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Primary successions along glacier forelands are perfect examples of the changing climate .upon high mountain
ecosystems. Peripheral mountain ranges deserve particular attention, given they are characterised by high numbers of
species and endemism and are considered to be particularly susceptible to climate change. We analysed thermal regime,
soil parameters and plant/arthropod primary succession along a glacier foreland located.in such a context, comparing it
with those previously studied in the inner Alps. The overall patterns of the investigated primary succession agree with
those of the inner Alps at the same elevation, but stands out for a delayed plant and-arthropod colonisgtion which
promotes the long-lasting persistence of pioneer cold-adapted species. In-light of the results obtained, and considering
the glaciological features of peripheral mountain ranges (glaciers persistence.at low elevation), this paper asserts the
hypothesis that glacial landforms of these areas may act as warm-stage refugia for pioneer cold-adapted species.

Keywords: primary succession; climate change; refugia; cold-adapted species; carabid beetles; spiders

Introduction

After the Little Ice Age (LIA; sixteenth-nineteenth cen-
turies), Alpine glaciers were subjected to a generalised
retreat temporarily interrupted by short periods . of
advance. Ecological successions along the terrain freed by
glacier retreat (glacier forelands) represent an effect of
changing climate on high mountain ecosystems
(Matthews 1992). Along a chronosequence of' glacier
retreat, early-successional species assemblages are pro-
gressively replaced by mid- and-late-successional ones
(Kaufmann 2001; Raffl et al. 2006). Time since deglacia-
tion is the chief factor drivingsuch processes, although
the role of local ecological conditions at small scale is not
negligible (Burga et al. 2010; Schlegel and Riesen 2012).

Plant succession and soil development along glacier
forelands have been analysed in depth since the begin-
ning of the twentieth ccntury and summarised in several
reviews (e.g. Matthews 1992 Miles and Walton 1993).
Within the Alps, such dynamics were investigated in a
wide range of geographical situations (e.g. Burga et al.
2010; Caccianiga and Andreis 2004; Lidi 1955, 1958;
Pirola and Credaro 1993; Raffl et al. 2006). Arthropod
successions were also investigated, even though the stud-
ies are fewer and more recent (e.g. Gereben, Krenn, and
Strodl 2011; Gobbi et al. 2006a, 2010; Kaufmann 2001,

2002; Schlegel and Riesen 2012). However, almost all
the previous works were performed on glacier forelands
located in the inner massifs of the Alpine chain, while
knowledge about peripheral mountain ranges is still poor
due to the scarcity of glaciers.

Nevertheless, in the context of climate change,
peripheral mountain ranges of any mountain system
deserve particular attention for at least three reasons: (1)
they display plausible future scenarios for the whole
chain and allow to directly test the fate of high mountain
ecosystems, as the relatively low elevation makes them
particularly susceptible to climate change (Bona et al.
2013; Pauli, Gottfried, and Grabherr 2003); (2) they are
presently characterised by high values of species richness
and endemism, since they were largely ice-free during
glacial periods and acted as refugia for many plant
(Martini et al. 2012; Schonswetter et al. 2005) and
arthropod species (Latella, Verdari, and Gobbi 2012;
Lohse, Nicholls, and Stone 2011); (3) their spatial
arrangement causes remarkable climatic differences with
respect to the inner massifs, affecting the altitudinal dis-
tribution of glaciers and their response to climate change
(Scotti, Brardinoni, and Crosta 2014), as well as the ele-
vation of vegetation belts (Caccianiga et al. 2008; Pirola
and Credaro 1977).

*Corresponding author. Email: duccio.tampucci@unimi.it
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2 D. TAMPUCCI ET AL.

The Orobian Alps (maximum elevation: 3050 m
above sea level (a.s.l.)) are a west—gast oriented periph-
eral mountain range of the central Alps, south of the
inner and higher Rhaetian Alps (maximum elevation:
4049 m a.s.l.). They are characterised by oceanic climate
regime (mean annual precipitation: 1200-2000 mm/y), in
sharp contrast with the continental Rhaetian Alps (mean
annual precipitation: 650-1200 mm/y) (Ceriani and
Carelli 2000). The high winter precipitation causes
Orobian glaciers to be supply-limited rather than con-
trolled by ablation, so they are able to persist at lower
elevation and retreat comparatively less than the
Rhaetian ones (Scotti, Brardinoni, and Crosta 2014). As
consequence, high alpine plant species can live at lower
altitudes (Caccianiga, Ravazzi, and Zubiani 1993; Pirola
and Credaro 1977), sometimes below the potential tree-
line (Caccianiga et al. 2008). The Orobian Alps were
often indicated as refugia during the glacial periods,
which explains the high number of species and ende-
mism (Lohse, Nicholls, and Stone 2011; Martini et al.
2012). However, the lower altitudinal distribution of gla-
ciers and vegetation belts could result in a refugium role
also during warm climatic stages (Gentili et al. 2015).

This paper aims to analys¢ the primary succession
along a glacier foreland located in such a context, con-
sidering both the abiotic (thermal regime and soil param-~
eters) and the biotic variables (plant and arthropod
communities). Afterwards, we compared the investigated
colonisation pattern with those previously observed in
the inner Alps. Our hypotheses are: (1) plant and arthro-
pod colonisation follows the same pattern along'the pri-
mary succession; (2) plant and arthropod colonisation
patterns differ from those of the inner Alps at the same
elevation.

Methods
Study area

Trobio glacier was selected-as the chief study site, due to
the remarkable documented ' fluctuations which have
occurred since the LIA. The glacier probably reached its
maximal extension in the early nineteenth century, leav-
ing a well-preserved moraine system. The following per-
iod was characterised by a general retreat, interrupted by
four short advances: during the last years of nineteenth
century, the 1920s, 1960s and 1980s. From the LIA to
the 1990s, the glacier lost about 70% of its surface and
split into three parts: Eastern, Central and Western Trobio
(Bonardi et al. 2012; Caccianiga, Ravazzi, and Zubiani
1993). Our study was performed along the glacier
foreland of the Western Trobio glacier and on the terrain
outside the LIA moraine, likely ice-free since the Late
Glacial (LG) and not involved in the Holocene glacial
dynamic. Currently, the glacier foreland is about 1.2 km
long and ranges from 2550 m a.s.l. (Western Trobio

front) to 2350 m a.s.l. (LIA moraine). The bedrock is
composed by siltstones, sandstones and conglomerates
(Jadoul et al. 2000).

Sampling design
Six plots were selected, each corresponding to a specific

deglaciation stage, as in Caccianiga, Ravazzi, and
Zubiani (1993):

1. Terrain close to the present front of the glacier
(ice-free since <30 years).

2. Terrain within the-area marked by the glaciologi-
cal mark of 1985 (c. 30-years).

3. Terrain within the moraine of the 1920s (c.
95 years).

4. Terrain on the roche moutonnée ice-free since the
beginning of the twenticth Century (c. 115 years).

5. Terrain within the LIA moraine, ice-free in the
early nineteenth century (c. 150 years).

6. Terrain external to the LIA moraine, ice free since
the LG and not involved in Holocene glacial
dynamics (c. 10,000 years).

Two data-loggers (Tinytag TGP-4500) were placed
between stones, protected from direct sunlight, at the
plots 1 (2500 m a.s.l.) and 5 (2375 m a.s.l.) respectively,
to analyse the thermal regime at ground level along the
glacier foreland over one year (15 August 2013-15
August 2014, recording interval: 60 min). Five sampling
points for each plot were selected and randomly placed
about 10 m apart from each other. Substrate samples
were taken at the surface for physical and chemical anal-
ysis: a sample of about 1 kg was taken at every plot for
particle size distribution analysis; a sample of about
200 g was taken at each sampling point to obtain soil
pH (in 1:2.5 soil:water), calcium carbonate content
(Dietrich-Fruhling calcimeter) and organic matter content
(Walkley—Black method). Vegetation surveys were per-
formed on 25 m” surfaces at each sampling point. The
percentage cover of rock outcrop, debris, soil, whole
plant cover and of every plant species were estimated
with a resolution of 5%. Arthropods data were collected
through pitfall traps: a plastic cup buried up to the edge
and filled with approximately 20 ml of vinegar and salt
solution. We placed a pitfall trap at each sampling point,
collected and re-set every 20 days during the snow-free
season (Julyfg)ctober 2013-14). Since several pitfall
traps were destroyed by marmots, we integrated this
method with capture by hand (one-hour long catching
activity in each plot on 12 September and 2*October
2014). The analysis on arthropod assemblages concerned
carabid beetles (Coleoptera: Carabidae) and spiders
(Arachnida: Araneae), the most abundant ground-dwell-
ing arthropods; these two taxa are well known by the
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ecological viewpoint (Brandmayr et al. 2003; Thaler
2003) and are widely used as bioindicators of climate
change at high latitude/elevation ecosystems (e.g. Braten
et al. 2012; Gobbi, Fontaneto, and De Bernardi 2006b;
Pizzolotto, Gobbi, and Brandmayr 2014).

Statistical analysis

We report, descriptive statistics (minimum and maximum
values, median and interquartile range) of the distribution
of soil parameters (soil pH, calcium carbonate content,
organic matter content, total plant cover) along the gla-
cier foreland. The correlation among such variables was
assessed through Spearman’s monotone correlation coef-
ficient rho. The patterns of correlation were evaluated by
a principal component analysis (PCA) on the ranks of
the variables. Soil parameters entered as active variables;
total plant cover was plotted on the plane of the principal
components as a passive variable to evaluate the relation-
ships between soil and vegetation.

Patterns of plant species assemblages along the gla-
cier foreland were described through detrended corre-
spondence analysis (DCA) (Hill and Gauch 1980)
carried out on a matrix of plant species cover percent-
ages of 29 sampling points for 55 species (17 species
out of 72 were omitted since occurring in only one sam-
pling point; one sampling point was omitted since no
plant species was recorded in it). A cluster analysis was
performed to identify groups of sampling points with
homogeneous vegetation patterns. For determining the
clusters we used only the coordinates of sampling points
on the first canonical axis of the DCA, sinceit repre-
sented the main ordination trend of vegetation. Two clus-
tering algorithms were used: in a first step hierarchical
clustering was performed with Euclidean. distance metric
and Ward linkage; then, k-means clustering was used for
‘consolidating’  the clusters ~previously —determined
(Husson, Lg, and Pages, 2010).

The results of cluster-analysis were used to study the
relationships between plant assemblages and soil parame-
ters and species richness. For each variable, a generalised
linear regression model (GLM) was fitted including the
variable as response and the cluster as explicative cate-
gorical variable. The Gaussian distribution was assumed
for the response in each case except for species richness,
for which the Poisson distribution was the proper one.
To achieve a satisfactory approximation to the Gaussian
distribution, the arcsin transformation f'(x) = arcsin(y/x)
was applied to total plant cover and the natural logarithm
transformation to organic matter content. In order to
account for the potential correlation of observations
within each plot, the GLM models were fitted by the
generalmng estimating equations (GEE) method (Zeger,
Liang, and Albert 1988). For each model, an exchange-
able working covariance structure was specified, in

which observations within the same plot were assumed
to be correlated. The results were reported in terms of:
(1) global test (chi-square) evaluating the null hypothesis
of no overall difference among the clusters; (2) multiple
comparison between means for all the possible pairs of
clusters (Wald test); the p-values were adjusted using the
Bonferroni correction.

Concerning the arthropod species, since a quantita-
tive sampling method (pitfall traps) and a qualitative one
(capture by hand) were integrated, we chose to base the
analysis only on the presence/absence species matrix (6
plots for 20 species). Before performing the analysis we
tested the accuracy of our-sampling design and methods
estimating the theoretical total-species richness according
to an index based on observed data: the incidence-based
coverage estimator (ICE) (Colwell et al. 2012). ICE esti-
mates the overall number of species that may live in the
study area, on the basis of the observed number of spe-
cies and the frequency of their occurrence in the plots
(Hortal, Borges, and Gaspar 2006). Canonical correspon-
dence-analysis (CCA) (Ter Braak 1986) was performed
to describe ‘the patterns of presence/absence of species
and their relationships with the soil parameters. As the
ratio ‘between number of soil parameters in CCA and the
number of samples should be kept low to avoid potential
biases of the results, only pH and total plant cover were
used. However, this restriction did not severely affect the
results, since pH is highly correlated with the soil
parameters not included in the analysis (calcium carbon-
ate content and organic matter content).

Following Vater (2012) and Vater and Matthews
(2013, 2015), plant and arthropod colonisation patterns
along the chronosequence were analysed calculating
three community parameters for each deglaciation stage:
(1) total species richness (number of species at plot
level); (2) species first appearances (number of species
appearing for the first time along the succession, includ-
ing first-and-last appearances); (3) species last appear-
ances (number of species appearing for the last time
along the succession, including first-and-last appear-
ances). Herein, we define ‘cold-adapted species’ all the
species strictly linked to alpine and nival belts, thus char-
acterised by a limited range of tolerance in altitudinal
distribution. Concerning plants, we consider like that all
the species with temperature index =1 (alpine and nival)
and temperature range of variation = L(temperature index
variation at most +1) in Landolt et al. (2010). Concern-
ing arthropods, we based on the available descriptive
literature about the ecological requirement of each identi-
fied taxon (Casale, Sturani, and Vigna Taglianti 1982;
Isaia et al. 2007). All analyses except ICE were per-
formed with the R software (R Core Team 2014), with
the packages vcd, vegan, FactoMineR, nnet and geepack
added. ICE was calculated with the EstimateS 9.1.0 soft-
ware (Colwell et al. 2012).
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4 D. TAMPUCCI ET AL.

Comparative analysis

The pattern of total species richness, species first appear-
ances and species last appearance along the Trobio gla-
cier foreland was compared with those of three glacier
forelands of the Rhaetian Alps for which both plant and
arthropod data were available: (1) Morteratsch glacier,
Swiss Alps, below the potential treeline (1900-2100 m
a.s.l.) (Burga 1999; Schlegel and Riesen 2012); (2)
Rotmoos glacier, Austrian Alps, near the potential tree-
line (2280-2450 m a.s.l) (Kaufmann 2001; Marcante,
Schwienbacher, and Erschbamer 2009); (3) Cedec
glacier, Italian Alps, above the potential treeline
(2694-2726 m a.s.l.) (Gobbi et al. 2010). Four common
deglaciation stages were recognised: (1) pioneer stages
(c. 1-30 years since deglaciation); (2) early-successional
stages (c. 31-100 years since deglaciation); (3) mid-suc-
cessional stages (c. 101-150 years since deglaciation);
(4) late-successional stages (c. 10,000 years old, ice-free
since the LG). The comparison concerns plants and cara-
bid beetles, while spiders were omitted because of data
unavailability for some glacier forelands. In the area of
Morteratsch glacier, five vegetation surveys of 400 m?
were performed by one of the Authors (DT) to integrate
the missing data about the vegetation of the terrain ice
free since the LG (12 September 2015).

Results
Primary succession along the glacier foreland

The glacier foreland was characterised by a gradient of
increasing mean annual temperature (from 0.5 to 1.3-°C)
and decreasing snow cover persistence (from 225 to
160 days) from the glacier front to the LIA moraine
(supplementary Figure 1). The difference in altitude
between the latter allows for an estimation of‘a yearly
altitudinal temperature lapse rate of ~0.69 °C (100 m)”!
on the investigated landform. All” soil- parameters were
correlated to each other (supplementary Table 1s) and
varied along the glacier foreland following a more or
less clear trend (supplementary Figure 2), except grain
size distribution (supplementary Figure 3). The main soil
gradient occurring from the glacier front to the terrain
ice-free since the LG consists of a progressive decrease
of pH and calcium carbonate content and a correspond-
ing increase of organic matter content and total plant
cover (supplementary Figure 41.

Seventy-two plant species were recorded (Table 1),
among which the most frequent were Poa alpina and
Silene acaulis (occurring in 83% of the sampling points),
followed by Saxifraga oppositifolia (70%), Androsace
alpina, Artemisia genipi, Festuca quadriflora and Oxyria
digyna (50%). Twenty-nine of the identified plant species
were ‘cold-adapted’. Twenty arthropod species (6 carabid
beetles and 14 spid%rs) were recorded (Table 1), among

which the most frequent were the carabid Carabus
castanopterus and the spiders Coelotes pickardi tirolensis
and Entelecara media (occurring in 83% of the plots),
followed by the carabid Pterostichus lombardus and the
spiders Diplocephalus helleri, Drassodex heeri and
Mughiphantes pulcher (67%). All the identified arthro-
pod species were ‘cold-adapted’, except Carabus cas-
tanopterus (the carabid beetle is able to descend below
the potential treeline) (Casale, Sturani, and Vigna
Taglianti 1982) and Agyneta rurestris (the high-dispersal
spider is distributed on a wide altitudinal range) (Isaia
et al. 2007).

The primary succession-along the glacier foreland
developed in three main stages, each characterised by
distinct vegetation ~and soil features (supplementary
Figure 5 and Table 2). The first stage lasted about
95 years, corresponding.to pioneer and early-successional
stages. It showed basic substrate (average pH 7.82) with
relatively high calcium carbonate content (2.64%) and
low organic matter content (1.57 g/kg). Total plant cover
was highly variable but generally scarce (27.3%), with
few pioneer. and cold-adapted species (e.g. Androsace
alpina._and Saxifraga oppositifolia). The second stage
lasted 90 years at least (we are able to observe the suc-
cession only since LIA), corresponding to mid-succes-
sional stages. It was characterised by neutral soil (pH
6.96) with an intermediate content of calcium carbonate
(0.55%) and organic matter (13.32 g/kg). Total plant
cover reached a mean value of 42%) and included
mainly graminoids (e.g. Luzula alpino-pilosa and Poa
alpina) and cushion species (e.g. Saxifraga bryoides and
Silene acaulis). The last stage occurred on terrain ice
free since LG and not involved in Holocene glacial
dynamics, thus corresponding to late-successional stages.
It displays acid soil reaction (pH 4.82), very low calcium
carbonate content (0.28%) and high organic matter con-
tent (118.30 g/kg). Total plant cover reached the highest
values (60.9%) including typical species of acidophilous
alpine grasslands (e.g. Carex curvula and Carex semper-
virens). Plant species richness (Figure 1(a)) regularly
increased from pioneer stages to the terrain ice-free since
the beginning of the twenticth century, stabilised in the
terrain ice-free since the LIA and decreased in those ice-
free since the LG. The number of species appearing for
the first time was quite uniform along the whole
chronosequence (c. 9 first appearances for each plot on
average), while the number of species occurring for the
last time increased from early-successional stages.

Two main arthropod assemblages were recognisible
(supplementary Figure 6} a pioneer one (including
species like Oreonebria soror tresignore and Agyneta
rurestris) which gradually disappears over the succession
and a late-successional one (including species like
Oreonebria lombarda and Gnaphosa petrobia) which
simultaneously increases. Early- and mid-successional
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stages lacked a specific arthropod community and were
rather characterised by the overlapping of /species
belonging to the pioneer and late-successional assem-
blages, as well as by the presence of ubiquitous specics
(e.g. Carabus castanopterus and Coelotes - pickardi
tirolensis). Arthropod species richness (Figure 1(b)) gen-
erally increased along the chronosequence, but was char-
acterised by two distinct peaks: a first.one in pioneer
stages and a second in late-successional ones. First and
last species appearances followed a similar trend, being
both characterised by a severe drop in mid- and early-
successional stages, respectively.

Comparison with the glacier forelands of inner
mountain ranges

The colonisation patterns of Trobio glacier foreland
showed important differences with respect to that of the
inner Alpine ones, both for plant and arthropod species.
The pattern of plant species richness (Figure*Z(a)l on
Trobio chronosequence was characterisid by a later
maximum (mid-successional stages) with respect to
Morteratsch and Rotmoos glaciers (early-successional
stages), while Cedec showed a monotonic increase from
early-successional stages. Trobio glacier foreland was
characterisEd by a rather uniform number of species first
appearances throughout the primary succession (Figure

2(b)), while species entrances on inner Alpine chronose-
quences reached the maximum in different stages
depending on the glacier elevation: pioneer on Mor-
teatsch, early-successional on Rotmoos and late-succes-
sional on Cedec. Species last appearances (Figure 2(c))
showed an overall similarity among the investigated gla-
cier forelands, with the maximum number of last appear-
ances in mid-successional stages; however, on
Morteratsch and Rotmoos glaciers species loss occurred
at the beginning of the succession (e.g. some species
showed their first-and-last appearance in the pioneer
stages), while on Cedec and Trobio no species disap-
peared in pioneer stages.

Two main trends of arthropod species richness were
recognisible (Figure*Z(d)‘)L: the one of Morteratsch and
Rotmoos glaciers was characterised by an early maxi-
mum and a later decrease, while those of Cedec and Tro-
bio reached the maximum in mid-successional stages.
Species first appearances (Figure}(e))* reached its maxi-
mum right as the beginning of the succession on Morter-
atsch and Rotmoos glaciers and in mid-successional
stages on Cedec glacier, while the trend was rather uni-
form along the Trobio chronosequence. Species last
appearances (Figure*z(l‘)‘)L were quite similar through the
investigated glacier forelands being always characterisid
by a later maximum, but the trend appeared again more
uniform along Trobio glacier foreland.
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Discussion
Primary succession along the glacier foreland

The overall development and the environmental drivers
of primary succession generally agree with _those previ-
ously observed in the inner Alps, since plant-and arthro-
pod species distribution “depends on_ time since
deglaciation and its related soil parameters. Plant succes-
sion develops in three distinct ‘stages: a first one on
recently deglaciated terrain, a mid-successional one on
the terrain ice free between 100 years ago and LIA and a
late-successional one on the terrain ice free since LG, in
agreement with Caccianiga and Andreis (2004). Arthro-
pod colonisation seems to follow a more gradual pattern
where two main arthropod assemblages (a pioneer and a
late-successional ones) seamlessly overlap in the interme-
diate stages, in agreement with Kaufmann (2001). There-
fore, plant and arthropod species follow different
colonisiltion patterns, even if species richness generally
increases for both along the succession. Our result con-
trast with those of Gobbi et al. (2010), where plant and
arthropod species richness vary in steps along the
chronosequence. Our hypothesis (1) is thus not supported
by our data.

Comparison with the glacier forelands of inner
mountain ranges

Despite the overall affinities with the patterns previously
observed in the inner Alps, the investigated primary suc-
cession stands out for noteworthy differences in temporal
patterns. The colonisation of Rhaetian glacier forelands
differs depending on the elevation: according to Vater
and Matthews (2013), a typical ‘replacement change
model’ prevails below the treeline (Morteratsch glacier),
an add1t1on and persistence model’ prevails above the
treeline (Cedec glacier) and an intermediate pattern char-
acterlsed the glacier foreland near the treeline (Rotmoos
g1a01er) Trobio glacier stands at an elevation similar to
that of Rotmoos, but lies above the potential treeline,
which is locally depressed as a consequence of the ocea-
nic climate (Caccianiga, Ravazzi, and Zubiani 1993;
Caccianiga et al. 2008). Coherently, its colonisition pat-
tern shows an intermediate trend between those of Rot-
moos and the higher Cedec glacier. In particular, from
pioneer to mid-successional stages, the trends match bet-
ter with that of Cedec glacier for three main features:
late species richness maximum, constant first appear-
ances along the chronosequence, few first-and-last
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appearances in pioneer stages. On the other hand, with
the transition from mid- to late-successional stages, the
trend of Trobio detaches from that of Cedec to become
more similar to that of the lower glacier forelands. This
phenomenon is more evident for plant than for arthropod
species, as for the latter the trend is similar to that of
Cedec for the whole chronosequence. More evidence of
the ‘addition and persistence model’ seems thus to occur
on Trobio glacier foreland than on the inner Alpine ones
at the same elevation. Being the climate the main envi-
ronmental difference between Orobian and Rhaetian
Alps, we suppose that oceanic regime may affect the
colonisation patterns of ice free terrain in the same way
elevation does within a climatically homogeneous area.
Our hypothesis (2) is thus supported by our data.

Slower plant colonisation on the Orobian Alps was
previously observed and attributed to the more severe
environmental condition imposed by the oceanic climate
regime (Caccianiga and Andreis 2004; Caccianiga,
Ravazzi, and Zubiani 1993), as long-lasting snow cover
and long-lasting temperatures around zero occurring in
spring (Caccianiga et al. 2008). Such phenomenon pro-
motes the long-lasting persistence of species that other-
wise are considered typically as ‘pioneer’, For example,
cold-adapted plants generally restricted to pioneer stages
(e.g. Androsace alpina and Saxifraga oppositifolia)
(Caccianiga and Andreis 2004) in our study area are able
to persist even in the terrain ice-free since the LIA. In a
similar way, cold-adapted carabid beetles that usually
live near the glacier front (e.g. genus Oreonebria)
(Gobbi et al. 2007; Kaufmann 2001) occur here along
the whole chronosequence.

Taxonomical and biogeographical overview

Besides the colonisation processes, an important differ-
ence between peripheral and inner mountain ranges lies
in the taxonomical and biogeographical features. The
investigated flora counts-some noteworthy peculiarities,
such as the presence of an endemic species (Primula
daonensis) and the ‘occurrence of Western-Alpine (e.g.
Achillea nana and Primula‘latifolia) as well as Eastern-
Alpine elements (e.g. Potentilla nitida and Senecio
carniolicus). However, the most interesting data comes
from the arthropod species.

All the collected carabid beetles (except Bembidion
rhaeticum) are steno-endemic species of the Orobian
Alps. Particularly interesting is the finding of Oreonebria
soror tresignore, recently described by Szallies and
Huber (2014) as endemic subspecies of Pizzo Tre
Signori (western Orobian Alps). Our findings in the east-
ern chain indicates that this subspecies should be now
considered as endemic of the whole Orobian range. This
data furtherly clarified the biogeographical arrangement
of Oreonebria soror in the central-eastern Italian Alps,

with two distinct subspecies in two different geographi-
cal contexts: Oreonebria soror soror as endemic sub-
species of the Adamello-Presanella Massif (Szallies and
Huber 2014) and Oreonebria soror tresignore as ende-
mic subspecies of the Orobian Alps. On the other hand,
no endemic spiders were found: the most circumscribed
distribution was that of Drassodex heeri and Coelotes
pickardi tirolensis, both occurring on the southern-central
Alps. Carabid beetles are thus supposed to be more sen-
sitive markers of biogeographical events than spiders,
probably as a consequence of different dispersal abilities.

Peripheral mountain ranges_as warm-stage refugia?

Cold-adapted species are supposed-to be the first threat-
ened by climate change due to the progressive reduction
of their habitat with temperature increase and the upshift
of altitudinal belts (Dullinger et al. 2012). However,
recent works highlighted the importance of warm-stage
refugia: sites that locally preserve suitable condition in
spite -of large scale climate change (Birks and Willis
2008;/Gentili et al. 2015; Stewart et al. 2010). Glacial
and periglacial landforms have been recently proposed as
potential ~warm-stage refugia for cold-adapted species,
due to their microclimate features and thermal inertia
(Caccianiga et al. 2011; Gentili et al. 2015; Gobbi et al.
2014; Gobbi, Isaia, and De Bernardi 2011; Millar et al.
2013).

Cold-adapted species do not necessarily decrease
along the primary succession of Trobio glacier foreland;
some cold-adapted species are in fact late-successional
ones (e.g. Carex curvula and Salix herbacea for plants
or Oreonebria lombarda and Gnaphosa petrobia for
arthropods) and are thus not threatened by glacier retreat,
which on the contrary causes an extension of suitable
surfaces to colonise. On the other hand, pioneer but not
strictly cold-adapted species (e.g. Arabis alpina, Linaria
alpina or Agyneta rurestris) may be locally affected by
glacier retreat as the ongoing colonisation induces a
competition with late-successional species; however,
such species are likely able to find available habitat on a
wide altitudinal range, as they are not forced to up-shift
with temperature increase, but can down-shift or persist
at the current elevation in other habitats. Therefore, the
most threatened species are those characterised by the
conjunction of cold-adapted and pioneer strategies (e.g.
Androsace alpina, Saxifraga oppositifolia or Oreonebria
soror tresignore). According to Erschbamer et al. (2007),
the potential loss of cold-adapted species with climate
change seems to be induced by temperature increase, but
mainly mediated by interspecific competition. Since
cold-adapted species are homogeneously distributed
along the glacier foreland and the thermal gradient
appears substantially coherent with the yearly altitudinal
temperature lapse rate at regional scale (—9.58 °C

60

65

70

75

85

90

95

100

105


Deleted text:
Inserted Text
“

Deleted text:
Inserted Text
”

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
“

Deleted text:
Inserted Text
”

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
-


AQ3

Q4

AQs

AQs

20

[\9)
W

30

W
W

40

45

50

TBID 1117990
24 November 2015

Initial

QA:

8 D. TAMPUCCI ET AL.

(100 m)™" in Rolland 2003), our results suggest a
marginal role of glacier microclimate in enhancing cold-
adapted species distribution. On the other hand, a more
important role could be played by the outstanding long-
lasting snow cover near the glacier front.

The glacier persistence at lower elevation and the
slower colonisation of ice free terrains could result in an
advantage for pioneer cold-adapted species, providing
them long-lasting suitable conditions in spite of the cli-
mate change at large scale. Therefore, given the climate
requirements for glacier formation at regional scale, we
suppose that peripheral mountain ranges of any mountain
system may offer more survival chance for pioneer cold-
adapted species than inner massifs at the same elevation.
We thus advance the hypothesis that glacial landforms of
peripheral mountain ranges (e.g. glacier forelands and
recent moraines) could act as warm-stage refugia. Our
suggestion is to consider the potential role of glacial
landforms as plausible alternative hypothesis to explain
part of the present biogeographical arrangement of these
chains. More data should be collected in other geograph-
ical and climatic context to test our hypothesis.

Acknowledgements

We would like to thank Valeria Lencioni of MUSE - Museo
delle Scienze, Enzo Bona and Germano Federici of FAB' -
Gruppo Flora Alpina Bergamasca, Riccardo Scotti for his geo-
morphological expert advice, as well as the staff of Rifugio
Antonio Curo for the logistical support during the missions.
The research project is part of the PhD project of ‘the first
author ‘DT’, The research project was co-financed by, Autono-
mous Province of Trento (Italy) and by Parco Regionale Orobie
Bergamasche (Italy).

Disclosure statement

No potential conflict of interest was reported by-the authors.

References

Birks, H. J. B., and K. J./Willis. 2008. “Alpines, Trees and Refu-
gia in Europe.” Plant Ecology & Diversity 1 (2): 147-160.

Bona, E., A. Bonacina, G.-Donadelli, G. Federici, R. Ferranti,
L. Mangili, A. Mazzoli, G. Perico, G. Ravasio, and M.
Rivola. 2013. “Flora vascolare delle “terre alte” delle Alpi
Orobie.” Rivista del Museo Civico di Scienze Naturali di
Bergamo 26: 3—-114.

Bonardi, L., E. Rovelli, R. Scotti, A. Toffaletti, M. Urso, and
F. Villa. 2012. I ghiacciai della Lombardia: evoluzione e
attualita. Milano, Hoepli: Servizio Glaciologico Lombardo.
328 pp.

Brandmayr, P., R. Pizzolotto, S. Scalercio, M. C. Alfieri, and T.
Zetto. 2003. “Diversity Patterns of Carabids in the Alps
and the Apennines.” In Alpine Biodiversity in Europe. vol.
167, edited by L. Nagy, G. Grabherr, Ch Korner and D. B.
A. Thompson, 307-317. Berlin: Springer.

Braten, A. T., D. Flg, S. Hagvar, O. Hanssen, C. E. Mong, and
K. Aakara. 2012. “Primary Succession of Surface Active
Beetles and Spiders in an Alpine Glacier Foreland, Central
South Norway.” Arctic, Antarctic, and Alpine Research 44
(1): 2-15.

Burga, C. A. 1999. “Vegetation Development on the Glacier
Foreland Morteratsch (Switzerland).” Applied Vegetation
Science 2: 17-24.

Burga, C. A., B. O. Kriisi, M. Egli, M. Wemli, S. Elsener, M.
Ziefle, T. Fischer, and C. Mavris. 2010. “Plant Succession
and Soil Development on the Foreland of the Morteratsch
Glacier (Pontresina, Switzerland): Straight Forward or
Chaotic?” Flora 205 (9): 561-576.

Caccianiga, M., and C. Andreis. 2004. “Pioneer Herbaceous
Vegetation on Glacier Forelands in Italian Alps.” Phyto-
coenologia 34 (1): 55-89.

Caccianiga, M., C. Ravazzi, and P. Zubiani. 1993. “Storia Del
Ghiacciaio Del Trobio (Alpi Orobie, Bergamo) E Coloniz-
zazione Della. Vegetazione Nelle Aree Liberate Dopo La
Piccola Eta Glaciale.” Natura Bresciana 29: 65-96.

Caccianiga, M., -A. Luzzaro, S. Pierce, R. M. Ceriani, and B.
Cerabolini. ~2006. “The Functional Basis of a Primary
Succession. Resolved by CSR Classification.” Oikos 112:
10-20.

Caccianiga, M., C. Andreis, S. Armiraglio, G. Leonelli, M.
Pelfini;-and’ D. Sala. 2008. “Climate Continentality and
Treeline Species Distribution in the Alps.” Plant Biosystem
142: 66-78.

Caccianiga, M., C. Andreis, G. Diolaiuti, C. D’Agata, C.
Mihalcea, and C. Smiraglia. 2011. “Alpine Debris-Covered
Glacier as a Habitat for Plant Life.” The Holocene 21 (6):
1011-1020.

Casale, A., M. Sturani, and A. Vigna Taglianti. 1982.
Carabidae. 1. Introduzione, Paussinae, Carabinae. Fauna
D’Italia, XVIII. Calderini: Bologna, 499 pp.

Ceriani M., and M. Carelli. 2000. Carta Delle Precipitazioni
Medie, Minime E Massime Annue Del Territorio Alpino
Lombardo (Registrate Nel Periodo 1891-1990), Scala
1:250.000. Regione Lombardia, Direzione Generale Territo-
rio Ed Urbanistica, U.O. Difesa Del Suolo, Struttura Rischi
Idrogeologici E Sismici.

Colwell, R. K., A. Chao, N. J. Gotelli, S. Y. Lin, C. X. Mao,
R. L. Chazdon, and J. T. Longino. 2012. “Models and Esti-
mators Linking Individual-Based and Sample-Based
Rarefaction, Extrapolation and Comparison of Assem-
blages.” Journal of Plant Ecology 5: 3-21.

Dullinger, S., A. Gattringer, W. Thuiller, D. Moser, N. E.
Zimmermann, A. Guisan, Willner, et al. 2012. “Extinction
Debt of High-Mountain Plants under 21st-Century Climate
Change.” Nature Climate Change 2: 619-622.

Erschbamer, B., T. Kiebacher, M. Mallaun, and P. Unterlug-
gauer. 2007. “Short-Term Signals of Climate Change along
an Altitudinal Gradient in the South Alps.” Plant Ecology
202: 79-89.

Gentili, R., C. Baroni, M. Caccianiga, S. Armiraglio, A.
Ghiani, and S. Citterio. 2015. “Potential Warm-Stage
Microrefugia for Alpine Plants: feedback between Geomor-
phological and Biological Processes.” Ecological Complex-
ity 21: 87-99.

55

60

65

70

75

90

110


Authorquery:
Inserted Text
The disclosure statement has been inserted. Please correct if this is inaccurate.

Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Bona et•al. (2013)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Bonardi et•al. (2012)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Authorquery:
Inserted Text
The CrossRef database (www.crossref.org/) has been used to validate the references. Mismatches between the original manuscript and CrossRef are tracked in red font. Please provide a revision if the change is incorrect. Do not comment on correct changes.

Authorquery:
Inserted Text
The reference ’Caccianiga et•al. (2006)’ is listed in the references list but is not cited in the text. Please either cite the reference or remove it from the references list.

Deleted text:
Inserted Text
z

Deleted text:
Inserted Text
“

Deleted text:
Inserted Text
”


10

[\
(9}

30

W
W

40

)]
(9]

60

TBID 1117990
24 November 2015

QA:

Initial

BIODI

Gereben, B. A., H. W. Krenn, and M. A. Strodl. 2011. “Initial
Colonization of New Terrain in an Alpine Glacier Foreland
by Carabid Beetles (Carabidae, Coleoptera).” Arctic,
Antarctic, and Alpine Research 43 (3): 397—403.

Gobbi, M., F. De Bernardi, M. Pelfini, B. Rossaro, and P.
Brandmayr. 2006a. “Epigean Arthropod Succession along a
154-Year Glacier Foreland Chronosequence in the Forni
Valley (Central Italian Alps).” Arctic, Antarctic and Alpine
Research 38 (3): 357-362.

Gobbi, M., D. Fontaneto, and F. De Bernardi. 2006b. “Influ-
ence of Climate Changes on Animal Assemblages in Space
and Time: the Case of Spider Assemblages along an Alpine
Glacier Foreland.” Global Change Biology 12: 1985-1992.

Gobbi, M., B. Rossaro, A. Vater, F. De Bernardi, M. Pelfini,
and P. Brandmayr. 2007. “Environmental Features Influenc-
ing Carabid Beetle (Coleoptera) Assemblages along a
Recently Ice-Free Area in the Alpine Region.” Ecological
Entomology 32: 682-689,

Gobbi, M., M. Caccianiga, B. Cerabolini, F. De Bernardi, A.
Luzzaro, and S. Pierce. 2010. “Plant Adaptative Responses
during Primary Succession Are Associated with Functional
Adaptations in Ground Beetles on Recently Deglaciated
Terrain.” Community Ecology 11 (2): 223-231.

Gobbi, M., M. Isaia, and F. De Bernardi. 2011. “Arthropod
Colonization of a Debris-Covered Glacier.” The Holocene
21 (2): 343-349.

Gobbi, M., F. Ballarin, C. Compostella, V. Lencioni, R. Seppi,
D. Tampucci, and M. Caccianiga. 2014. “Physical and Bio-
logical Features of an Active Rock Glacier of the Italian
Alps.” The Holocene 24 (11): 1624-1631.

Hill, M. O., and H. G. Gauch Jr. 1980. “Detrended Correspon-
dence Analysis: an Improved Ordination Technique.” Vege-
tatio 42 (1-3): 47-58.

Hortal, J., P. A. V. Borges, and C. Gaspar. 2006. “Evaluating the
Performance of Species Richness Estimators: sensitivity to
Sample Grain Size.” Journal of Animal Ecology 75:274-2877.

Husson, F., Lé, S., and Pages, J. 2010. Exploratory. Multivari-
ate Analysis by Example Using R. CRC press, 240 pp.

Isaia, M., P. Pantini, S. Beikes, and-G.. Badino. 2007. “Catal-
ogo ragionato dei ragni (Arachnida, Araneae) del Piemonte
e della Lombardia.” Memorie‘dell’Associazione Naturalis-
tica Piemontese 9: 9-161.

Jadoul, F., F. Forcella, A. Bini, and C. Ferlinga. 2000. Carta
Geologica Della Provincia Di Bergamo 1:50.000 - Servizio
Territorio Della Provineia Di Bergamo, Dipartimento di
Scienze della Terra dell’Universita degli Studi di Milano,
Centro di Studio per la Geodinamica Alpina e Quaternaria
del CNR.

Kaufmann, R. 2001. “Invertebrate Succession on an Alpine
Glacier Foreland.” Ecology 82 (8): 2261-2278.

Kaufmann, R. 2002. “Glacier Foreland Colonisation: distin-
guishing between Short-Term and Long-Term Effects of
Climate Change.” Oecologia 130: 470-475.

Landolt, E., B. Béumler, A. Erhardt, O. Hegg, F. Klotzli, W.
Liammler, N. M. Michael, et al. 2010. Flora Indicativa,
Ecological Indicator Values and Biological Attributes of the
Flora of Switzerland and the Alps. Geneve, Editions Con-
servatoire Et Jardin Bot De La Ville De Geneve. 376 pp.

VERSITY 9

Latella, L., N. Verdari, and M. Gobbi. 2012. “Distribution of
Terrestrial Cave Dwelling Arthropods in Two Close
Prealpine Italian Areas with Different Glacial Histories.”
Zoological Studies 51 (7): 1113-1121. 65

Lohse, K., J. A. Nicholls, and G. N. Stone. 2011. “Inferring
the Colonization of a Mountain Range-Refugia Vs. Nuna-
tak Survival in High Alpine Ground Beetles.” Molecular
Ecology 20: 394-408.

Liidi, W. 1955. Vegetationsentwicklung seit dem Riickzug der 70
Gletscher in den mittleren Alpen und ihrem ndrdlichen Vor-
land. Ber: Geobot, 41-54. Ziirich: Forschungs Institut

Riibel. AQ9
Lidi, W. 1958. “Beobachtungen 'iiber die Besiedlung von

Gletschervorfeldern in .des Schweizeralpen.” Flora 146: 75

386-407. AQI10

Marcante, S., E. Schwienbacher, and “E. Erschbamer. 2009.
“Genesis of a Soil Seed Bank-on a Primary Succession in
the Central Alps.” Flora 204: 434-444.

Martini, F., E. Bona, G. Federici, F. Fenaroli, G. Perico. 2012. 80
Flora Vascolare. Della = Lombardia  Centro-Orientale.
Trieste: ‘Lint;.604 + 328 pp.

Matthews, J. A. 1992. The Ecology of Recently-Ice-Free Ter-
rain: A Geoecological Approach to Glacier Forelands and
Primary “Succession. Cambridge: Cambridge University 85
Press. 385 pp.

Miles, J.,~and D. W. H Walton. 1993. Primary Succession
Revisited. In Primary Succession on Land, edited by J.
Miles, and D.W.H Walton, 295-302. Oxford, Blackwell
Scientific, 328 pp. 90

Millar, C. 1., R. D. Westfall, A. Evenden, J. G. Holmquist, J.
Schmidt-Gengenbach, R. S. Franklin, J. Nachlinger, and D.

L. Delany. 2013. Potential Climatic Refugia in Semi-Arid,
Temperate Mountains: Plant and Arthropod Assemblages
Associated with Rock Glaciers, Talus Slopes, and Their 95
Forefield Wetlands. Sierra Nevada, California, USA: Qua-
ternary International. doi:10.1016/j.quaint.2013.11.003.

Pauli, H., M. Gottfried, and G. Grabherr. 2003. “Effects of Cli-
mate Change on the Alpine and Nival Vegetation of the
Alps.” Journal of Mountain Ecology 7: 9-12. 100

Pirola, A., and V. Credaro. 1977. “Esempi di vegetazione
nivale sulle Alpi Orobie (Gruppo Scais-Coca).” Atti Della
Accademia Delle Scienze Dell’lstituto Di Bologna 13:
87-101. éQl 1

Pirola, A., and V. Credaro. 1993. “Changes of Vegetation of a 105
Recent Glacial Moraine in the Bernina Group.” Annali Di
Botanica 51: 145-153.

Pizzolotto, R., M. Gobbi, and P. Brandmayr. 2014. “Changes
in Ground Beetle Assemblages above and below the Tree-
line of the Dolomites after Almost 30 Years (1980/2009).” 110
Ecology and Evolution 4 (8): 1284—1294.

R Core Team. 2014. R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for
Statistical Computing. http://www.R-project.org/) with vcd,
vegan, FactoMineR, and geepack added. 115

Raffl, C., M. Mallaun, R. Mayer, and B. Erschbamer. 2006.
“Vegetation Succession Pattern and Diversity Changes in a
Glacier Valley, Central Alps, Austria.” Arctic, Antarctic and
Alpine Research 38 (3): 421-428.


http://dx.doi.org/10.1016/j.quaint.2013.11.003
http://www.R-project.org/
Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Isaia et•al. (2007)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Lüdi (1955)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Lüdi (1958)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Authorquery:
Inserted Text
Please provide an English translation of the title in the reference ‘Pirola and Credaro (1977)’, as per journal style [http://www.tandf.co.uk/journals/authors/style/reference/tf_ChicagoAD.pdf].

Deleted text:
Inserted Text
289

Deleted text:
Inserted Text
1–3


10

20

TBID 1117990

24 November 2015 Initial

QA:

10 D. TAMPUCCI ET AL.

Rolland, C. 2003. “Spatial and Seasonal Variations of Air
Temperature Lapse Rates in Alpine Regions.” Journal of
Climate 16: 1032—1046.

Schlegel, J., and M. Riesen. 2012. “Environmental Gradients
and Succession Patterns of Carabid Beetles (Coleoptera:
Carabidae) in an Alpine Glacier Retreat Zone.” Journal of
Insect Conservation 16: 657-675.

Schonswetter, P., 1. Stehlik, R. Holderegger, and A. Tribsch.
2005. “Molecular Evidence for Glacial Refugia of Moun-
tain Plants in the European Alps.” Molecular Ecology 14:
3547-3555.

Scotti, R., F. Brardinoni, and G. B. Crosta. 2014. “Post-LIA
Glacier Changes along a Latitudinal Transect in the Central
Italian Alps.” The Cryosphere 8: 2235-2252.

Stewart, J. R., A. M. Lister, I. Barnes, and L. Dalén. 2010.
“Refugia Revisited: individualistic Responses of Species in
Space and Time.” Proceedings of the Royal Society B 277:
661-671.

Szallies, A., and C. Huber. 2014. “Oreonebria (Oreonebria)
Soror  Tresignore Ssp. Nov. Vom Pizzo Dei Tre
Signori in Der Lombardei, Italien (Coleoptera: Cara-
bidae, Nebriinae).” Contributions to Natural History 25:
23-33.

Ter Braak, C. J. 1986. “. Canonical Correspondence Analysis:
a New Eigenvector Technique for Multivariate Direct
Gradient Analysis.” Ecology 67 (5): 1167-1179.

Thaler, K. 2003. “The Diversity of High Altitude Arachnids
(Araneae, Opiliones, Pseudoscorpiones) in the Alps.” In
Alpine Biodiversity in Europe. vol. 167, edited by L. Nagy,
G. Grabherr, Ch Korer, and D. B. A. Thompson,
281-296. Berlin: Springer.

Vater, A. E. 2012. “Insect and Arachnid Colonization on the
Storbreen Glacier Foreland, Jotunheimen, Norway: persis-
tence of Taxa Suggests an Alternative Model of Succes-
sion.” The Holocene 22 (10):/1123-1133.

Vater, A. E., and J. A. Matthews. 2013. “Testing the ‘Addition
and Persistence Model” of Invertebrate Succession in a Sub-
alpine Glacier-Foreland-Chronosequence: Féabergstalsbreen,
Southern Norway.” The Holocene 23.(8): 1151-1162.

Vater, A. E., and J. A. Matthews. 2015. “Succession of Pitfall-
Trapped Insects andArachnids on Eight Norwegian Glacier
Forelands along an Altitudinal Gradient: patterns and Mod-
els.” The Holocene 25.(1): 108-129.

Zeger, S. L, K..Y. Liang, and P. S. Albert. 1988. “Models for
Longitudinal Data: a Generalized Estimating Equation
Approach.” Biometrics 1049-1060.

30

35

40

45



	Abstract
	 Introduction
	 Methods
	 Study area
	 Sampling design
	 Statistical analysis
	 Comparative analysis

	 Results
	 Primary succession along the glacier foreland
	 Comparison with the glacier forelands of inner mountain ranges

	 Discussion
	 Primary succession along the glacier foreland
	 Comparison with the glacier forelands of inner mountain ranges
	 Taxonomical and biogeographical overview
	 Peripheral mountain ranges as warm-stage refugia?

	Acknowledgements
	 Disclosure statement
	References



