altitude. For example, Matthews (1987) documented a temperature drop of 5.5°C
per 1000m of altitude gain in the forefield of Jotunheimen glacier in Central Norway. As a result,
glacier forefields located at lower altitudes are often characterized by more rapid succession rates than
glacier forefields at higher altitudes (Robbins and Matthews, 2010). Further, Robbins and Matthews
(2010) found that glacier forefield successions proceeded from pioneer vegetation to birch woodland
in a timeframe of 70 years at altitudes below 1000m, while glacier forefields at 1100 to 1600m of
altitude in south-central Norway took 250 years for glacier forefield ecosystems to reach the dwarf-
shrub vegetation stage. They also documented that no successional change occurred above an altitude
of 1600m, where pioneer vegetation persisted in older soils and did not develop any further
complexity. Similarly, Garbarino et al. (2010) found that altitude was a dominant parameter
influencing tree stand density in the forefield of the Ventina glacier (Italy), while Lazzaro et al. (2015)
suggested that altitude was significantly linked to changes in soil properties.

In addition to altitude variations, Joly and Brossard (2007) determined that temperature

variations in forefields of the Midtre and Austre Lovénbreen glaciers (Svalbard) were strongly driven



by changes in incoming solar radiation. These variations arise due to changes in slope angles, aspects
and the angular position of the sun in the sky. As a result, ecosystems on the sunward side of slopes
tend to be more developed than ecosystems on shaded slopes (Barry, 2008), because solar radiation
directly enhances photosynthetic production, increases temperatures and thus enhances weathering
rates, and thus enhances nutrient availability and the rate of soil formation (Rech et al., 2001). On the
shaded side of slopes, ecosystem development may further be delayed by periglacial disturbances,
which are enhanced by cold conditions (e.g., Gruber et al., 2004). For example, Matthews (1978)
concluded that altitude and aspect were among the dominant parameters explaining the spatial
variability of plant community composition in the forefield of Storbreen glacier in central Norway.
Similarly, Lambert et al., (2020) reported that changes in vegetation cover were strongly correlated
with changes in solar radiation in the forefield of Grinnell Glacier (USA). In the forefield of the
Rotmoosferner (Austria), Raffl et al. (2006) observed that vegetation succession followed divergent
trajectories on opposite valley sides due to differences in solar radiation (sunward vs. shaded side), as

well as other geomorphic and lithological differences.

Topography is another important factor that affects the variability already imposed by changes
in altitude and solar radiation. Topography controls microclimate variations by, for example, affecting
the exposure of ecosystems to wind and precipitation. Parts of glacier forefields exposed to strong
winds are generally characterized by colder microclimates (Korner, 2003) and can be subjected to
greater aeolian erosion (deflation). Contrarily, microtopographic features, such as small-scale concave
surfaces or areas in the vicinity of large boulders, can provide shelter against wind erosion and drought
and thus offer favorable sites for the development of microbial ecosystems and pioneer plants
(Jumpponen et al., 1999; Mori et al., 2013). The action of wind on topography can also lead to the
uneven distribution of snow, which insulates the ground and thus prevents damages due to low
temperature in the winter season (Geiger et al., 2009). Finally, spatial and temporal variations in snow
distributions have also been suggested to be crucial factors controlling the composition of plant
(Choler, 2005; Tonin et al. 2019) and microbial communities (Zinger et al., 2009) in similar Alpine

and Arctic environments, with snow distribution being controlled to a large extent by topography.

Over the timescale of glacier forefield successions (ca. 150 years in the European Alps; Kreutz
et al., 1997; Matthews and Briffa, 2005), temporal variations in climatic conditions caused by modern
global warming should also be taken into account (Portner et al., 2019). For example, Cannone et al.
(2008) suggested that a recent increase in vegetation succession rates were most likely related to an
increase in summer temperature and decrease in snow season duration caused by modern global
warming in the forefield of the Sforzellina Glacier (Italy). Similarly, Smittenberg et al. (2012) found
that changes in ecosystem carbon balance were directly linked to climate variations over time with a
recent increase in primary productivity being linked to increasing temperatures in the forefield of the

Damma glacier (Switzerland). At a site near the Furka Pass, also in the Swiss Alps, Inauen et al.,



(2012) determined that the total plant biomass was not stimulated by rising atmospheric CO;
concentration. Their results were based on an experiment that tested the reaction of plants to artificial
exposure to elevated CO; concentrations. They documented that elevated CO, exposition indeed leads
to a relative increased belowground and decreased aboveground biomass partitioning. These examples
all show that overall, climatic changes are particularly important to take into account in regions that

warm significantly faster than the global average, (e.g., at high latitudes; Pithan and Mauritsen, 2014).

2) Substrate characteristics
The geochemical and mineralogical composition and physical properties of the substrate are dominant

factors controlling the fertility of terrestrial ecosystems (Walker and Wardle, 2014). Parent material
composition and thus the potential ‘delivery’ of nutrients through the weathering-induced dissolution
of minerals strongly influences the structure of microbial communities in glacier forefields (Carson et
al., 2007; D’Amico et al., 2015). Figure 4 illustrates how differences in the geochemical composition

of the substrate can cause sharp differences in biota development in glacier forefields.

The physical properties of the substrate exert also a strong control on ecosystem development.
Rates of soil development and plant successions are typically lower on bedrock outcrops than on
unconsolidated sediments (Jumpponen et al., 1999; Garibotti et al., 2011b). For example, Garrido-
Benavent et al. (2020) observed that unconsolidated debris hosted more diverse bacterial, fungal and
algal communities than bedrock outcrops in a glacier forefield in Antarctica. Indeed, substrates with
coarse textures (e.g., glacial debris) tend to promote microbial mobility, as well as gas and ion
exchange capacity, and soil water retention capacity and these all favor successful plant germination
(Jumpponen et al., 1999; Schulz et al., 2013). However, coarse substrate textures can also delay
succession rate and force successions to follow different trajectories (Gellatly, 1982; Wardle, 1980).
For example, in subalpine glacier forefields in Westland, New Zealand, Wardle (1980) found that
blocky surfaces were very slowly colonized by shrubby vegetation and that finer material was
colonized by more herbaceous vegetation. Conversely, in the forefield of Koryto Glacier (Kamchatka,
Russia) Dolezal et al. (2008) found that communities with high species richness developed on fine-
grained substrates, while communities with low species richness developed on coarse-grained
substrates. Fine-grained materials are known to play an important role in soil formation as they
promote the coherence and stability of soil organic matter aggregates (Yariv and Harold, 2001;
Rasmussen et al., 2018) and they can also be a strong predictor of vegetation distribution and
abundance, especially in the older parts of glacier forefields (Schumann et al., 2016; Wietrzyk et al.,
2016).



Figure 4: Photograph of a rusty leaching stripe departing from a stone on the moraine of Midtre
Lovénbreen (Svalbard). White arrows indicate areas with denser vegetation cover. Figure adapted

from Joly and Borin et al. (2010).

The geochemical or physical properties of primary glacigenic sediments cannot be considered
homogeneous at the scale of glacier forefields because they may compose various glacial and
subglacial landforms (e.g., moraines, eskers, drumlins, kames, kettles, glacial grooves and roche
moutonée; Bennett and Glasser, 2011). The substrates composing different glacial and subglacial
landforms often have distinct structural, physical and geochemical properties because of the different
processes causing their formation and because sediments in different landforms may originate from
different locations within a catchment. As a result, chronosequence studies looking at changes in bulk
geochemical and mineralogical compositions induced by chemical weathering are often hindered by
the often significant spatial heterogeneity in till deposits (Bernasconi et al., 2011; Egli et al., 2011;
Blacker, 2018; Wojcik et al., 2020). In some cases, the spatial heterogeneity of the parent materials

can also drive successional trajectories along divergent pathways (Raffl et al., 20006).

3) Resource availability

Glacier forefield successions are generally considered as primary successions (i.e., beginning in an
almost lifeless area; Matthews, 1999). However, in recent years, several studies have documented that
the development of pioneer microbial ecosystems on recently deglaciated terrains can largely benefit
from the export of microbial organic matter and microbial communities from subglacial and
supraglacial environments (Kabala and Zapart, 2012; Gorniak et al., 2017). Subglacial microbial
communities are equally abundant and diverse as in many other many permafrost terrains (Skidmore et
al., 2000; Foght et al., 2004). Regarding pioneer colonization, Rime et al. (2016) determined that the
pioneer bacterial communities found in a glacier forefield in the Swiss Alps most likely originated
from the subglacial environment rather than more distant allochthonous sources. Furthermore,
subglacial environments can supply a significant amount of essential nutrients to downstream glacier

forefields via both microbial biomass (Sharp et al., 1999; Skidmore et al., 2005) and the products of



abiotic weathering reactions (Tranter et al., 2002; Graly et al., 2018). In particular, subglacial streams
can export significant amounts of nitrogen (Wynn et al., 2007; Lawson et al., 2014a), phosphorus
(Hawkings et al., 2016) and organic carbon (Lawson et al., 2014b), which all are essential for the

development of new microbial communities in glacier forefield soils

Similarly, supraglacial environments can be an important source of carbon, nitrogen and
phosphorus compounds delivered to glacier forefields through runoff (e.g., Bagshaw et al., 2013;
Antony et al., 2017; Ren et al., 2019). In Polar regions, the development of supraglacial ecosystems in
snow, glacier ice, cryoconite holes, cryolakes, and supraglacial streams is primarily sustained by the
supply of aeolian-derived mineral and organic matter (Dubnick et al., 2017). Additionally, vegetation
colonizing supraglacial debris can be an important source of nutrients when the glaciers melt and these

are deposited on glacier forefields (Caccianiga et al., 2011).

The hydrological and biogeochemical connectivity of glacier forefields to adjacent
environments are strongly seasonally dependent and spatially heterogeneous. For example, the
contribution of carbon and nutrients from supraglacial to glacier forefields is greatest during periods of
snowmelt and glacier surface melting (Hodson et al, 2005; Mindl et al, 2007). Whilst allochthonous
deposition and input of carbon and nutrients from adjacent habitats, including glaciers, has been
shown to contribute to biological productivity on some glacier forefields including in the Andes,
Svalbard, and elsewhere (Schmidt et al, 2008; Schulz et al, 2013), it is important to note that it is not

the dominant process everywhere (e.g., Anderson et al., 2017).

Besides nutrients and organic carbon, variations in soil moisture content may enhance or delay
microbial and plant succession and soil evolution rates in a spatially heterogeneous manner (Miller
and Lane, 2019; Wojcik et al., 2020). Note that modern views of disturbances include spatially
discrete events (e.g., landslides) as well as environmental fluctuations such as water stress that have
diffuse boundaries (Pickett et al., 1999; Willig and Walker, 1999). Plant (Schulz et al., 2013) and
microbial communities (Burga et al., 2010) in glacier forefields are commonly subjected to drought
stress due to the poor water retention capacity of the often coarse-textured glacigenic deposits, even in
regions that may receive relatively high amounts of precipitation. Soil moisture exerts a strong control
on the spatial variability, diversity and abundance of plant (Raffl et al. 2006; Burga et al., 2010;
Rydgren et al., 2014; Schumann et al., 2016) and microbial communities (Zumsteg et al., 2013) as
well as soil geochemical properties (Szymanski et al., 2019). Interestingly, Szymanski et al. (2019)
found that the greatest soil nitrogen and carbon stocks occur at sites with moderate soil moisture
because permanently waterlogged soil may develop anaerobic conditions which can delay or prohibit
the establishment of plants. Besides surface runoff, groundwater upwelling (Kobierska et al., 2015)
may also be a significant pathway of moisture and nutrient supply and redistribution and may promote

the local development of glacier forefield ecosystems (Ward et al., 1999; Crossman et al., 2011).



Terrains close to the ice front benefit from constant groundwater recharge due to the melting of glacier
snow and ice (Matthews, 1999). However, groundwater upwelling is heterogeneous due to the high

soil texture variability of glacigenic deposits (Magnusson et al., 2014; Pourrier et al., 2014).

In summary, heterogeneous environmental conditions due to variable microclimatic substrate
properties and initial resources availability can each exert a strong control on ecological succession, by
providing different initial conditions and therefore introducing heterogeneity in glacier forefield

successions.

lI) Geomorphological disturbances

The primary sediments exposed by glacier retreat are reworked or ‘disturbed’ by various geomorphic
processes during the transition from glacial to non-glacial conditions (Ballantyne, 2002). The
assumption that, once exposed, all sites of a succession are subjected to the same sequence of change
and that they only differ by their time since deglaciation is one pillar of the chronosequence approach.
Nevertheless, glacier forefields are subject to constant change according to conditions determined by
prevailing geomorphological processes, which are heterogeneous in space and time. Hillslope, fluvial,
periglacial and aeolian processes are among the most important geomorphological processes taking
place in glacier forefields (Matthews, 1992; Ballantyne 2002). These geomorphological disturbances
affect glacier forefield ecosystems either by disturbing the plants themselves or by modifying substrate
and changing the chemical, physical and biological makeup of soils through erosion, deposition or
mixing (Matthews, 1999; Eichel, 2019). Disturbances can also affect the availability of resources such
as nutrients, water and the distribution and dispersal of plant diaspores (Matthews, 1992). Below we
discuss the main geomorphological processes linked to disturbances with a specific focus on hillslope,
fluvial, periglacial and aeolian processes, and their effect on biota, substrate, and resources within
glacier forefield ecosystems. We conclude by evaluating how these processes impact the rate of

successional development.

1) Hillslope disturbances
Hillslope disturbances in glacier forefields include mass movement (e.g., slumps, slides, debris flows,

Blair, 1994; Emmer et al., 2020) and water-related transport processes (e.g., wash, inter-rill and rill
erosion, Eichel et al., 2018; Jager and Winkler, 2012), as well as gullying as a combination of both
(e.g., Curry et al., 2006). Together, hillslope and periglacial processes (discussed in the next section)
(e.g., solifluction, Draebing and Eichel, 2017) disturb ecological succession on inclined slopes, such as
annual, terminal and lateral moraine slopes. In addition, episodic events such as cliff slope failure,

rock falls can occur on steep glacier forefield terrains or in their vicinity (Ballantyne, 2002; McColl



and Draebing, 2019). Finally, glacier forefields are also disturbed by snow avalanches from adjacent
slopes (Raffl et al., 2006). Chronosequence studies on flat, stable terrain are thus subject to fewer and

less intensive hillslope disturbances.

Eichel et al. (2013, 2016) showed a clear impact of hillslope disturbances on vegetation
succession in the Turtmann glacier forefield (Switzerland). They found that vegetation successional
stages are strongly related to geomorphic disturbance intensity. High-magnitude or high-frequency
processes, such as debris flows and gullying can prevent vegetation colonization (Curry et al., 2006) or
restrict it to pioneer stages (Eichel et al., 2013, 2016). Similarly, debris flows can prevent or reset soil
development by providing fresh material to the forefield (Temme and Lange, 2014). Different types of
high magnitude landsliding disturbances were found to have different effects in the Kinzl glacier
forefield (Peru) (Emmer et al., 2020). High magnitude disintegrating landslides of lateral moraines
destroyed vegetation cover, while vegetation was completely undamaged by sliding of intact blocks.
In the Aletsch glacier forefield (Switzerland) local, lower magnitude sliding changed species
composition and reduced species cover, but did not completely destroy vegetation cover (Rehberger,
2002). However, once magnitude or frequency further decreased, a change to intermediate
successional dwarf shrub stages was found in the Turtmann glacier forefield (Switzerland). Similarly,
(Moreau et al., 2004) found that vegetation started to colonize terminal moraine slopes when hillslope
processes only occurred locally and intermittently. Likewise, shrubs and tree seedlings colonized the
moraine slopes once geomorphic activity decreased in the Langtauferer glacier forefield (Italy), (Betz
et al., 2019). A clear relationship between erosion intensity and soil development was also described at
the Gepatsch glacier forefield (Austria), with more developed soils (lower pH value, higher organic

matter content) in areas that have been subjected to less erosion (Temme et al., 2016).

Hillslope disturbances can also enhance ecosystem succession rates in glacier forefields. In the
Rotmoos glacier forefield (Austria), Erschbamer et al. (2001) and Raffl et al. (2006) observed that
plant material and earth lumps transported into the forefield by snow avalanches contributed to
facilitate vegetation colonization. Similarly, erosion and downslope transport of fully-grown plants or
plant parts from upper slopes can also promote midslope colonization (Brockmann-Jerosch, 1925).
Finally, geomorphic disturbances also create opportunities for less competitive species to survive in
glacier forefields. For example, in the Morteratsch glacier forefield (Switzerland), the light-demanding
larch (Larix decidua) only manages to become established in sites disturbed by geomorphic processes

and is otherwise outcompeted by the stone pine (Pinus cembra) (Burga et al., 2010).

Slope angle and position are often strongly correlated with the variability of plant community
composition in glacier forefields (e.g., Andreis et al., 2001; Rydgren et al., 2014). Ecosystems located
at different positions across a slope are differently affected by downbhill disturbances. Ecosystems on

steep terrains or terrains with pronounced convexity are frequently subjected to erosion and, as a



result, tend to be underdeveloped. Alternatively, ecosystems located on terrains that have a concave
topography are typically more developed because they benefit from the supply of organic matter,
moisture and fine-grained sediments (e.g., Wojcik et al., 2020). The spatial heterogeneity in ecosystem
succession rate than can occur as the result of hillslope disturbances is illustrated in Figure 5 which
shows that vegetation is more more developed at sites with concave topography rather than at sites

with convex topography.

Figure 5: Photograph of recessional moraines in the forefield of Flaajokull glacier, south-eastern
Iceland. The accumulation of nutrients, moisture and fine-grained material enhance the succession rate
of ecosystems at sites that have a concave topography. On the contrary, the succession rate of
ecosystems on terrains with convex topography (e.g. moraine ridges) and steep terrains is delayed by

erosion. © Picture taken by Robin Wojcik in 2017.

The often-greater soil organic matter content at sites that have a concave topography can be
explained by the combined effect of greater organic matter deposition rates from upslope and wetter
conditions, which promote the preservation of buried soil horizons (Yoo et al., 2006; Berhe et al.,
2008; Hancock et al., 2010; Palmtag et al., 2018). Additionally, the accumulation of fine soil (i.e., clay
and silt) fractions promotes organic matter aggregation and leads to its stabilization (Yariv and Harold,
2001) and promotes soil water-retention capacity (Tavenas et al., 1983) at sites that have a concave
topography. Sites that have a concave topographyecosystems may further benefit from the supply of
nutrients derived from weathering products from uphill terrains (Yoo et al., 2007; Langston et al.,
2015). The deposition of fine soil grain sizes, chemical weathering products and organic matter at sites
that have a concave topography leads to the thickening of soil horizons toward the lower part of
hillslopes (Birkeland and Burke, 1988). Variations of soil evolution along hill profiles are also
mirrored in the development and changes in plant communities. For example, Garibotti et al. (2011a)
found that plant species diversity was on average higher at sites with concave topography (i.e.

footslopes) than at sites with convex topography (i.e. moraine crests) in glacier forefields in the



Patagonian Andes. Considering the important variability of soil and ecosystem properties across hill
profiles, Birkeland et al. (1991) proposed to characterize individual moraines using a ‘weighted mean
catena profile development index’, which evens out observed variability in soil properties in hill
profiles into a single value. The weight mean method is an interesting approach to acquire data that are

representative of the average characteristics of moraines (see also Garibotti et al., 2011a).

2) Fluvial disturbances
Fluvial disturbances often create most of the spatial heterogeneity in ecosystem and soil evolution in

glacier forefields (e.g., Mercier, 2001; Moreau et al., 2008). Fluvial disturbance refers to the effects of

flowing water on or under glacier forefields.

In a fashion similar to the effects of hillslope disturbances described above, the effects that
fluvial disturbances have on the rate of plant succession and soil evolution depend considerably on the
variations in their intensity and frequency (Marren, 2005). Where water flow is intense enough to
erode surfaces, it removes fine materials as well as plants and soil organic matter, and this can delay or
reset ecosystem development (e.g., Gurnell et al., 2000; Osterkamp et al., 2012). Ecosystems and soils
on fluvial deposits tend to be more spatially heterogeneous than on undisturbed primary glacigenic
deposits (e.g., Wojcik et al., 2018). This heterogeneity results from the temporally and spatially
variable formation of braided channel networks but also because fluvial substrates tend to have more
heterogeneous textures (Angiel, 2006) and geochemical compositions (Kroonenberg et al., 1990) than
primary glacigenic deposits. At the scale of a glacier forefield, changes in the position of channel
networks (Morche et al., 2015; Kociuba et al., 2019) may be the result of seasonal variations in runoff
intensity caused by glacial ice melt (Comiti et al., 2019) and snowmelt (Hock, 2005), changes in the
magnitude of precipitation events (Haas et al.,, 2012) or outburst floods (Guerrido et al., 2020).
Changes in the location and morphology of river channels can also occur as a result of variations in the
ice front position or changes in the topography of proglacial (i.e., located close to the ice front)
(Marren and Toomath, 2014) and subglacial environments (Delaney et al., 2018). In view of the
dynamic nature of ecosystems in fluvial channels, Moreau et al. (2008) and Arce et al. (2019)
emphasized the importance of considering the frequency at which intermittent rivers and ephemeral
streams are disturbed by runoff. Moreau et al. (2008) document a striking example of how fluvial
disturbances can result in the formation of a mosaic composed of ecosystems exhibiting different
development stages that co-exist near each other on moraine of similar ages on the forefield of Midtre
Lovénbreen, Svalbard (see Fig. 6). Terrains that are more frequently disturbed (e.g., intermittent river
bed) tend to depict lower degrees of development than terrains that are rarely disturbed (e.g., inactive

river bed).
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Figure 6: Map of the forefield of Midtre Lovénbreen glacier (Svalbard). Gray colors represent fluvial

landforms with different disturbance frequencies. Figure adapted from Moreau et al. (2008).

3) Periglacial disturbances
Periglacial processes encompass the set of processes dominated by frost action and/or permafrost

(French and Thorn, 2006). Permafrost, defined as ground that has a negative temperature for at least
two consecutive years, is present in most subglacial environments and can persist in glacier forefields
of both Alpine and Polar regions once the ice has retreated (e.g., Lugon et al., 2004; Leopold et al.,
2015; Dusik et al., 2019). ‘Frost action’ may occur with or without permafrost and refers to both frost-
heave of the soil by ice during freezing and thaw-weakening when frozen ground thaws (French,
2017). The main periglacial processes affecting glacier forefield soils are frost-heaving and frost
sorting, resulting in the formation of patterned ground, as well as solifluction landforms (needle ice
creep, frost creep, gelifluction, plug-like flow) on inclined slopes (Matsuoka, 2001; Matthews et al.,
1998).

While numerous studies investigate the spatial distribution of permafrost and periglacial
landforms, the effects of periglacial disturbances on plant succession and soil evolution have been less
often considered (e.g., Cannone et al., 2004). Nevertheless, some studies have suggested that
periglacial landforms are relevant units to investigate the spatial variability of plant communities and
soil properties in glacier forefields (Wietrzyk et al., 2016; Wojcik et al., 2019). Periglacial processes
are generally less effective in transporting sediments in comparison to, for example, the fluvial
processes described above (Slaymaker, 2009). However, solifluction processes (the gradual movement
of wet material down a slope) can be a significant sediment transport mechanism (Berthling et al.,
2002). Instead, the action of successive freeze-thaw cycles is an effective physical weathering agent
and may lead to creeping or structural sorting of soil material (French, 2013). The magnitude of

periglacial processes on recently exposed terrain is controlled by various factors including: soil water



content, soil texture, the amplitude of diurnal and seasonal temperature variations and terrain slope

(French, 2013).

On flat terrain, freeze-thaw cycles can create sorted or patterned-ground landforms by
differential heaving and thawing of fine and coarser particles (French, 2013). Sorted-ground
periglacial landforms such as sorted circles (Dabski, 2005) and sorted polygons (Ballantyne and
Matthews, 1983; Kriiger, 1994) are commonly observed in glacier forefields. On gentle slopes,
patterned ground may take the form of stripes (Horwath et al., 2008). The magnitude of ground-sorting
disturbances is primarily controlled by soil moisture abundance (Matthews et al., 1998; Feuillet and
Mercier, 2012). In glacier forefields in the Jotunheimen area (Norway), Haugland and Beatty (2005)
found that frost disturbances in patterned ground generally tended to delay the rate of plant succession
and soil evolution in Norwegian glacier forefields. At a smaller scale, the different positions of
patterned-ground landforms (e.g., sorted circles; see Fig. 7) are characterized by distinct physical (soil
texture, microstructure, pore spacing) and geochemical (nutrients and water content) properties (Meier
et al., 2019) and, as a result, form a mosaic of unique microhabitats that host specifically-adapted plant
communities (Anderson and Bliss, 1998; Cannone et al., 2004). The development of plant
communities tends to be delayed at the center of sorted circles due to frequent ground-material
movement and dry conditions. Conversely, plant communities are more developed at the edges of
sorted circles with less ground material movement (Haugland, 2004; Haugland and Beatty, 2005). As
well, Haugland and Haugland (2008) described decreasing soil horizon development with increasing

frost activity disturbance from undisturbed ground from a polygon border to a polygon center.

Figure 7: Photograph of sorted circle landforms on Brogger Peninsula (Svalbard). Plant communities
are more developed at the outer edge of sorted circles, which are less affected by ground material

movement. © Picture taken by Hannes Grobe in October 2007.



Even in the absence of surface periglacial landforms, frost-driven migration and sorting of soil
particles can bury pockets of organic-matter via cryoturbation (Bockheim, 2007), a feature that is
common in glacier forefields (e.g., Kabala and Zapart, 2009; 2012). Importantly, disturbances caused
by cryoturbation can in certain cases be a dominant parameter explaining spatial patterns of plant
(Whittaker, 1989; Boy et al., 2016) and bacterial communities distribution and abundance (Zdanowski
et al.,, 2013) in glacier forefields. More indirectly, the presence of frozen ground may have an
important influence on the erosion and deposition of sediments by fluvial processes and thus on the

position of streams (Vandenberghe and Ming-ko Woo, 2002).

On steeper terrains (> 3° to about 35 °), freeze-thaw cycles lead to solifluction, the slow
downslope movement of material by needle ice creep, frost creep, gelifluction and plug-like flow
(Matsuoka, 2001; FEichel et al., 2017). These processes produce lobate and terrace-like solifluction
landforms commonly observed in glacier forefield (e.g., Matthews et al., 1986; Kddb and Kneisel,
2006). Similar to other disturbances, solifluction can either promote or delay ecosystem development.
For example, at solifluction terraces on lateral moraines of the Tasman glacier (New Zealand), (Archer
et al., 1973) found that vegetation and soil development has been retarded by cryoturbation. In
contrast, other studies found well-developed ecosystems on depositional hillslope landforms because
of the burial and conservation of organic matter (Shelef et al., 2017; Wojcik et al., 2020). On
solifluction lobes in the Turtmann glacier forefield (Switzerland), Draebing and Eichel (2017) and
Eichel et al. (2016) found distinct relationships between plant communities, lobe topography and
activity. While lobe ridges rich in fine-material frequently disturbed by frost action were colonized by
frost-adapted pioneer species, moving lobe treads were covered by dwarf shrub species and shrub
species colonized the most stable lobe borders. Solifluction disturbances can create fine-scale

succession mosaics in glacier forefields, similar to succession mosaics observed at patterned ground.

4) Aeolian disturbances
Aeolian processes can also exert a great influence on the rate of successions and its spatial variability

in glacier forefields (Ballantyne, 2002; Anderson et al., 2017). The action of aeolian erosion tends to
delay ecosystem succession whereas aeolian deposition may, on the contrary, accelerate ecosystem
successions. In both cases, aeolian disturbances affect glacier forefield ecosystems in a spatially
heterogeneous manner. Note that neither of the two types of aeolian disturbances create mosaics with

sharp boundaries (unlike most hillslope, fluvial and periglacial disturbances).

Aecolian erosion is defined as the removal of ground material by wind forcing. The spatial
variability of aeolian erosion is determined by changes in local meteorology, sediment properties,
topography, vegetation and hydrological properties of the forefield (Derbyshire and Owen, 2018). In

glacier forefields, aeolian erosion is primarily driven by katabatic winds that blow toward the outlet of



glaciers and ice sheets (e.g., Fig. 8). Winds that are fast enough to transport of soil particles by
saltation or suspension occur most frequently during the winter season (Fountain et al. 1999;
Derbyshire and Owen, 2018). Aeolian erosion primarily removes fine-grained or loose material
although some studies have also documented transport of sediment particles up to granule grain size

(Glasser and Hambrey, 2002).

Aeolian erosion of cemented bedrock outcrops is far less effective. Rock surfaces that have
reached a more advanced stage of chemical weathering will be more susceptible to aeolian abrasion
and erosion compared to less-altered rock (Derbyshire and Owen, 2018). In contrast, unconsolidated
fine-grained sediments from glaciers, rivers and lakes tend to be more susceptible to aeolian erosion
(Glasser and Hambrey, 2002). Among primary glacigenic landforms, exposed slopes, moraine crests
and other sites that have a convex topography are the most exposed to winds and have higher aeolian
erosion rates (Fahnestock et al., 2000; Derbyshire and Owen, 2018). The winnowing of loose fine-
grained particles by intense and frequent winds commonly results in the formation of ‘stone-
pavement’ landforms in glacier forefields (Ballantyne, 2002; Seppala, 2004), a process that has been
extensively described (Pye, 2015). After only a few years of exposure, the erosion of fine particles
results in the thickening and increasing surface area of surface stone layers (Boulton and Dent, 1974;
Matthews and Amber, 2015). Aeolian erosion may have a spatially heterogeneous, and discontinuous
effect, leading to the formation of deflation patches in areas exposed to strong winds (Glasser and
Hambrey, 2002; Heindel et al., 2017). The presence of a vegetation cover as well as abundant soil
moisture diminishes aeolian erosion (Matthews, 1992). In turn, the formation of stone pavement
landforms due to intense acolian erosion will affect surface water runoff patterns by reducing water
infiltration in soil (Zender et al., 2003; Ravi et al., 2010). Finally, frequent winds may enhance water

stress conditions (e.g., Glasser and Hambrey, 2002).

In contrast to erosion, aeolian depositional processes can accelerate the succession rates of
forefield ecosystems by supplying nutrients, fine grained-sediments and water. The deposition of
acolian material can result in the formation of various landforms depending on the source area, the
availability of the source material, wind speed as well as terrain obstacles and topography (Miiller et
al., 2016). Blown sheets are among the most common aeolian depositional landforms in glacier
forefields (Miiller et al., 2016; Anderson et al., 2017; Stawska, 2017). These blown sheet landforms
typically consist of larges patches of thin drapes of silt and fine sand (Glasser and Hambrey, 2002) and
they primarily result from the deposition of aeolian material onto wetted or vegetated surfaces or
snowbanks (Riezebos et al., 1986; Miiller et al., 2016). Aeolian material preferentially accumulates on
the lee side of topographic barriers and vegetation patches (Miiller et al., 2016; Derbyshire and Owen,
2018), leading to the uneven distribution of precipitations and aeolian fallouts. Goransson et al. (2014)
found that terrains directly surrounding large emerging rocks tend to be enriched in nitrogen and

moisture because rocks are diverting nutrient rich precipitations, thus creating nutritional niches for



plants and microbes. Given appropriate wind patterns, ground obstacles can lead to the local material
accumulation and the development of dune landforms. Dunes are commonly observed in proglacial
terrains and may display various types of structure such as: parabolic dunes (Derbyshire and Owen,
2018), blow-out dunes (Anderson et al., 2017), climbing dunes (Willemse et al., 2003) as well as
transverse, dome-shaped and barchan-like dunes (Li, Xiaoze, et al., 2006; Miiller et al., 2016). In
glacier forefields, such visually conspicuous aeolian depositional landforms primarily consist of
material that originate from local sources such as neighboring fluvial areas (Seppala, 2004; Lawrence
and Neff, 2009). Aeolian deposits that originate from local sources primarily consist of sand-sized
material. In contrast, the proportion of sand decreases while the proportion of silt and clay-sized
material increases with increasing distance between the source and deposition area (Lawrence and

Neff, 2009).

Figure 8: Photograph of Aeolian activity in the proglacial area of Russell Glacier (Sandflugtdalen,
Greenland). © Picture taken by John Anderson.

As described above, aeolian deposition may strongly influence glacier forefield ecosystems by
delivering nutrients, microorganisms, seeds and plant debris, and fine sediments - even where
deposition rates are not sufficiently high to accumulate thick layers of deposited material and form
visually conspicuous landforms. The deposition of aeolian material may either occur via dry
precipitations (e.g., Shahgedanova et al., 2013), or wet precipitation (rain or snow e.g., Temkiv et al.,
2012; Hell et al., 2013). Without consideration of its biogeochemical composition, the deposition of
fine aeolian material tends to enhance ecosystem succession rates (Applegarth and Dahms, 2004) as it
promotes both soil water-retention and the formation of organic matter aggregates (Rasmussen et al.,
2018). Studies increasingly highlight that nutrients in aeolian deposits sustain the productivity of
glacier forefield ecosystems (Sabacka et al., 2012; Rime et al., 2016; Anderson et al., 2017; Diaz et al.,
2018). In addition to fertilizing soils, aeolian deposits can be a significant source of nutrients to river
and lake ecosystems within glacier forefields (Deuerling et al., 2014; Diaz et al., 2018). Despite the
central importance of nutrient limitations for ecosystems in glacier forefields, little is known about the

relative nutrient contribution from aeolian deposition compared to local weathering in these



environments. In particular, aeolian deposition can be a significant source of phosphorus (Okin et al.,
2004; Aciego et al., 2017; Diaz et al., 2018), nitrogen (Witherow et al., 2006; Hodson et al., 2010) and
other minor and trace elements (Fortner et al., 2011) in Polar environments. For example, Aciego et al.
(2017) suggested that aeolian dust deposition was the dominant processes controlling phosphorus
supply over local weathering, in a mountainous environment in the Sierra Nevada (California). Note
however that Uhlig et al. (2017) later suggested that Aciego et al. (2017) may have underestimated the
contribution of weathering to phosphorus budgets. The deposition of acolian material may either occur
via dry precipitations (e.g., Shahgedanova et al., 2013), wet precipitation (e.g., Temkiv et al., 2012) or
snow deposition (Hodson et al., 2010; Hell et al., 2013). Nitrogen is mainly delivered dissolved via
rain and snow events, whereas phosphorus adsorbs to aeolian particles (Anderson et al., 2017) or is
present and phosphorus-containing mineral (e.g., McCutcheon et al 2020). Glacier forefield
ecosystems may be influenced by the input of exogeneous aeolian materials that originate up to tens of
thousands of kilometers away from the deposition site (Grousset et al., 2003; Stres et al., 2013).
Aecolian deposits found in recently deglaciated terrains most commonly are from natural origin (e.g.,
Xiaodong et al., 2004) but may also be mixed with particles from anthropogenic industrial and
volcanic emission (McConnell et al., 2007; Du et al., 2018). Anthropogenic emissions typically tend to
enrich the overall organic (Mahowald et al., 2005; Hodson et al., 2010) and trace metal content (Erel et
al., 2006) of aeolian material. Nitrogen deposition in the Arctic regions has been enhanced by the
airborne transport of pollutants from Europe and Russia (Eneroth et al., 2003). Future reactive
nitrogen deposition may impact ecological succession and biogeochemical cycling in glacier forefields
(Bradley et al, 2017). Even without material input from distant sources, acolian transport processes
can create spatial heterogeneity in ecosystem development by re-distributing organic matter within a
proglacial area (Fahnestock et al., 2000). Besides its influence on nutrient budgets, aeolian transport is
receiving increasing attention because it is regarded to be a major pathway for the dispersal of plants
and microbial communities in diverse Polar and Alpine environments (e.g., Pearce et al., 2016; Santl-
Temkiv et al., 2018). However, Rime et al. (2016) elucidated that aeolian deposition is likely not a
colonization pathway for pioneer bacteria on young moraines (which rather resemble bacterial
communities of subglacial and supraglacial habitats) but is, however, a central source of carbon and

nutrients to ecosystems on the forefield of the Damma glacier, in the Swiss Alps.

IV) The relative importance of autogenic and allogenic processes
at different stages of succession
Allogenic factors and their relative importance at different stages in a succession must form an integral
part of our understanding of glacier forefield ecosystems. Below, we synthesize the existing

knowledge on how the relative importance of different allogenic factors (i.e., initial site conditions and



geomorphological disturbances) varies over the course of successions in glacier forefields. We
conclude with an assessment of how the relative importance of allogenic factors may change with

regard to stochastic factors and autogenic factors over the course of successions in glacier forefields.

1) Changing importance of allogenic processes
It is generally acknowledged that the importance of initial site conditions, such as parent material

composition and topography (e.g. slope angles and microsites), is greatest for young ecosystems and
tends to decline as vegetation becomes more abundant and more mature successional stages are
established (Matthews, 1992; Raab et al., 2012). Chesworth (1973, 1976) further suggested that the
influence of the composition of parent material on soil properties tend to be the greatest in dry regions.
Glausen et al., (2019) predicted that the influence of terrain aspect on ecosystems is the greatest on
recently deglaciated terrains and tends to decrease with increasing distance from the glacier margin.
Similarly, Raffl et al. (2006) noted that the differences in solar irradiation (shaded or sunny side) that
result from topographic heterogeneities have greater effects on young moraine ecosystems than on
well-developed ecosystems. With increasing distance from the glacier front, the microclimate of
glacier forefields shifts from being controlled by glacial katabatic winds in young moraines to being
controlled by regional climatic conditions in older moraines. At a larger scale, regional climatic
controls on glacier forefield ecosystems, related to altitude and continentality, were found to increase

as succession proceeds (Matthews, 1992; Robbins and Matthews, 2010).

Hillslope disturbances are most intense at early stages of successions near the ice front where
the slopes are the steepest and ground saturation is higher due to meltwater from glacier and snowmelt
(Matthews, 1992). The intensity and frequency of paraglacial geomorphic processes often decreases
with time since deglaciation (Ballantyne, 2002), as high magnitude processes, such as debris flows and
gullying are replaced by lower magnitude soil erosional, but also periglacial processes when slopes
start to stabilize (Draebing and Eichel, 2018; Eichel et al., 2018). Welch (1970) showed that the
maximum slope angles of moraines tend to rapidly decrease from 75 © to 30° in the first 15 years of
soil exposition after glacier retreat whereas no noticeable changes were observed between the 15 year
and the 100-year-old moraines. Additionally, the relative warming of microclimate that occurs with
increasing distance from the glacier front may also indirectly affect plant and soil successions through
the melting of ground ice which promotes the destabilization of hillslopes (Ballantyne, 2002;
Matthews, 1992). Garibotti et al. (2011a) found that the differences in plant species diversity between
terrains with convex topography (i.e. moraine crests) and terrains with concave topography (i.e.
moraine footslopes) tended to increase with increasing time since deglaciation. However, in some
cases, the impact of geomorpohlogical disturbances on ecological succession can persist much longer.
In the Turtmann glacier forefield, high magnitude processes still occurred on slopes deglaciated for

more than 80 years and created a distinct mosaic of different successional stages (Eichel, 2017; Eichel



et al., 2013), with late-successional vegetation and pronounced soil development only occurring on
stable slope parts (Eichel et al., 2018). Wietrzyk et al. (2016) found that the slope angle of moraine
was a strong predictor of the variability of vegetation abundance and diversity, especially in the older

parts of glacier forefields.

Fluvial erosion disturbances are generally most intense near the glacier ice front and thereafter
decreases downstream direction as successions proceed (Matthews, 1992; Matthews, 1999).
Downstream changes in the pattern of river channels are controlled by numerous parameters including:
water discharge, terrain slope, sediment load, bedrock material and riparian vegetation (Ferguson,
1987). Increasing plant cover stabilizes channel banks and thus lessens the impact of Fluvial processes
in re-working of glacigenic sediments (Miller and Lane, 2019). Gurnell et al. (2000) suggested that
rivers close to the glacier tend to exhibit ‘bar braided patterns’ with numerous channel threads, due to
the sediment yield and an active floodplain that occupy a large part of the glacier forefield cross-
profile. In downstream areas, the development of vegetation stabilizes banks and lead to the
progressive gathering of river channels into a single thread. As a result, the active floodplain decreases
in width but increases in depth. With increasing distance from the glacier, the decreasing width of the
active floodplain caused by the progressive gathering of river channels results in a decline of water
supply and thus drought stress in parts of forefield that are not near streams (Whittaker, 1991). Note
however the ecosystems on young moraines may also be subjected to drought stress due to the well-
drained nature of coarse glacigenic deposits making up initial young moraines, especially before the

establishment (Schulz et al., 2013).

The magnitude of periglacial disturbances tends to be the greatest near the glacier ice front
where temperatures are the lowest (due to the proximity of ice and higher altitude) and where soil
moisture is high (Ballantyne, 2002; Haugland and Beatty, 2005). For example, patterned-ground
landforms can develop within 10 years following deglaciation (Feuillet and Mercier, 2012). Haugland
and Beatty (2005) studied the effect of patterned-ground disturbances on plant successions across
chronosequences in several Norwegian glacier forefields and found that plant community microscale
heterogeneity was the most conspicuous on intermediate moraines (~70-year-old). Older moraines are
less subject katabatic winds and do not exhibit such cold microclimates compared to the moraines
close to the glacier (Matthews, 1992). As a result, the declining magnitude of frost action allows the
center positions of patterned-ground landforms to become colonized by plants, thus decreasing the
microscale heterogeneity (Haugland, 2004; Haugland and Beatty, 2005). Matthews et al. (1998)
observed that the intensity of solifluction processes was most intense in the first 30 years following
deglaciation and then slowly declined in the forefield of Jotunheimen glacier in Norway. Areas of
glacier forefield characterized by permafrost, on the contrary, are intensely impacted by periglacial

processes over multi-decadal timescales (Ballantyne, 2002). As well, Marcante et al. (2012)



documented that seedlings of pioneer species were significantly more vulnerable to frost damages than

species of intermediate and late succession stage in the forefield of Rotmoos glacier (Austria).

Aeolian erosion typically is most prevalent at the edges of glaciers, where katabatic winds are
the strongest (Benn and Evans, 1998; Brookfield, 2011; French, 2017), and decreases with increasing
distance from the glacier margin (Dijkmans and Tornqvist, 1991; Miiller et al., 2016). For example,
Riezebos et al. (1986) found the intensity of acolian deflation rapidly decreased after the formation of
a surface lag deposit on young moraines. Furthermore, aeolian erosion is most effective on
unvegetated sediments, typically on young moraines (Ballantyne, 2002). Conversely, the magnitude of
aeolian deposition is the greatest on terrains that have ground obstacles such as plant cover or boulder
and therefore is likely to affect more intensely on ecosystems of older moraines with advanced stages
of succession (Miiller et al., 2016). Other factors that favor aeolian deposition are: rough topography
and wet surfaces and these are most common on young moraines (Ballantyne, 2002; Derbyshire and

Owen, 2018).

2) Phases of succession in deglaciated forefields
Understanding the processes controlling the initial ecosystem development is crucial to making a

holistic interpretation of the evolution of ecosystems over the course of glacier forefield succession
(Raab et al., 2012). As detailed above, successional change can be driven by various processes whose
nature can either be stochastic or deterministic (Chase and Myers, 2011). For deterministic processes,
the spatial distribution and relative abundance of species directly results from favorable (e.g., safe
sites) or disadvantageous abiotic and biotic environmental conditions. In contrast, stochastic
ecological processes create random patterns of species dispersal and changes in the composition and
relative abundance of species that are not determined by environmental conditions, also called “niche-
based mechanisms” (Vellend, 2010; Chase and Myers, 2011). For example, stochastic views often
highlight the role of random chance in ecological processes such as random colonization and

extinction as well as ecological drift (Chase and Myers, 2011).

It is generally acknowledged that stochastic processes are more important during the initial
stages of primary succession, and decline in importance in the later stages. Conversely, deterministic
processes become more dominant with ecosystem development (Cutler et al., 2008). Similarly, Dini-
Andreote et al. (2015) observed a shift from stochasticity-dominated microbial communities in the
initial stages of succession toward deterministic-dominated (determined by local abiotic and biotic
conditions) changes in microbial communities as succession proceeded. Concerning plant
communities, del Moral (2009) similarly found that the colonization of pioneer plants was stochastic

and that the establishment of plant communities in more advanced successional stages was



increasingly linked to safe sites, which provide more favorable environmental conditions. Similarly,
studies on plant successions in glacier forefields in the Himalayas (Mong and Vetaas, 2006) and in
Iceland (Marteinsdottir et al., 2010) reported that the colonization of pioneer plants was stochastic and
was neither related to the distribution of ‘safe’ (undisturbed) sites nor topographic heterogeneity.
However, based on a compilation of studies in 43 glacier forefields in western Norway, Robbins and
Matthews (2009) suggested that the colonization of pioneer vegetation was not entirely stochastic, but
that it was characterized by a low level of determinism, which tended to increase over the course of
successions. Nevertheless, other studies showed that the initial patterns of plant and microbe
colonization in glacier forefields are linked to the distribution of undisturbed sites which offer
favorable geochemical conditions and protect organisms against harsh conditions climatic conditions
(e.g., Jumpponen et al., 1999; Andreis et al., 2001; Haugland and Beatty, 2005; Burga et al., 2010;
Mori et al., 2013).

Overall, it is assumed that following an initial stochastic phase of primary succession,
successional changes become increasingly determined by local abiotic and biotic conditions. Matthews
(1992) suggests that ecosystem changes during glacier forefield successions are first dominated by
allogenic processes (initial environmental conditions and geomorphological disturbances), with their
relative importance declining in relation to biotic processes (i.e. autogenesis) in more developed stages
of succession. The magnitude of most geomorphological disturbances decreases with increasing
distance from the glacier, while biotic processes become more prevalent and influential. In agreement
with this view, Miller and Lane’s (2019) successional model, who transferred the fluvial
biogeomorphic succession model by (Corenblit et al., 2007) to glacier forefields, identified four
distinct biogeomorphological succession stages. During the initial ‘geomorphic phase’, ecosystem
changes would be completely dominated by allogenic processes. Next, abiotic factors determine
microbe and plant colonization during the ‘pioneer phase’. Then, abiotic and biotic factors would be of
equal importance and would interact during the ‘biogeomorphic phase’ and finally, biotic factors
becoming dominant over abiotic factors in the ‘ecological phase’. These stages were also documented
on lateral moraines in the Turtmann glacier forefield (Eichel et al. 2013). The idea that successions
shifts from being governed by abiotic factors towards being dominated by biotic factors is also
supported in Raab et al. (2012). Note however that it is possible that rare but high-magnitude events
such as glacial lake outburst flood or slope failure erode intensively the valley bottom in a stochastic

manner, even at advanced stages of successions.

Here we present a new conceptual model that integrates these various findings and views the
evolution of primary successions as segmented into four successive phases: (1) the initial stochastic
phase, (2) the allogenic (abiotic) phase, (3) the biogeomorphic phase and finally (4) the autogenic
phase. Our conceptual model presented in Fig. 9 shows changes in the relative importance of

stochastic, allogenic and autogenic processes over the course of successions in glacier forefields. By



integrating initial stochastic processes (Mong and Vetaas, 2006; del Moral, 2009; Matthews, 2009;
Marteinsdottir et al., 2010; Dini-Andreote et al., 2015), the changing dominance from allogenic to
autogenic factors (Matthews, 1992, Raab et al., 2012) and biogeomorphic feedbacks that influence this
transition between the allogenic and autogenic phase (Corenblit et al., 2007; Eichel et al. 2013; Miller
and Lane, 2019), our model unifies these different theories (stochasticity/determinism vs.

allogenic/autogenic vs. biogeomorphology) into a single synthesis model for the first time.

During the initial Stochastic phase (1), stochastic processes are important and may be
dominant over allogenic processes. Meanwhile, biotic processes are initiated, but with somewhat
marginal importance. The initial stochastic phase is rapidly followed by the Allogenic phase (2) in
which spatial patterns of ecosystem structure and evolution are primarily determined by allogenic
processes (i.e., initial environmental conditions and geomorphological disturbances). During the
Allogenic phase, the relative importance of biotic processes increases and the relative importance of
stochastic processes declines. Allogenic and autogenic processes are equally important and interact
during the Biogeomorphic phase. Lastly, in the Biotic phase (4), biotic factors become (e.g., species
interactions) become dominant while the relative importance of allogenic factors declines and
stochastic processes have a marginal role. Note that the important width of the lines means to account
for the fact that the relative importance of stochastic, allogenic and autogenic processes may vary
significantly between sites that have different settings. For example, it is possible that allogenic

processes dominate over stochastic processes in the early steps of successions.
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Figure 9: Changes in the relative importance of allogenic, autogenic and stochastic
factors over the course of glacier forefield successions. The design of this figure is

inspired by Fig. 6.20 in Matthews (1992) as well as Fig. 5 in Miller and Lane (2019).



V)  Feedbacks between abiotic and biotic processes during
ecological succession
Recent research in glacier forefields has demonstrated that the influence of initial site conditions and
geomorphological disturbances on ecological succession is not unidirectional, but that ecological
succession changes site conditions and decreases the intensity of geomorphological disturbances
(Eichel, 2019; Miller and Lane, 2019). The feedbacks between abiotic and biotic processes dominate
in the biogeomorphic phase (Fig. 9), and are an important cause of landscape stabilization in glacier

forefields and ecosystem engineering (Gurnell et al., 2000; Eichel et al., 2018).

Ecosystem engineering by microbes and plants in glacier forefields not only promotes soil
development and ecological succession but, by creating niches and habitats, it also stabilizes
geomorphologically disturbed sites (Eichel et al., 2019; Miller and Lane, 2019). Stabilizing effects by
microbial soil crusts, related to increased sediment depositing and binding, have been reported in
many forefields (see Miller and Lane 2019 for a complete summary). At intermediate succession
stages, the increase in moisture and nutrient content from microbial communities combined with with
the gradual stabilization of slopes due to decreasing geomorphological activity, promote the
development of plant communities, which further contribute to terrain stabilization (Breen and
Levesque 2006, Eichel et al. 2016). On lateral moraine slopes in Switzerland, the prostrate, mat-
forming shrub Dryas octopetala L. was identified as a highly effective ecosystem engineering plant
(Eichel et al., 2016; 2017). Through a combination of adapted root and above-ground biomass traits, it
mechanically, hydrologically and thermally stabilizes moving slopes. The envelope of conditions
under which abiotic-biotic feedbacks dominate depends on process magnitude and plant traits, often
termed the “biogeomorphic feedback window” (Eichel et al., 2016; Jerin and Phillips, 2020).
Biogeomorphic feedbacks can create major alterations to the landscape stability of forefield
floodplains and moraine slopes (Eichel, 2019). In floodplains, vegetation colonization stabilizes
channel banks and bars, and can, within decades, lead to a shift from braided channel patterns to single
thread channel patterns in proglacial runoft (Gurnell, 2000; Moreau et al., 2008). On moraine slopes,
colonization by ecosystem engineer species can decrease soil erosional processes and promote
periglacial processes, which then cease with increasing colonization of later successional species
(Eichel et al. 2018).

VI)  Future outlooks



Here we emphasize that typical chronosequence studies in glacier forefield should consistently
take into account also the variations in initial site conditions and geomorphological disturbances for
the study design, sampling strategy and the analysis and interpretation of data. Overall, we recommend
that future research should be mindful of the representativeness of samples in the wider context of the
environment being studied, especially considering the heterogeneity of present and past environments
and processes. Specifically, we recommend that future research should focus on the following key

topics:

(1) Investigating how the variability in the type and intensity of geomorphological
disturbances affects glacier forefield ecosystems, and vice versa.

(2) Investigating how the variability of substrate types affects glacier forefield ecosystems.

(3) Investigating how the variability of microclimates affect glacier forefield ecosystems.

(4) Investigating how the legacy of nutrients from subglacial environments affect glacier

forefield ecosystems.

Furthermore, an aspect that needs attention are studies carried out at smaller spatial scales (i.e.
1 to 100 meters), to enable determination of how allogenic factors affect ecosystems of the same age
yet that are made up of different substrates, are characterized by different microclimates, are supplied
by different resources, or are exposed to different types of geomorphological disturbances. For
example, one can gain insights on the variability that is induced by geomorphological disturbances by
studying the variability of ecosystems properties across an area affected by disturbances using a
transect-based sampling approach (e.g., toposequence in Wojcik et al., 2020; Garibotti et al., 2011) or
even a trench-based sampling approach (e.g., Horwath et al., 2008). Studying ecosystems in sifu, one
can evaluate in a more quantitative manner the effects of allogenic factors for example by artificially
modifying the natural environments and following the change over time. For example, artificial
fertilization of soil via the addition of N or P (as in Knelman et al., 2014) can simulate the supply of
nutrients from subglacial microbial communities, yet few such studies exist. Furthermore, a better
understanding of the effect of climate on ecosystems by artificially modifying climatic condition is
needed. Although some studies have addressed these aspects, a comprenesive understanding is still
lacking. Better quantitifcation of heterogeneities at the scale of typical glacier forefields (> 1 km) are
needed, for example, by using a GIS-based approach to quantify the correlations between the spatial
variability of plant communities and various allogenic abiotic environmental parameters, and
combining this with detailed ground based monitoring of seasonal changes. Finally, remote sensing
techniques can also be used to complement chronosequence approaches and assess temporal
vegetation changes over larger areas than typicaly possible with ground-based studies (e.g., Klaar et
al., 2015; Fischer et al. 2019). Such remote sensing studies could also be potentially related to

geomorphic disturbances in time and space.



VII) Conclusion
The evolution of glacier forefields should be interpreted as the result of (1) time since deglaciation and

associated autogenic change, (2) initial site conditions and (3) geomorphological disturbances. Where
abiotic initial site conditions (e.g., microclimate, substrate characteristics and resources availability)
are heterogeneous within a glacier forefield, they will differently affect (i.e. by delaying or enhancing)
the rate of successional seres toward the same mature stage by providing either favorable or
unfavorable conditions, or may even set successional pathways on different trajectories toward
different mature stages. The rate and trajectory of successions may also change over the course of
successions as a result of disturbances driven by geomorphological (hillslope, fluvial, periglacial and
acolian) processes. We provide a comprehensive summary of how these allogenic factors can affect
the rates and trajectories of glacier forefield successions in a spatially and temporally heterogeneous
manner. Additionally, we present a new conceptual model describing the relative importance of
stochastic, autogenic and allogenic factors, and how allogenic factors tends to decline over the course

of successions, also due to biogeomorphic feedbacks between abiotic and biotic processes.

We emphasize that improving our understanding of the influences of allogenic factors on
ecosystems is necessary to develop a correct and holistic understanding of successional changes.
Future research efforts must consider not only autogenic processes but also variations in initial site
conditions and geomorphological disturbances for any given study design, sampling site selection as
well as data analysis and interpretation. Furthermore, we suggest that additional experimental research
on laboratory analogues as well as in controlled field settings should be carried out to investigate the

effects of variations in allogenic factors on succession behavior in greater details.
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