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Abstract

Background: The forelands of retreating glaciers are invaluable natural laboratories in which to explore the
processes of primary succession. Numerous studies have been conducted on foreland chronosequences to identify
temporal and spatial trends of the successional communities. This study focused on the spatio-temporal distribution
of three woody plant species on the foreland of a retreating glacier in southern Iceland where historical
observations provide precise age control of the moraines. To evaluate colonization and successional trends, we
examined which species increase in abundance with time and tested the role of proximity to a seed source in
colonization. Additionally, we quantified the rate at which biomass carbon is added to the landscape.

Results: The density of stems of Betula pubescens increases with moraine age across the foreland chronosequence
while the density of stems of both Salix lanata and Salix phylicifolia decreases. We found low statistical significance
to the relationship between the density of B. pubescens and distance from a forested ridge nor did we find a
relationship between the lengths of the stems and the moraine ages. Woody biomass increased fastest during early
successional stages and reached a maximum of 28.5 g C m− 2 on the oldest moraine.

Conclusions: Early colonization of moraines was controlled by environmental filters which favored both Salix

species. Colonization by B. pubescens followed as environmental factors, e.g., favorable soil properties, improved. We
found no conclusive evidence that proximity to a potential source of B. pubescens propagules was a significant
factor in controlling colonization. The assumption that the abundance of individuals increased with time through
later successional stages proved valid for B. pubescens, but not for either species of Salix. These findings are
consistent with the classical spatial successional model of community homogenization. Thus, general successional
processes at the landscape scale control the temporal dynamics of individual species.
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Introduction

Modern climate change has resulted in disproportionate

warming at higher latitudes (IPCC 2014) and has the poten-

tial to impact ecological processes in arctic and subarctic en-

vironments in significantly measurable ways (Starfield and

Chapin III 1996; Jägerbrand et al. 2012). One particular

consequence of anthropogenic warming is the near-global

impact on the mass balance of glaciers, which are now

mostly in recession (IPCC 2019). The land surfaces exposed

in front of many retreating glaciers, whether temperate or

high latitude, constitute forelands with a maximum age cor-

responding to the local maximum advance during the Little

Ice Age. The ages of different surfaces within such sequences

may be constrained by recessional moraines of known or es-

timated ages, and therefore these surfaces constitute
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chronosequences on which rates of various ecological pro-

cesses can be measured (Vreeken 1975).

The formation of these forelands has created excep-

tional opportunities to examine the rates and drivers of

ecological processes during primary succession. Fore-

lands exposed by the retreat of glaciers following the

conclusion of the Little Ice Age have long been consid-

ered optimal settings for the study of rates and processes

of landscape modification through floral colonization

and pedogenesis (see review in Matthews 1992). As de-

scribed by Fickert (2017, 2020), glacial forelands are in-

deed the ideal settings to investigate a number of aspects

of succession, including the rate of colonization, the lin-

earity (or nonlinearity) of colonization trends, the effects

of interspecies competition in driving community com-

position, and the importance of local site conditions in

determining both colonization order and later commu-

nity diversity.

Most early studies documenting changes in commu-

nity composition during primary succession in perigla-

cial settings were conducted in Scandinavian Europe and

North America on the forelands of temperate alpine gla-

ciers (Butters 1914; Cooper 1916, 1931; Lüdi 1921, 1958;

Negri 1934, 1936; Fægri 1933; Friedel 1934, 1937, 1938);

far fewer studies have been conducted in arctic or sub-

arctic settings, with the notable exception of studies of

the glaciers on Svalbard (Liestøl 1988; Dowdeswell 1995;

Liengen and Olsen 1997; Lefauconnier et al. 1999; Lien-

gen 1999; Hodkinson et al. 2003). Nonetheless, the earl-

ier studies remain useful as the differences in succession

between temperate and high arctic glacial systems

mainly involve differences in the species involved and

the rates of change (Jones and Henry 2003).

In addition to community composition, numerous suc-

cessional studies have examined the spatial distribution

of the community constituents and how they change

temporally. Years of research on the processes control-

ling spatial distribution has resulted in the development

of three separate models of spatial succession (well-

reviewed in Cutler et al. 2008), each predicting similar

early stages dominated by stochastic processes during

colonization (Yarranton and Morrison 1974; Matthews

and Whittaker 1987; Matthews 1992; del Moral 1998,

1999) and patchy growth through positive interactions,

mainly facilitation (Yarranton and Morrison 1974; Bert-

ness and Callaway 1994; Cutler et al. 2008; Garibotti

et al. 2011). The models differ in their predictions of

later stage processes and outcomes, however. In the clas-

sical model, succession proceeds unidirectionally

through growth and coalescence of patches, which in-

creases facilitation and eliminates competing species,

resulting in increased homogeneity (Yarranton and Mor-

rison 1974; Holdaway and Sparrow 2006). The patch dy-

namics model predicts that mature ecosystems will be in

a constant state of flux as disturbances from internal or

external forces create openings which revert to the pion-

eer stage (Holling 1992; Wu and Loucks 1995). The re-

sult is an ecosystem comprised of patches of various

ages and at various stages of succession. In the geoecolo-

gical model, the mature stage displays patch differenti-

ation based primarily on heterogeneity in the physical

environment, such as topography, soil depth, or mois-

ture gradients, with consequent biotic responses that

ameliorate adverse conditions (Matthews 1992; Bertness

and Callaway 1994; Tirado and Pugnaire 2005).

Nearly all outlet glaciers of the large ice caps in

Iceland are currently in recession, with many having

retreated over 1 km in the last century (Sigurðsson 2005)

leaving exposed forelands. These forelands comprise

fresh surfaces of ice-contact and outwash deposits now

subject to floral colonization and pedogenesis on chron-

osequences with maximum durations of over 100 years.

The Skaftafellsj kull in southern Iceland started

retreating in 1890 at the conclusion of the Little Ice Age.

A nearby ridge, Skaftafellsheiði, that overlooks the gla-

cier was covered by birch forest during this most recent

glaciation, and so potentially served as a source of Betula

pubescens seeds for colonization of the newly exposed

land. Previous studies have documented that vegetative

cover and soil development increases dramatically with

distance from the current location of the glacial, which

is a proxy for time (Vilmundardóttir et al. 2015). Glau-

sen and Tanner (2019) studied successional changes in

community structure and determined that both species

density and species richness increased from early to

middle stages but decreased in later stages as the vegeta-

tive cover increased, the latter changes largely through

the increase of bryophytes. Those results suggested that

succession proceeds in this location by the classical

model, producing late-stage homogenization. Building

on the earlier work, we studied the temporal and spatial

trends of three woody species to investigate their indi-

vidual responses from early colonization through later

successional stages. Specifically, we tested changes in the

abundance and distribution of B. pubescens and two

Salix species over time to test how these trends conform

to the classical model of succession. Furthermore, we in-

vestigated the importance of proximity to a propagule

source in colonization of B. pubescens. As a secondary

objective, we gathered data on biomass (above- and be-

lowground) accumulation by these species.

Methods

Location and setting

The Skaftafellsj kull is one of many outlet glaciers of

the Vatnajökull ice cap (Fig. 1). Many of these glaciers

reached their Little Ice Age maximum extent in the late

nineteenth century and receded consistently through the
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1930s and into the 1940s, responding to climate warm-

ing. An interval of cooling through the 1950s and 1960s

caused recession rates to slow, and some glaciers, in-

cluding the Skaftafellsj kull, re-advanced in the late

1960s through 1970s. Changes in the positions of the

termini of these glaciers have been and continue to be

recorded by a combination of scientists and local resi-

dents and the data collected by the Hydrologic Service

of the National Energy Authority (located in Reykjavik).

Hence, the recessional moraines of these glaciers can be

dated reasonably accurately.

At Skaftafell, in Vatnajökull National Park, the most

distal moraine of the Skaftafellsjökull that is clearly iden-

tifiable is dated to the position of the ice front from

1890 to 1904. A very pronounced topography is formed

by a set of nested moraines that date from the position

of the glacial front in 1938 (Fig. 1). The more proximal

moraines date to the positions of the glacial front in

1954, 1960, 1982, and 2002 (Perrson 1964; Sigurðsson

2005; Hannesdóttir et al. 2014; Evans et al. 2017). Be-

tween the moraines are lower, flatter areas formed by al-

luvial outwash terraces with incised channels. The ages

of these inter-moraine surfaces generally are poorly con-

strained as many of the channels are reactivated season-

ally by snow melt in the spring. Nonetheless, by

considering only the moraines, the foreland of the

Skaftafellsjökull forms a chronosequence, more specific-

ally a post-incisive chronosequence (Vreeken 1975; Hug-

gett 1998) in which distance from the ice-front

corresponds approximately to the length of exposure of

the surface. Thus, patterns of colonization and the direc-

tion of successional trends, i.e., conformance to the clas-

sical model, can be tested on this foreland.

The study site is located at latitude N 64°1.0′ and has

a mean elevation of ca. 100 m asl. The southeastern

coast of Iceland experiences a cool maritime climate

with mean annual precipitation of approximately 1800

mm (Vilmundardóttir et al. 2014), and mean annual

temperature is 4 to 6 °C, with a winter (January) mean of

near 0 °C, and a summer (July) mean of 10 °C. However,

air temperatures in proximity of the glacier are greatly

variable and often significantly cooler than the mean. In

proximity to the Skaftafellsjökull ice front, the air

temperature close to ground level (at 5 cm) has been

found to decrease by as much as 9 °C compared to distal

locations (Lindröth 1965). The land surface closest to

the glacier is also subject to glacial winds of variable

strength. Such winds are a common phenomenon

formed by the high temperature gradient immediately

above the glacial ice (Hoinker 1954; Geiger 1971). Prior

to 1967, the study area was farmland (for sheep farm-

ing). This area was largely abandoned for grazing after

Fig. 1 Map of the Skaftafellsjökull foreland with the locations of all stations in the five transects marked. The dates represent the ages of the
moraines on which each transect was located. Skaftafellsheiði is the ridge that borders the foreland to the northwest. Arrow on inset map
indicates location of the field area. VC, park visitor center. The figure is adapted from data downloaded from Google Earth® (image acquisition
date April 15, 2017)
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the national park was established in 1967, and formally

fenced off in 1987 (Vilmundardóttir et al. 2015).

Prior work

Glausen and Tanner (2019) studied succession on the

chronosequence of the Skaftafellsj kull foreland by spe-

cies counts along a series of transects parallel to the mo-

raines. The counts were made initially in 2007 and

repeated at the same locations in 2014 to examine both

long-term and short-term successional species trends.

This work determined that both species density and spe-

cies richness increased from early to middle stages but

decreased in later stages as the vegetative cover in-

creased, largely through the increase of mosses.

Colonization by the pioneer community appeared to be

stochastic, but long-term succession appears directional

with species replacement in middle stages and declining

diversity in later stages. Species of Salix were not present

on the youngest moraine, dated to 2002, but were

present on the transect dated to 1982. Specimens of

Betula were not observed on this transect but were

found on the moraine dated to 1960 when measured in

2014; they were not observed on this moraine in 2007.

Notably, the methodology for this study utilized mea-

surements within 1 m2 quadrats spaced at 10-m intervals

along transects parallel to the moraines. The small size

of the quadrats resulted in high levels of variation in spe-

cies counts between sample points and consequent large

standard errors for measurements summed across each

transect (Tables 2 and 3; Glausen and Tanner 2019).

The study described herein provides a rigorous test of

the assumptions of the earlier work by expanding the

area of measurement, as described below.

Measurement

We focused our study on three woody plant species that

constitute most of the biomass on the foreland of the

Skaftafellsjökull: Betula pubescens (Downy Birch), Salix

lanata (Wooly Willow), and Salix phylicifolia (Tea-

leaved Willow). The patterns of colonization and propa-

gation by these species was examined by establishing five

transects, each with eight stations, on moraines of differ-

ent established ages, as determined by the location of

the glacial terminus at that time (Fig. 1). The transect

chosen that is closest to the present position of the gla-

cier was formed in 1960; this moraine was chosen as the

youngest moraine on which both B. pubescens and Salix

spp. were present in sufficient abundance to be measur-

able at every station. Moving away from the glacier, the

older moraines used for this study were formed in 1954,

1938, 1904, and 1890, respectively. The eight sampling

stations for each of the transects were positioned ca.

100 m apart, beginning at the point on the moraine clos-

est to Skaftafellsheiði and following the moraine

southward to southeastward toward the center of the

foreland (Fig. 1). The stations were located on surfaces

chosen for aspect oriented away from the glacier so that

variations in sun and wind between stations were not a

major factor in plant growth, although slope was vari-

able. To reduce the effect of local variability encountered

by Glausen and Tanner (2019) using 1 m2 squares, sta-

tions for this study were designed as 100-m2 (10-m ×

10-m) plots. A hand-held GPS unit was used to record

the coordinates of each corner. The total numbers of in-

dividuals of B. pubescens and the two species of Salix

within the boundaries of each station were recorded and

the data converted to specimen density per square

meter.

On all transects, B. pubescens displayed a tendency to-

ward the development of patches, in contrast to S.

lanata, which produces mainly clusters of separated in-

dividuals. For biomass calculation, the length of all stems

for all three species longer than 20 cm was recorded.

Within the patches of B. pubescens and S. phylicifolia we

measured the length of all stems that appeared separated

above ground level; we did not attempt to discern con-

nections of stems below the surface. The diameters of all

birches with a stem length > 50 cm were recorded at 50-

cm height (Snorrason and Einarsson 2006). Summary

data (specimen counts and mean height for each station)

for the 4000+ measurements are presented in Table 1.

All data were collected in 2019.

Data analysis

Statistical treatments applied to the data included one-

way ANOVA and multiple linear regression. To evaluate

the significance of variance of the populations in the

dataset, one-way ANOVA was conducted separately on

both specimen density and mean size of B. pubescens

and both Salix spp. as grouped by age and distance from

Skaftafellsheiði, respectively, using the data analysis ap-

plications of Excel Microsoft 365®. Results were evalu-

ated with the Shapiro-Wilk test of normality and the

Brown-Forsyth test of equal variance. Multiple linear re-

gression analyses were conducted using SigmaStat 4.0®,

published by Systat Software, Inc., testing specimen

density of B. pubescens and Salix spp. as dependent vari-

ables against the independent variables of moraine age

and distance from Skaftafellsheiði. Normality of the dis-

tribution was evaluated by the Shapiro-Wilk test and

constant variance evaluated by Spearman Rank Correl-

ation. Maps of plant density for individual species were

generated using the ArcGIS 10.2® software.

Biomass calculations

The total biomass of the woody plant species was calcu-

lated at each station. The raw stem size data were sorted

into four height classes with maximum height end points
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of 0.5 m, 0.75 m, 1.0 m, and > 1.0 m and the mean for

the class used to represent the class for mass calculation.

Diameter for specimens less than 0.5-m high was set at

a constant 0.3 cm. Dry weight aboveground biomass

(AGB) for birch and willows was calculated from single-

tree empirical algorithms published by Snorrason and

Einarsson (2006). For B. pubescens, AGBbirch =

0.0634d2.1552h0.2877 in kilograms, where h = stem length

and d = diameter at 0.5 m height. For both S. lanata and

S. phylicifolia, we used the algorithm developed for Salix

myrsinifolia as a closest approximation, AGBwillow =

0.0348d1.9123h0.8904. The root biomass (RB) for birch was

calculated using the empirical equation for B. pubescens

published by Palacio et al. (2008), log(RB) = 0.985 ×

log(AGB) − 0.124. The root biomass for the willow spe-

cies was approximated as RB = 1.4(AGB), based on the

range of ratios of root biomass to total biomass for a

wide variety of willow species published by Iversen et al.

(2014). The total biomass for both B. pubescens and

Salix spp. was converted to biomass carbon by a

conversion factor of 0.498 (Birdsey 1992), and the result

total carbon mass for each 100 m2 station converted to

mass g C m−2.

Results

Age

The hypothesis of age control on the populations of one

or more of the studied species was tested through com-

parison of specimen density by moraine age. The general

trends of increasing density of B. pubescens and decreas-

ing density of Salix spp. with time is shown in Figs. 2 a

and b, respectively. The data for the density of individ-

uals for each of the three species per m2 were tested by

one-way ANOVA for the significance of variance when

grouped by age (Table 2). The results indicate that the

variance in the population density of B. pubescens and S.

lanata is significant at the level p < 0.05, but the S. phyli-

cifolia data does not display significant variance when

grouped by sample age. Multiple linear regression ana-

lysis for the density of specimens of B. pubescens per m2

Table 1 Summary of data collected for this study

Species Station T1 (1960) T2 (1954) T3 (1938) T4 (1904) T5 (1890)

Distance Count Mean
size

Distance Count Mean
size

Distance Count Mean
size

Distance Count Mean
size

Distance Count Mean
size

B.
pubescens

s1 23 6 86.7 194 101 66.2 25 96 66.9 29 263 39.2 133 184 51.1

s2 144 23 76.3 282 117 54.6 182 186 42.8 98 211 38.6 267 164 47.3

s3 232 72 58.8 373 87 57.4 306 212 49.7 239 158 42.0 383 114 43.9

s4 327 19 54.2 455 49 0.0 409 44 59.8 342 174 46.7 466 120 59.5

s5 465 11 35.5 555 63 69.8 513 80 58.0 417 138 53.6 574 201 46.1

s6 568 17 84.4 640 26 60.0 652 19 50.0 513 142 50.0 715 144 68.1

s7 637 9 106.7 821 133 67.9 771 216 46.9 635 215 48.8 796 124 48.6

s8 893 10 73.0 913 78 62.1 871 51 59.8 740 146 52.4 863 127 49.3

S. lanata s1 23 18 29.4 194 65 26.3 25 100 24.5 29 11 23.2 133 11 26.5

s2 144 24 25.0 282 39 25.6 182 31 22.1 98 22 23.4 267 3 20.0

s3 232 59 27.8 373 30 24.2 306 50 24.4 239 11 22.7 383 2 27.5

s4 327 17 23.8 455 49 24.5 409 14 25.0 342 8 33.1 466 4 26.3

s5 465 38 22.8 555 56 24.0 513 20 26.0 417 11 20.9 574 2 20.0

s6 568 9 27.2 640 18 21.1 652 16 22.2 513 2 25.0 715 1 20.0

s7 637 0 0.0 821 41 22.6 771 9 21.1 635 36 24.2 796 5 24.0

s8 893 36 25.3 913 14 22.5 871 14 25.0 740 28 23.6 863 0 0.0

S.
phylicifolia

s1 23 14 44.3 194 16 28.0 25 40 37.1 29 16 25.0 133 37 31.8

s2 144 9 26.7 282 0 0.0 182 7 20.7 98 14 28.9 267 4 40.0

s3 232 37 31.1 373 28 23.9 306 11 46.8 239 5 28.8 383 0 0.0

s4 327 1 20.0 455 17 52.4 409 5 42.0 342 26 35.8 466 15 23.0

s5 465 8 31.3 555 4 23.8 513 0 0.0 417 0 0.0 574 8 26.3

s6 568 11 25.9 640 44 20.0 652 63 27.8 513 4 46.3 715 6 24.2

s7 637 21 27.6 821 8 28.1 771 14 28.9 635 27 29.1 796 0 0.0

s8 893 18 29.7 913 2 25.0 871 10 25.0 740 25 31.8 863 0 0.0

Distance = meters from Skaftafellsheiði ridge measured to northeast corner of station; mean size is stem length in centimeters
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against the factors of moraine age and distance from

Skaftafelsheiði demonstrates a relatively strong correl-

ation (r2 = 0.503) with positive slope for the regression

factor of age. Significance of the correlation at p < 0.05 is

demonstrated for age (Table 4). Among the willow spe-

cies, the density of S. lanata specimens demonstrate a

correlation with age (r2 = 0.33), but with negative regres-

sion slope for age. The strength of the correlation also is

significant at p < 0.05. S. phylicifolia specimen counts

similarly demonstrate a correlation with negative regres-

sion slope for moraine age, but the correlation is not

significant.

Trends for the mean size of the specimens varying accord-

ing to the age of moraine are less apparent than the trends

for specimen density. Analysis by ANOVA of the data for

specimen size for the three species grouped by age demon-

strated variance at a level of significance for B. pubescens, but

not for either species of Salix (Table 3). Multiple linear re-

gression analysis of the mean size data for B. pubescens, again

with moraine age and distance from Skaftafelsheiði as the

independent variables, demonstrates a correlation (r2 =

0.242) with negative regression slope for age and significance

at p < 0.05. Both S. lanata and S. phylicifolia displayed a

negative regression slope for age, but neither species corre-

lated size with age at a level of significance.

Distance from Skaftafellsheiði

The collected data allow us to examine the influence of

the proximity of the sampling stations to Skaftafellsheiði

on the density and size of individual specimens for all

three species. Systematic variations in specimen density

as a function of distance from the ridge are less distinct

than are the variations by age (Fig. 2). One-way ANOVA

of the specimen density for all three species failed to

demonstrate significant differences in variance when the

data were grouped by distance (Table 2). Similarly, when

the data for the mean size of all three species were

grouped by distance and tested, no differences in vari-

ance of statistical significance were observed for any of

the species (Table 3). The multiple linear regression ana-

lyses described above included distance as an

Fig. 2 Contour maps of the density of specimens of B. pubescens (a) and combined Salix spp. (b) at each station (each station = 100 m2), with
interpolation of the density of individuals per m2 between. Maps constructed with the ArcGIS 10.2 software, based on map in Fig. 1

Table 2 One-way ANOVA results analyzing variance in
specimen density data of B. pubescens, S. lanata, and S.

phylicifolia grouped by age of the moraines and by distance
from Skaftafelsheiði, respectively

Species F statistic P value

Age B. pubescens 13.62 < 0.001

S. lanata 4.39 0.006

S. phylicifolia 0.48 0.754

Distance B. pubescens 0.79 0.601

S. lanata 0.97 0.469

S. phylicifolia 1.60 0.172

Table 3 One-way ANOVA results analyzing variance in data for
mean size of B. pubescens, S. lanata, and S. phylicifolia grouped
by age of the moraines where measured and by distance from
Skaftafelsheiði, respectively

Species F statistic P value

Age B. pubescens 3.16 0.026

S. lanata 0.19 0.943

S. phylicifolia 0.97 0.442

Distance B. pubescens 0.86 0.548

S. lanata 1.82 0.117

S. phylicifolia 1.60 0.172
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independent variable. All three species exhibited a nega-

tive slope of regression for the specimen density when

tested against distance, with only S. lanata correlating at

a level of significance p < 0.05 (Table 4). Testing mean

specimen size data for all species against distance found

that S. lanata again was the only species with a correl-

ation at a level of significance p < 0.05 (Table 5). The

slopes of the regressions for both Salix species were

negative, with only B. pubescens exhibiting a positive

slope, but not at a level of significance.

Biomass carbon

Utilizing the methods described above, we calculated the

carbon mass contained in the aboveground woody bio-

mass of B. pubescens and Salix spp. plus their respective

estimated root masses to find the woody biomass for

each station. This figure was converted to carbon mass,

and the mean for each moraine calculated from the eight

stations. This is presented in Table 6 as g C m−2. Total

woody biomass increased from 7.15 g C m−2 on transect

1 to a maximum of 28.53 g C m−2 (= 2.6 t C ha−1) on

transect 5. The overall rate of biomass carbon accretion

over the 129 year age of the chronosequence is 0.22 g C

m−2, but most of the increase occurred in the brief (6

years) interval between transect 1 and transect 2 (22.12 g

C m−2), corresponding to an accretion rate of 2.5 g C

m−2 y−1. This increase coincided with a four-fold in-

crease in the density of specimens of B. pubescens. Bio-

mass carbon continued to increase on transect 3 (25.73 g

C m−2), but declined slightly on transect 4 (22.48 g C

m−2) before increasing to transect 5.

Discussion

Colonization controls

This study attempts to clarify the spatio-temporal model

of succession that controls floral colonization and

growth on the moraines of the Skaftafellsj kull through

study of the colonization and propagation of the woody

species, B. pubescens, S. lanata, and S. phylicifolia. Add-

itionally, the data collected in this study permit us to

examine the rate of biomass accretion to the landscape

by these species. In considering the initial colonization

of the foreland, we note that Glausen and Tanner (2019)

found both B. pubescens and Salix spp. to be absent on

the youngest moraine they examined (from 2002); the

earliest pioneer species were primarily Racomitrium

mosses, graminoids, and low heath shrubs. Both species

of Salix were found on the 1982 moraine in that study.

B. pubescens was absent on this moraine when measured

in 2007 but had appeared by 2014. Clearly, Salix spp. are

the more successful pioneer species on these moraines.

Despite this early success, however, the number of indi-

viduals of B. pubescens outnumbers those of the two

Salix species combined on all but the youngest moraine

(transect 1) as B. pubescens density increased consist-

ently over time, in contrast to the Salix spp. The bio-

mass contained therein displays the same relationship.

Below, we explore possible reasons for the order of

colonization and temporal changes in species

distribution.

On the nearby Skeiđarársandur, the broad outwash

plain of the Skeiđarárj kull adjacent to the Skaftafells-

jökull foreland a few kilometers to the west, Marteins-

dóttir et al. (2010, 2013) concluded that early succession

was mainly stochastic in general, but subject to environ-

mental filters, such as seed mortality and emergence

rate. Mori et al. (2013), in contrast, studied colonization

on Ellesmere Island (Canada) and found colonization to

be mainly non-stochastic, with the distribution of pion-

eer species determined by the availability of favorable

microsites created by depressions and boulders that pro-

vide shelter from wind desiccation. The distribution of

these favorable sites may be random in this setting, but

Table 4 Multiple linear regression analysis results testing data
for density of specimens per m2 against the factors of moraine
age and distance from Skaftafelsheiði for B. pubescens and
both Salix species

Species R squared P value Slope

B. pubescens 0.503

Age < 0.001 +

Distance 0.115 -

S. lanata 0.333

Age < 0.001 -

Distance 0.038 -

S. phylicifolia 0.032

Age 0.386 -

Distance 0.520 -

Table 5 Multiple linear regression analysis results testing data
for size of specimens against factors of moraine age and
distance from Skaftafelsheiði for B. pubescens and both Salix

species

Species R squared P value Slope

B. pubescens 0.242

Age 0.002 -

Distance 0.576 +

S. lanata 0.134

Age 0.552 -

Distance 0.026 -

S. phylicifolia 0.094

Age 0.211 -

Distance 0.146 -

The slope of the correlation of individual factors is the sign of the term in the

regression equation
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colonization is deterministic in this interpretation and

not subject to seed limitation.

Of particular relevance to our study, we note Whit-

taker’s (1993) study of the foreland of the Storbreen Gla-

cier (Norway) foreland in which the author concluded

that colonization by Salix spp. (Salix glauca and S.

lanata) is not environmentally constrained. These spe-

cies colonize early, preferring wet ground, and build up

quickly, attaining a high frequency in under 50 years.

The author concluded that colonization by Salix spp.

was largely dependent on propagule supply. The author

noted further that Betula nana, in contrast, was much

slower to colonize, perhaps responding to an environ-

mental filter; specifically, it was suggested that B. nana

colonization responds to ecosystem development. Whit-

taker noted further that B. nana distribution was patchy,

particularly on the older parts of the chronosequence,

similar to our observations of B. pubescens at Skaftafell.

Burga et al. (2010), in their study of succession on the

foreland of the Morteratsch Glacier (Switzerland), noted

similar dynamics of colonization between Salix spp. and

B. nana, but also found that both were rare or absent on

areas of the foreland more than 100 years old.

Vilmundardóttir et al. (2014) documented that both

soil carbon and nitrogen increased with age across the

Skaftafellsj kull foreland chronosequence. Organic car-

bon in the top 10 cm of the soil increased from 0.05%

on the youngest moraines (< 10 years old at the time of

their measurement) to 0.30% at 30 years, to 1.77% on the

oldest moraine. Similarly, soil nitrogen increased from a

low of 0.004% on the youngest moraine to 0.101% on

the oldest moraine. In their study, total vegetative cover

increased from a low of 6.2% on the youngest moraine,

to 61.3% at 65 years, and 66.7% on the oldest terrain.

The results of Glausen and Tanner (2019) were similar,

with the vegetative cover on the oldest moraine mea-

sured at 66.2% in 2007, but this value increased to 93.8%

when remeasured in 2014. The study by Glaussen and

Tanner found that species richness, including forbs and

graminoids, generally peaked in mid-succession and de-

clined in late stages. Most of the increase in vegetative

cover resulted from the increase in bryophyte cover.

The data presented here, and from the previous

studies of Vilmundardóttir et al. (2014) and Glausen

and Tanner (2019), demonstrate that Salix spp. are

relatively unconstrained by environmental conditions,

displaying no preference for protected seeding sites,

and thus are a particularly effective pioneer species.

B. pubescens, in contrast, is subject to one or more

environmental filters that restrict colonization despite

the availability of propagules from Skaftafellsheiði,

mirroring the observations of Whittaker (1993) and

Burga et al. (2010). We suggest here that soil proper-

ties, e.g., low nitrogen content, restrict the viability of

Betula propagules on young moraines. Improvement

of the soil properties during primary succession in-

creased the rate of successful seeding on progressively

older moraines. Hence, success of B. pubescens is

dependent on facilitation by other species. However,

the overall increase in vegetative cover by mosses and

low heath shrubs (documented by Glausen and Tan-

ner 2019) that facilitates the spread of B. pubescens

may suppress the growth of Salix by eliminating po-

tential seeding sites. Thus, a successional pattern of

declining species richness through loss of pioneer spe-

cies appears to be in effect on the Skaftafellsjökull

Table 6 Total biomass (AGB plus RB) by species for each station and transect, reported as g C m−2

Transect s1 s2 s3 s4 s5 s6 s7 s8 Transect mean

T1 B. pubescens 1.59 3.61 6.97 1.23 1.99 4.47 15.18 7.01

Salix spp. 2.13 1.34 4.92 0.73 1.87 0.81 0.95 2.38

Station total 3.72 4.95 11.89 1.96 3.86 5.28 16.13 9.39 7.15

T2 B. pubescens 22.79 12.32 22.02 0.00 37.76 3.96 38.74 21.28

Salix spp. 3.25 1.58 2.36 3.42 2.44 2.52 1.99 0.55

Station total 26.04 13.90 24.38 3.42 40.20 6.48 40.73 21.83 22.12

T3 B. pubescens 80.58 12.01 41.26 6.13 14.79 1.38 20.96 10.77

Salix spp. 6.52 1.54 2.94 0.86 0.81 3.39 0.93 0.97

Station total 87.10 13.55 44.20 6.99 15.60 4.77 21.89 11.74 25.73

T4 B. pubesens 14.31 11.86 9.65 27.39 16.06 17.72 43.61 28.45

Salix spp. 1.10 1.42 0.61 1.98 0.45 0.43 2.56 2.25

Station total 15.41 13.28 10.26 29.37 16.51 18.15 46.17 30.70 22.48

T5 B. pubescens 29.20 24.28 14.77 43.14 13.19 48.24 28.46 21.97

Salix spp. 2.19 0.38 0.81 0.77 0.41 0.28 0.20 0.00

Station total 31.39 24.66 15.58 43.91 13.60 48.52 28.66 21.97 28.54
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foreland. The growth of B. pubescens, in contrast, is

promoted by increased nutrient availability on the

older portions of the foreland and successful competi-

tion for seeding sites. Another potential reason for

the success of B. pubescens is its propensity to grow

in dense patches that facilitate propagation.

Proximity to propagule source

One hypothesis tested in this study is that distance from

the Skaftafellsheiði ridge, as a potential reservoir of

propagules for B. pubescens, exerts control on the num-

ber of individuals on the moraines. Indeed, the proximity

to a propagule source could readily explain the compara-

tive success of this species, as compared to Salix spp. If

the hypothesis is correct, the number of B. pubescens

should decrease consistently with distance from the

ridge, while the numbers of individuals of Salix spp.,

lacking a similar propagule source, would remain rela-

tively constant. The data presented above demonstrate a

general inverse correlation of B. pubescens individuals

with distance from the ridge, but the correlations did

not reach a level of statistical significance (p > 0.05).

Both S. lanata and S. phylicifolia density correlate with

distance from Skaftafelsheiði with negative slope, but

only the S. lanata correlation is statistically significant. If

proximity to the propagule source was a major control

on colonization of B. pubescens, the inverse correlation

of specimen density vs. distance should be much stron-

ger for B. pubescens than for Salix spp. As this is not the

case, the hypothesis is unproven.

We suggest alternatively that the inverse correlations

we observe for B. pubescens and both species of Salix, al-

though marginal, are related to one or more environ-

mental factors that vary by position on the foreland. The

Skaftafellsheiði ridge may play an indirect role in

colonization by providing a more sheltered environment

for seeding at proximal sites whereas more distal sites

on each transect have more exposure to wind and sun

than the proximal sites. The soils of the glacial moraines

are coarse-grained, poorly sorted, and well-drained and

so have overall low moisture retention. The seeding sites

with higher exposure to wind and sun are likely to have

lower levels of soil moisture than sites closer to the

ridge, which may inhibit successful seeding. Thus, prox-

imity to the ridge may be a factor in colonization by all

woody species on the Skaftefellsjökull foreland, but not

due to proximity of a propagule source, as hypothesized.

We note anecdotally that B. pubescens grows abundantly

and robustly in the alluvial channels between the mo-

raines where they are closer to the water table.

Successional model

Previous study of primary succession on the Skaftafells-

jökull foreland (Glausen and Tanner 2019) suggested

that succession was proceeding in a classical model

sense, with homogenization documented by increasing

species richness and diversity in middle stages and de-

clines in both richness and diversity in later stages (Yar-

ranton and Morrison 1974; Holdaway and Sparrow

2006). We note here that our observations are consistent

with the earlier conclusions, although with an adden-

dum; homogenization, as predicted in the classical

model applies to the moraines. The entire landscape,

however, is better described by the geoecological model

(Matthews 1992; Bertness and Callaway 1994; Tirado

and Pugnaire 2005). As described above, alluvial chan-

nels occur between the moraines. Within these channels

are stream beds incised into glacial outwash deposits in

which B. pubescens grow densely and robustly, presum-

ably promoted by the proximity to the water table. The

lines of trees filling the sinuous stream bed are clearly

visible in satellite view (Fig. 1). Thus, a topographic/ed-

aphic gradient exists on the foreland at the landscape

level that separates the moraines from the alluvial out-

wash terraces and channels.

Biomass accretion

The results above demonstrate a general trend of bio-

mass increase with time. Because the total biomass

measurement is the composite of the individual species,

the differing age trends in the density of individuals of

the three species affect the overall rate of change. The

largest biomass increase occurred during early succes-

sion across an interval of only 6 years between transects

1 and 2, corresponding to a major increase in the num-

bers for all species. The biomass change and corre-

sponding increase in specimen numbers is not as

pronounced from transect 2 to transect 3. Biomass de-

creased from transect 3 to transect 4; here, we note that

although the density of B. pubescens specimens in-

creased in number from transect 3 to transect 4, the

mean size remained constant or decreased at every other

station in the transect. Transect 4 also marked a very

pronounced decline in the density of Salix individuals

compared to transect 3. The increase in biomass from

transect 4 to transect 5, which has the highest biomass,

corresponds to the continued increase in B. pubescens

density, offsetting the decrease in Salix spp.

Conclusions

We collected data on the number and size of three

woody species on the Skaftafellsjökull foreland chrono-

sequence to examine their spatial and temporal dynam-

ics during succession. The data demonstrate that

colonization of the landscape by Salix spp. is largely sto-

chastic and precedes the appearance of B. pubescens. We

suggest that colonization of B. pubescens occurs later

due to environmental filters, most likely including
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nutrient availability. All three species increase in density

rapidly in early to middle successional stages, corre-

sponding to rapid biomass increase. Later stages are

marked by the decrease in the density of Salix spp. indi-

viduals while B. pubescens continued to increase. We

suggest that the decline of Salix spp. over time was re-

lated to increased vegetative cover in later successional

stages, largely due to the increase in bryophytes, and

competition for seeding sites among B. pubescens, Salix

spp., and other community members. Thus, environ-

mental pressures generated by classical primary succes-

sion control the temporal distribution of individual

species.

The forested ridge Skaftafellsheiði has the potential to

serve as a source of propagules for B. pubescens, but

statistical evidence for this is lacking. Comparison of the

number of individuals of all three species to distance

from the ridge indicates weak inverse correlations that

are mostly not statistically significant. Other environ-

mental factors may explain declines in the numbers of

individuals with distance from the ridge. Specifically, dis-

tal locations have greater exposure to wind and sun

which may cause lower soil moisture and hinder suc-

cessful seeding.
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