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The analysis of fossil chironomid and diatomassemblages froma sedimentary record from Les Roustières peat bog
(Massif Central, France, 1196m asl) allows the reconstruction of past environmental and climate changes during
the late-glacial and early Holocene. Chironomid assemblages showed that the infilling of the palaeolake had com-
menced during the Oldest Dryas (GS-2b) as suggested by the rapid decrease in chironomid species associated
with the cold and deep zone of lakes and by their replacement by littoral and eutrophic taxa. Quantitative July
temperature reconstructions, based on the chironomid data, suggest that mean July air temperature (Tjul)
ranged between 6 °C and 11 °C at the termination of the Oldest Dryas period (GS-2b). Climate began to warm
at the start of the Bølling period (GI-1e), between 15,000 and 14,800 cal yr BP, with a rise in Tjul of about 4 °C.
This climate warming is contemporaneous with lake eutrophication as suggested by diatoms and chironomids.
Maximum temperatures of 13–14 °C were reached around 13,600 cal yr BP during the Allerød period (GI-1c–
GI-1a). The Younger Dryas period (GS-1) ismarked by a return to cold conditions with Tjul of about 10 °C during
a first phase, then 13 °C in its terminal part. A probable increase in the duration of the ice-cover may have
favoured arctic and alpine diatom species. The early-Holocene climate improvement is marked by a rise in Tjul
of about 3 °C.
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1. Introduction

Many palaeoecological studies have focussed on the reconstruction
of the palaeoenvironmental and palaeoclimatic conditions that oc-
curred over the late-glacial–early-Holocene transition over Europe, es-
pecially in central and northern Europe (Brooks and Langdon, 2014;
Coope and Lemdahl, 1995; Lotter et al., 2012). This period is one of the
most important for understanding the global mechanisms, such as
hydro-climatic changes, that led to the present configuration of

European ecosystems. At present, quantitative climate data are available
for the late-glacial period at numerous locations (e.g., Brooks and
Langdon, 2014; Heiri et al., 2014), such as Britain (Bedford et al., 2004;
Lang et al., 2010), Ireland (Watson et al., 2010), The Netherlands
(Heiri et al., 2007a), the Swiss Alps (Ilyashuk et al., 2009;
Larocque-Tobler et al., 2010), and the Italian Alps (Heiri et al., 2007b;
Larocque and Finsinger, 2008). However, to our knowledge relatively
few quantitative data have been published from France, and include
data from the French Pyrenees (Millet et al., 2012), Jura (Heiri and
Millet, 2005), and the Massif Central (Ponel and Coope, 1990). Heiri
et al. (2014), based on a review of thirty chironomid-inferred tempera-
ture records across Europe, conclude that along the North Atlantic sea-
board south of 65°N, enhanced North Atlantic overturning circulation
led towarmer temperatures early in the late-glacial interstadial, where-
as farther away from the Atlantic, summer temperatures followed the
long-term summer insolation trend.
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In theMassif Central, Ponel and Coope (1990) used fossil Coleoptera
to characterize the late-glacial interstadial climate warming that oc-
curred around 13,000 uncalibrated years BP, when summer tempera-
tures, according to the Mutual Climate Range method (MCR), were
close to present values. According to Ponel and Coope (1990), Allerød
summers were colder than during the Bølling. This implies a probable
regional climate pattern close to the one observed in Britain and the
north-western Atlantic area. This hypothesis is based on only one record
and has not been regionally corroborated. Modern techniques of inves-
tigation, with better sampling resolution andmore precise temperature
estimates than are possiblewith the coleopteran-MCR approach can im-
prove upon the pioneering work from La Taphanel (Ponel and Coope,
1990). In particular, chironomid analysis is a useful technique because
i) chitinous remains of chironomids are generally abundant in freshwa-
ter sediments and ii) chironomid-based inference models for summer
temperature have low root mean squared error of prediction (RMSEP)
(e.g. 1.40 °C in Heiri et al., 2011).

Chironomids have been widely used as indicators of past changes in
lake-water quality since a classification of lake trophic types was
established by Brundin (1958). Some studies have shown that chirono-
mids can be used to reconstruct total phosphorus (Brooks et al., 2001)
and chlorophyll a concentrations (Brodersen and Lindegaard, 1999).
Chironomids are also sensitive to many other environmental variables
such as pH (Mousavi, 2002), dissolved oxygen concentration (e.g.
Quinlan and Smol, 2001), salinity (Henrichs et al., 2001), the nature of
the substratum (e.g. Larocque et al., 2001) and lake-water depth
(Chen et al., 2013). According to Juggins (2013), however, some of
these variables can co-varywith climate factors and can cause problems
for chironomid-based reconstructions of past climate. Juggins (2013)
encourages palaeoecologists to be more critical of their models and re-
constructions. Multiproxy studies are probably one of the best ways to
estimate the bias of quantitative climate reconstructions, because it is
easier to disentangle local events from regional ones. Because diatoms
are very good indicators of changes in limnological conditions
(Stoermer and Smol, 1999), their combination with chironomids can
lead to useful reconstructions of past aquatic ecosystems. Such a study
has already been presented by Larocque and Bigler (2004) for a high-
elevation lake in Sweden. In this study, diatoms are used to identify lim-
nological changes (in water chemistry, lake-level) that may interfere
with the chironomid-based climate reconstruction.

The Aubrac Mountain is rich in potential palaeoecological sites such
as mountain lakes and peat bog sediments. Beaulieu et al. (1985) ex-
plored in detail the past vegetation of this part of the Massif Central
since the late-glacial, with however a poor radiocarbon chronological
control. One of their key sites, which they named Brameloup, has a
long sedimentary record and a high sedimentation rate and is therefore
particularly suitable for a new multidisciplinary study including pollen,
Coleoptera, plant macro-fossil, diatom, and chironomid analyses.

The present paper focuses on aquatic ecosystem proxies, specifically
chironomid and diatom subfossils from the Brameloup (renamed here
Les Roustières) record. The palaeobotanical and Coleoptera data will be
published elsewhere and only a preliminary pollen diagram is present-
ed here in order to help place our radiocarbon chronology into the re-
gional bio-chrono-stratigraphy (cf., Beaulieu et al., 1985).

Ourmain goal here is to provide an original quantitative reconstruc-
tion of mean July air temperature (Tjul) and to determine if any abrupt
climate changes are regionally recorded by the aquatic communities. In
this case, what are the magnitudes of these events? Is the climate pat-
tern in the Massif Central similar to that observed in the north-
western Atlantic area or is it belong to the same climate configuration
of more continental site?

2. Study area

The site (44° 42′ 42″N; 3° 5′ 17″E, 1196 m asl) is located in the
French Massif Central (Fig. 1), on the Aubrac plateau, which extends

over 38,000 ha between the north-western volcanic Cantal massif and
the south-eastern “Causse de Sauveterre” area. A steep slope marks
the limit between the Aubrac summits (1471 m) and the Causse. To
the north, the Aubrac plateau gently turns towards the Truyère valley,
with elevations ranging between 1200 m and 1000 m.

The bedrock is composed of metamorphic and granitic rocks, mainly
covered by a basaltic layer (Ayral, 1928) formed during the
Villafranchian eruptive episode (Colin, 1966). On these two substrata
are scattered abundant and sometimes thick glacial and periglacial de-
posits, attributed by Poizat and Rousset (1975) to three episodes of gla-
ciation, covering about 30,000 ha. Glacial erosion or morainic
accumulations created numerous closed depressions now occupied by
lakes or peat bogs. Hence, numerouswetlands are located on theAubrac
plateau and help to make this region an area of great ecological value.
Many floristic and faunal glacial relict species such as Vipera berus and
Notaris aethiops (Coleoptera, Curculionidae) still inhabit this region
today and their presence is interpreted as being related to extreme cli-
mate conditions (Nozeran, 1953). Because of frequent temperature in-
version episodes due to the superposition of a cold, heavy and
stagnant northern air mass with a warm, lighter and more mobile
southern current (Mediterranean influence), especially in winter
(Gachon, 1946), mean annual temperatures are 5 °C lower than any-
where else in France at comparable elevations. The modern average
temperatures of the warmest month are about 20–25 °C and −5–0 °C
for the coldest month (Météo France, 2003). Kessler and Chambraud
(1986) report for the Mende station (730 m) an average of 25 °C for
July maximum temperature. Using a lapse rate of 0.6 °C/100 m, a July
mean temperature of 22.6 °C can be extrapolated for our study site.
Rainfall mainly comes from the Atlantic Ocean and ranges between
1000 mm yr−1 on the plateau to 1400 mm yr−1 on the west-facing
upper ridges.

The major part of the Aubrac is located within the mountainous re-
gion near the ecotone between the forest and alpine zones. The poten-
tial natural vegetation is a mountain beech (Fagus sylvatica) forest,
which is still abundant to the west but mixed with Scots pine (Pinus
sylvestris) to the north-east. It is, however, reduced to small thickets
on most of the plateau due to human activities. The Aubrac plateau is
characterized by its open landscape with large meadows enclosed in-
side long walls made of basaltic stones and used for cattle breeding,
and heath dominated by Calluna vulgaris or Cytisus purgans.

Les Roustières peat bog (Fig. 1) lies within a glacial corrie of about
25 ha which was completely filled in during the Holocene (Beaulieu
et al., 1985). The peat bog is upstream of Les Roustières brook. La
Taphanel (975 m asl), studied by Ponel and Coope (1990), is located
100 km north of Les Roustières (1196 m).

3. Methods

3.1. Coring, radiocarbon dating, and age-depth model

Les Roustières peat bog was sampled with a Russian peat corer,
allowing ten successive core sections of 1-m long and 7-cm wide to be
obtained. A 10 m core profile was retrieved from the centre of the bog,
where the late-glacial deposits were known to be thickest (Beaulieu
et al., 1985).

Twenty-two sediment samples were dated using the conventional
radiocarbon method at the Poznan (Poland) and Gif sur Yvette
(France) Radiocarbon Laboratories (Table 1). The nature of the substra-
tum close to the lake ismainly basaltic and granitic (Ayral, 1928),which
minimizes the risk of contamination by carbonates and allows us to do
bulk dates. The dates were calibrated using the CLAM software
(Blaauw, 2010) associated with the statistical software R (version
3.0.1) (Core Team, 2012) and the non-marine (IntCal13) radiocarbon
calibration (Reimer et al., 2013). The dates are calculated at 2 standard
deviations. The age-depth model was developed using the smooth
spline method (spar = 0.3 and 10,000 iterations) between dated levels
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