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Abstract The main drivers of fire regimes in southern
Europe are climate, vegetation and land-use changes that
interact at different spatio-temporal scales. These complex
interplays between “natural” and anthropogenic forcings
hinder the identification of fire-climate linkages on the long
time scale. In this paper, we focused on the Last Glacial—-
Holocene transition, which is the last time Europe experi-
enced rapid warming of similar magnitude and rate of
change as predicted for the future, and with minimal
human impact (no agricultural activities). We derived fire
activity from two neighbouring lacustrine macrocharcoal
records, Ech paleolake and Lake Lourdes, located 3 km
apart. To understand the effect of external forcings, we
reconstructed summer T° changes and vegetation dynamics
from two independent proxies. We then compared both
paleofire records with chironomid-inferred summer air
temperature reconstruction from Ech paleolake. We discuss
the role of vegetation type, structure and biomass avail-
ability using pollen analysis from Ech paleolake and
Lourdes. Fire activity is strongly modulated by summer T°
oscillations as shown by the highly contrasted responses
between the Oldest Dryas/Interstadial and Younger Dryas/
Holocene transitions. However, vegetation type and bio-
mass availability act as limiting factors: the slight increase
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in fire activity at the onset of the Interstadial is triggered by
a 7 °C summer T° increase but remains limited by low
availability of woody biomass in a steppe environment. On
the contrary, the onset of the Holocene is characterised by a
2 °C summer T° increase and an unprecedented increase in
fire activity, conditioned by the establishment of dense
deciduous forests.

Keywords Fire - Charcoal - Late-Glacial -
High-amplitude climate change - Pyrenees

Introduction

Among the potential effects of global climate change, the
increase in wildfire intensity and frequency has been
pointed out as a major environmental threat (IPCC,
Schneider et al. 2007). In southern Europe and western
USA, area burned, fire severity and event frequency are
already being impacted by global warming through
increased drought (Pausas and Fernandez-Munoz 2012)
and earlier onset of spring (Westerling et al. 2006). In
Mediterranean Europe, increased summer temperatures are
expected to lengthen fire season (Giannakopoulos et al.
2009). However, climate and fire are not linearly linked as
other interacting drivers (e.g. vegetation and/or land use
changes) may interfere at annual (Zumbrunnen et al. 2011)
to centennial and millennial scales (Higuera et al. 2009;
Rius et al. 2011). This combination of multiple factors also
accounts for a non-spatially uniform response of fire
regimes to global warming (Flannigan et al. 2009).
Despite modelling efforts that increasingly use palaeo-
fire data (Bergeron et al. 2010; Pechony and Shindell 2010)
to evaluate the outputs of future fire scenarios, the response
of fire regimes to rapid and high amplitude climate
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changes, both past and present, has received little attention
(Krawchuk et al. 2009; Marlon et al. 2009), in particular in
temperate Europe. Palacoecological fire studies can sup-
plement monitored data (meteorological and fire databases)
that are rarely available for before the 20th century, to
identify regional fire-climate linkages at centennial to
millennial scales (Swetnam et al. 1999).

During the Last Glacial to the early Holocene
(20,000-10,000 cal. B.r.), Western Europe experienced
major millennial-scale temperature changes and short-
lived, high amplitude climate reversals (Walker 1995) as
well as changes in seasonality (Wagner-Cremer and Lotter
2011). This period is the last time that Europe experienced
rapid warming of similar magnitude and rate of change as
predicted for the future. These climate variations triggered
rapid vegetation changes in terms of structure, composition
and distribution (Reille and Andrieu 1995; Jalut et al.
2010). Moreover, the human mode of subsistence at that
time in southern Europe, i.e. hunting-gathering, implies
minimal impact on the environment, and at least no
detectable manipulation of fire for ecosystem management
(Daniau et al. 2010). This period is thus particularly suit-
able for assessing the possible linkages between fire, cli-
mate and vegetation.

Palaeoecological studies dedicated to fire-climate rela-
tionships in Europe are increasingly numerous but few
encompass the whole Late-Glacial period (e.g. Clark et al.
1989; Kaltenrieder et al. 2010) and are not dedicated to
fire-climate linkages during this period. The present study,
specifically focusing on Late-Glacial fire regimes, is a first
attempt to investigate the response of fire activity to suc-
cessive temperature oscillations, vegetation structure, and
biomass (i.e. fuel) changes in South-western Europe.

In this paper, we derived Late-Glacial fire activity from
two neighbouring lacustrine macrocharcoal records, Ech
palaeolake and Lake Lourdes, located 3 km apart. To
understand the effect of external forcings, we reconstructed
summer T° changes and vegetation dynamics from two
independent proxies (chironomids and pollen, respec-
tively). We then compared both palaeofire records with a
chironomid-inferred summer air temperature reconstruc-
tion from Ech palacolake (Millet et al. 2012). Given the
current fire season in the Pyrenees, i.e. an anthropogenic
one linked to pasture management in winter and a natural
one in summer (July and August, Rius et al. 2011), a proxy
for summer temperature was needed. We also discuss the
role of vegetation type, structure and biomass availability
using pollen analysis from Ech palaeolake and Lourdes
(Reille and Andrieu 1995).

The main objectives of the paper are:

(i) To assess biomass burning response to high-ampli-
tude, short-lived climate oscillations, both warming
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(e.g. the onset of the Late-Glacial Interstadial and the
Younger Dryas—Holocene transition) and cooling (e.g.
Interstadial cold reversals);

(ii) To assess the response of fire activity to millennial-
long climatic patterns (e.g. the gradual cooling of the
Interstadial and the Younger Dryas cold reversal);

(iii)) To discuss biomass availability as a limiting factor—

are Late-Glacial fire regimes fuel-limited (i.e. pri-
marily controlled by vegetation change) or drought-
driven?

Study area

The mountain chain of the Pyrenees stretches from the
Atlantic Ocean to the Mediterranean Sea (Fig. 1). This
intermediate geographical position implies the existence of a
strong W-E climatic and ecological gradient throughout the
chain from the Atlantic climate prevailing in the western part
to the Mediterranean climate in the eastern zone. Both study
sites are located in the central part of the chain, in the vicinity
of Lourdes (43°3'53"N, 0°02'44"W).

This area is characterised by a mountainous oceanic
climate with a mean annual precipitation of 1,200 mm. The
mean annual T° is 12.5 °C (Mean summer T° = 19 and
mean winter T° = 6 °C, meteorological data monitored at
Lourdes between 1931 and 2006). The regional vegetation
consists of Atlantic-type oak forest mainly dominated by
Quercus (Q. robur and Q. pyrenaica) with Corylus and
Betula. The north-facing slopes (up to 900 m a.s.l.) are
covered by a mixed beech-oak forest (Fagus sylvatica),
which is the dominant vegetation type of the bioclimatic
hill stage in the area.

Ech palaeolake (710 m a.s.l.) is now a 5.3 ha peat bog
(200 m wide and 280 m long) with a 100 ha catchment.
Formerly it was a small glacial lake, located on a plateau
dammed by a recessional moraine to the south and by a
200 m high south-facing calcareous slope to the north.

Lake Lourdes (430 m a.s.l.) is 44.8 ha in area (1 km
long, 500 m wide) and is located in a small perched
watershed (274 ha). There is no inlet feeding the lake, and
a small outlet at its eastern shore.

Materials and methods
Coring and lithology
Ech palaeolake was cored with a Russian peat sampler

(10 cm in diameter) and 10 overlapping 1 m-long sections
were retrieved from two boreholes at the centre of the



Veget Hist Archaeobot (2014) 23:729-742

731

Fig. 1 Location of the study

area in the Pyrenees (upper
panel), location of the study
sites in the Lourdes basin on a
digital elevation model (lower
left panel) and bathymetry of
Lake Lourdes with the coring
point (lower right panel). The
coordinate system of the
location map and the
bathymetry is WGS 84, while
the elevation model has a metric
scale

Ech
paleolakel
1788000
1786000 /

400000 402000

raised bog. Lake Lourdes was cored with an Uwitec gravity
corer (6.3 cm in diameter) and 10 overlapping 3 m-long
sections were retrieved from 3 boreholes at the deepest part
of the lake (Fig. 1).

Composite cores of 5 m (Ech palaeolake) and 9 m (Lake
Lourdes) were built from magnetic susceptibility and
gamma density profiles acquired at high resolution (5 mm
intervals) using a Geotek Multi-Sensor Core Logger.
Magnetic susceptibility and density are widely used prox-
ies to estimate detrital inputs.

For Ech palaeolake, the lithological profile is typical of a
lake progressively filled up by sediment and the subsequent
development of a peat bog. Along the core, peat accumu-
lation begins at 330 cm below the surface, overlying
lacustrine deposits consisting of silt, clay and coarse
organic remains in varying proportions.

The sediment profile from Lake Lourdes is typical of
shallow and organic lakes, with a 7.7 m-thick accumula-
tion of brown organic gyttja, overlying silty deposits with
organic remains in varying proportions.

Lake Lourdes bathymetry
and coring point

F43.11

43.108

F43.106

Chronology

The chronology for this study is derived from a set of 13
AMS radiocarbon dates (Table 1). In Ech palaeolake 2
samples of terrestrial material and 5 samples of bulk sed-
iment (7 in all) were AMS-dated. In Lake Lourdes, 6 dates
were performed on charcoal and terrestrial macro-remains.
These 13 AMS dates were calibrated to years before
present (cal B.p.) with Calib 6.0.1 using the Intcal09 cali-
bration curve (Reimer et al. 2009).

The chronology of Ech palacolake has already been
discussed by Millet et al. (2012). It was constrained with
two palynostratigraphic estimated ages (Table 1; Fig. 2).
Four of the 7 dates were found to be too old in reference to
the regional palynostratigraphy, and were then not used to
model depth-age relationship.

A robust and reproducible procedure of depth-age
modelling was needed to ensure a reliable comparison
between the two sedimentary records. In particular, confi-
dence intervals for estimated ages were a prerequisite.
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Table 1 AMS-radiocarbon

dates and material dated Depth (cm) Lab. code Material 4c age gzrllléea%;icj -
Ech palaeolake
329.5 Poz-23141 Bulk (peat) 7,340 + 50 8,020-8,300
380.5 Poz-27285 Bulk 9,890 + 50 11,200-11,600
390.5% Poz-25657 Bulk 11,960 £ 60 13,660-13,990
390.5% Poz-33632 Charcoal 11,280 £ 110 12,895-13,380
406.5* Poz-33631 Charcoal 12,730 £+ 80 14,635-15,575
420.5* Poz-25658 Bulk 12,990 + 70 15,120-16,300
454.5 Poz-25737 Bulk 160 17,165-18,430
Lake Lourdes
707.5 Poz-27943 Charcoal 9,060 + 100 9,910-10,500
746.5 Poz-42333 Wood, leaves 9,950 £+ 70 11,230-11,705
762.5 Poz-42335 Wood, leaves 10,080 £ 120 11,260-12,050
779.5 Poz-27944 Charcoal 11,330 £ 80 13,085-13,385
787.5 Poz-42334 Wood, leaves 11,850 & 80 13,460-13,870
* Rejected dates, see text for 815.5 Poz-42336 Wood, leaves 16,430 + 230 18,960-19,140
explanations
Ech palaeolake pge (cal 2 87) accomlmton ate Lake Lourdes Age (cal. 2 B7) accomlaton ate

(yrem™)

18000 16000 14000 12000 10000 8000 60 100 140 180
! ! ! ! ! ! ! 1 1

4 calibrated radiocarbon date
3404 = -0- age estimated from the palynostratigraphy
% rejected dates

360 -

380 -

Depth (cm)

IS
S
8
1
T

420 -

[ Peat
= sit
I Clay

440 -

Coarse organic remains

Fig. 2 Lithology, depth-age model and sediment accumulation rate
details on the building of chronologies

Therefore, the depth-age model of Ech palaeolake was re-
drawn from Millet et al. (2012) using CLAM (Blaauw
2010), with the same modelling method (i.e. linear inter-
polation) in order to derive the same chronology.

The depth-age model for Lake Lourdes was built using
the same method, as non-linear methods (such as cubic
spline or polynomial regression) failed to model the rapid
sedimentation changes of the Late-Glacial to the early
Holocene.

Organic matter analyses

Loss-On-Ignition (LOI) was performed on Ech palaeolake
wet samples taken contiguously at 1 cm intervals between

@ Springer

Depth (cm)

(yrem™)
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720+

740
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780

800

(year cm™") of Ech palaeolake and Lake Lourdes. See Sect. 3 for more

369 and 422 cm and at 3-7 cm intervals down to 476 cm.
1.5-4 g (constant volume) of wet sediment was dried at
105 °C overnight and then ignited at 550 °C for 4 h with
the weight loss measured after each stage, in order to
quantify the organic matter (OM) content (Heiri et al.
2001). LOI is expressed as a percentage of weight loss in
dried sediment.

Total organic nitrogen and carbon concentrations were
contiguously measured from Lake Lourdes with a Vario-
max CNS analyser (Elementar) using ~200 mg of dried
material from 2 cm-thick samples taken between 710 and
814 cm. CaCO; measurements performed with a Bernard
calcimeter revealed a carbonate content <1 %. Therefore
sedimentary carbon is assumed to be organic (C,, Fig. 4).
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The Carbon:Nitrogen ratio (C:N) is widely used to assess
the abundance of terrestrial and aquatic components of OM
(Meyers and Ishiwatari 1993).

Pollen analyses

Pollen analyses were performed on the Ech paleolake
record. The whole sediment profile was sampled at 5 cm
intervals (30 samples for the Late-Glacial part). Some
additional levels (3 samples) were analysed between 380
and 390 cm within a sediment unit corresponding to the
Younger Dryas. Standard methods involving NaOH
(10 %), HC1, HF (30 %) and acetolyis treatment (5 min)
were applied for pollen preparation. The pollen preserva-
tion was good and concentrations were always sufficient to
count over 450 terrestrial pollen grains per slide. Pollen
percentages are based on the pollen sum of arboreal (AP)
and non-arboreal (NAP) pollen grains, excluding Alnus,
Cyperaceae, aquatic taxa and fern spores.

For Lake Lourdes we relied on Reille and Andrieu
(1995) pollen analyses performed in the peat bog at the
western shore of the lake.

Chironomid analysis and summer temperature
inference

Chironomids were analysed in the Ech palaeolake record in
52 samples of 1 cm thickness, contiguously between 382 and
421 cm and at 3-7 cm intervals within sections 421-476
and 370-382 cm. Head capsules were extracted from the
sediment following the procedure described by Walker
(2001). Chironomid-inferred July air temperatures were
reconstructed using the chironomid-temperature transfer-
function described by Heiri et al. (2011). This transfer-
function is based on a modern calibration dataset from the
Alpine and Norwegian region and Weighted Averaging-
Partial Least-Squares regression (WA-PLS; Ter Braak and
Juggins 1993).

Further detailed methods of both chironomid analysis
and chironomid-inferred July air temperatures of Ech pal-
aeolake can be found in Millet et al. (2012).

Charcoal analysis and changepoint approach

At both Ech palaeolake and Lake Lourdes, contiguous
2.6 cm® samples were retrieved using a cut needleless
syringe at every cm of the core. The samples were soaked
in a 10 % NaOH solution for 24 h to disaggregate organic
silts, then in a 6 % H,0O, solution for the same time to
bleach the remaining non-charcoal organic material and
thus make charcoal identification easier (Rhodes 1998).
Charred particles were isolated using wet sieving with a
150 um mesh. Charcoal Area Concentration (CHAC,

mm? cm ) of charcoal particles was estimated under a
binocular microscope at 50x magnification with a reticule
grid of 10 x 10 squares of 62.5 x 10~° mm?” each. Char-
coal concentration was expressed as Charcoal Accumula-
tion Rate (CHAR, mm? cm 2 year_l) based on the
sediment accumulation rate (year cm ™).

The mean sediment accumulation rate (75 and
90 year cm~' for Ech palacolake and Lake Lourdes
respectively) precludes the decomposition of charcoal
records for fire frequency calculation (Higuera et al. 2009).
Each centimetric sample may aggregate several distinct local
fire events or may contain charcoal secondary deposited
from a previous fire (Whitlock and Millspaugh 1996). We
thus needed an alternative means of checking if significant
changes occur in fire activity (i.e. in the distribution of
CHAR), with respect to climate and vegetation change.
Usual methods include non-parametric tests such as Mann—
Whitney (Rius etal. 2011). In this case, the boundaries of the
chronological periods to be tested against each other have to
be arbitrarily pre-determined. We thus chose to apply a
changepoint approach which enables the detection of sig-
nificant changepoints in time where observations follow one
distribution up to that point and follow another one subse-
quently (Pezzatti et al. 2013). Among different detection
methods, we chose to check both Ech and Lourdes charcoal
records for significant changepoints in mean and variance.
These were computed using the “changepoint package”
(Killick and Eckley 2011) under the R open-source statistical
environment (R Development Core Team 2011).

The aim is to detect the major changepoints for each record
and check if they chronologically match the three major cli-
mate and vegetation changes of the 20,000-10,000 cal. B.P.
interval; (1) the Oldest Dryas—Late-Glacial transition, (2) the
Younger Dryas and (3) the onset of the Holocene (Millet et al.
2012). We also used the method as a means of chronological
control between the two records—for each detected change-
point there are n-possible estimated ages from n-iterations of
the depth-age model (1,000 by default in CLAM). We com-
puted a probability density function of these n-possible esti-
mated ages at each changepoint. It was then possible to
determine the probability that the two changepoints fell in the
same time slice, i.e. if the response of fire activity to external
forcing (climate and vegetation changes) occurred simulta-
neously in both records.

Results and interpretation
Climate and vegetation changes
The Ech palaeolake chironomid-inferred summer air tem-

perature fits with other European temperature reconstruc-
tions as well as with the NGRIP 3'%0 (Millet et al. 2012).
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Fig. 3 Global palaeoclimate gi
data (NGRIP §'%0, 50 years,
Lowe et al. 2008), local summer
temperature (Chironomid
inferred, Millet et al. 2012), and
simplified percentage pollen
diagram from Ech palaeolake

and local pal:

Vegetation history

NGRIP 5'%0 (% SMOW)

44 42 40 38 36

Pinus Juniperus Betula Quercus Corylus AP Poaceae Artemisia

10 30010 30 010 30 10 30 10 30 500 20 40 60 8 010 30 50 10 30

[ L1411 IL LIl 10000
- 10500
+ 11000

+ 11500
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- 14500
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- 15000

I 15500

(dg e |ed) aby

+ 16000

- 16500

- 17000

- 17500
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Ech July air temperature (°C)

Consequently, we used these temperatures to define the
local Late-Glacial climate event chronology (plotted in
Figs. 3, 4, 5 and 6).

The Ech pollen record is typical for the Last Glacial to

early Holocene vegetation succession in the Lourdes basin
and in the Pyrenees (Reille and Andrieu 1995; Jalut et al.
2010).

Therefore, local climate and vegetation changes from

the Last Glacial to the Holocene can be described as fol-
lows (Fig. 3):

From 20,000 to 14,700 cal. B.P., i.e. the Late Plenigla-
cial and the Oldest Dryas, climate variability was low,
with transient summer temperature variations between
10 and 13 and an average of 11.7 °C. Pollen percent-
ages were strongly dominated by Poaceae (40-50 %)
and Artemisia (15-25 %, Fig. 3), while the first rise of
Arboreal Pollen percentages (hereafter referred to as
AP) ca. 17,700 cal. B.p. is mainly due to an increase in
Juniperus percentages. These vegetation patterns are
consistent with steppe-dominated vegetation recon-
structed in the Pyrenees before the onset of the Bglling
(14,700 cal. B.p., Jalut et al. 1992). Woody biomass is
thus almost non-existent as Pinus percentages (<10 %)
and isolated occurrences of Betula and Quercus
probably reflect long-distance transport from refugium
areas (Jalut et al. 1992).

At the Oldest Dryas—Late-glacial Interstadial transition
(ca. 15,000-14,700 cal. B.p.), summer temperatures
abruptly increased, from ca. 11 to 16 °C (Fig. 3).
Internal climate variability was relatively high through-
out the Interstadial (14,700-12,700 cal. B.p.). First,
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temperature continued to increase and reached
17/18 °C between ca. 14,200-14,000 cal. B.p. Then
the following period was characterised by a gradual
cooling pattern (ca. —1 °C on average) interrupted by 3
short-lived cold events of 1.5 °C magnitude ca. 13,900,
13,600 and 13,100 cal. B.p. (Fig. 3). As suggested by
Millet et al. (2012), these cold events may respectively
correspond to the GI-1d, GI-lc and GI-1b in the
Greenland event stratigraphy (Lowe et al. 2008).
Pollen assemblages were marked by an increase of
Betula (up to 15 %) and a converse drop of Juniperus
and Artemisia (Fig. 3) ca. 14,700 cal. B.p. The decrease
of Poaceae was delayed to ca. 14,000 cal. B.p. while
Pinus percentages increased (up to 25 %). AP %
progressively rose from 20 % ca. 14,700 to 50 % ca.
12,700 cal. B.p. These changes in pollen assemblages
can be related to the development of birch-dominated
wooded steppe communities during the Bglling and to
Pinus establishment at the onset of the Allergd in the
area (Jalut et al. 1992).

At the Late-Glacial Interstadial-Younger Dryas transi-
tion (12,700 cal. B.p.) summer temperature suddenly
shifted from ca. 16.8 °C to values ranging from 14.8 to
15.6 °C (mean = 15.2 °C) during the Younger Dryas.
AP decreased to 25 % (Fig. 3). Woody taxa (Pinus and
Betula) decreased by 10 % while Juniperus, Artemisia
and Poaceae rose. This shift to steppe communities is
the signature of the Younger Dryas at the regional scale
(Aubert et al. 2004; Jalut et al. 1992; Reille and
Andrieu 1995).The progressive increase of summer
temperature during the second half of the Younger
Dryas (from ca. 12,000 cal. B.p.) was accompanied by
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the reverse vegetation trend (Fig. 3) with a slight
increase of Quercus percentages, which marks the
beginning of the establishment of oak-birch hardwood
forests.

— Finally, the onset of the Holocene (11,700 cal. B.p.)
was characterised by increasing summer temperature
reaching ca. 17 °C, i.e. less than the 19 °C current
value. The Ech palaeolake temperature record does
not extend beyond ca. 10,700 cal. B.p., but its good
correspondence with the NGRIP (Fig. 3) permits the
assumption of increasing summer temperature
throughout the early Holocene (11,700-10,000 cal.
B.P.) in the area. This warming trend has already been
highlighted from vegetation (Reille and Andrieu 1995;
Jalut et al. 1992) and fire history (Rius et al. 2011).
During this period, vegetation succession was charac-
terised by an increase of Quercus percentages (up to
40 %), followed by an abrupt rise of Corylus (>50 %)
while Betula, Pinus and Poaceae decreased. The
successive establishment of oak and hazel is typical
for the onset of the Holocene at the local (Reille and
Andrieu 1995) and southern Europe scales (Finsinger
et al. 2006). Oak-hazel forests were then dominant
with AP percentages increasing from 55 % ca. 17,000
to 90 % ca. 10,000 cal. B.P.

Fig. 4 Left-hand panels: OM
(LOI 550 °C, %), Gamma
density and Magnetic
susceptibility (dashed line) from

Organic matter
(LOI 550, %)

Ech palaeolake

—— Gamma density
(gom?)

5 25 45 65 1.0 1.2

Lithology, geophysics measurements and organic
matter analyses

The Ech palaeolake record was characterised by a suc-
cession of 6 clearly distinct sediment units (Millet et al.
2012 and Fig. 2):

Inorganic proglacial blue clay (500—485 cm);
Light grey silty-clay (485-450 cm);
Grey-brown silt (450-420 cm);

Brown organic silt (420-387 cm);

A thin layer of grey silty clay (387-383 cm);
Dark-brown silt (383-360 cm).

The Lake Lourdes record shows less contrasting chan-
ges in lithofacies (Fig. 2) and cannot be depicted with
clearly distinct sediment units. The sediment accumulation
was characterised by brown organic gyttja (707-772 cm
upwards) and grey-brown silts (772-815 cm).

Geophysics measurements (magnetic susceptibility,
hereafter denoted MS, and gamma density) and OM anal-
yses give evidence of comparable results between sites
(Fig. 4) that can be described as follows:

— The Late Pleniglacial and the Oldest Dryas
(20,000-14,700 cal. B.r.) were characterised in both

Lake Lourdes

Climate Corg ——Gamma density
phases (%) (g cm?)
14 16 3 8 13 18 1.20 1.30 1.40

1 ! 1 1 1 1 1 1 L 1000C

10000 - L L LA
Ech palaeolake. Right-hand ;
. 10500 — ~ 1050C
panels: organic carbon (Cy,, %), Early
: . 4 Holl =
Carbon/Nitrogen ratio (dashed 11000 olocene Tooc
line), Gamma density and 11500 | [ 1150C
Magnetic susceptibility (dashed 12000 | Younger I 1200¢
line) from Lake Lourdes. The 12500 | Dryas L 12500
sediment data for both lakes are
X ) 13000 o I 1300¢
plotted against the regional
li t t chr 1 13500 — Lateglacial  1350C
climate event chronology interstadial
(mlddle panel) 14000 — — 1400C
14500 |- 14500
15000 — ~ 1500C
15500 — — 1550C
16000 —{ Oldest I 1600C
Dryas
16500 — i ~ 1650C
17000 — f~ 1700C
17500 — | — 1750C
18000 — p — 1800C
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lakes by high but decreasing values of MS and density
and on the other hand by progressively increasing
content of OM. Although the C:N ratio (Fig.4)
globally indicates that the whole record was dominated
by OM of lacustrine origin (values between 8 and 13),
the contribution of terrestrial OM slightly increased in
Lake Lourdes during this phase.

— The Late-Glacial Interstadial (14,700-12,700 cal. B.p.)
was characterised by a stabilization (Ech) or decrease
before stabilization (Lourdes) in MS and density while
OM content and C:N ratio increased.

— The Younger Dryas (12,700-11,700 cal. B.p., Fig. 4)
shows a decrease in OM content and in terrestrial OM
contribution while MS and density globally increased.
This increase was less marked in Lake Lourdes.

— The beginning of the Holocene was characterised by an
increase of OM content and C:N ratio to their highest
values while both MS and density measurements
decreased.

Charcoal accumulation rates and fire history

Figure 5 presents the charcoal data from Ech palaeolake
and Lake Lourdes.

CHAR values ranged from 0 to 0.8 (mean = 0.15) for
Ech palacolake and from 0 to 3.9 mm? cm 2 year '
(mean = 0.85) for Lake Lourdes. Correlation between
charcoal counts and area was high, with an r* of 0.94 and
0.96 (p < 0.05) for Ech and Lourdes records respectively.

Due to rapid sedimentation change, Ech best documents
the Late-Glacial Interstadial, while the Younger Dryas and
the early Holocene are better resolved within the Lake
Lourdes record.

The charcoal-derived fire activity of both sites could be
summarized as follows:

— From 20,000 to 14,700 cal. B.p., i.e. the Late Plenigla-
cial and the Oldest Dryas, CHAR was nil (Fig. 5) and
there was no detectable fire activity

— At the Oldest Dryas—Late-Glacial transition (ca.
15,000-14,700 cal. B.r.), an increase in CHAR was
recorded at both sites. In Ech palaecolake, CHAR
exhibited a progressive increase until 13,400 cal. B.p.
interrupted by transient decreases ca. 13,900-13,750 and
13,700-13,400 cal. B.p. Despite a peak ca. 13,300 cal.
B.P. (Fig. 5), CHAR values shows a progressive decrease
from 13,400 cal. B.p. onwards with a marked low phase
between 13,300 and 13,000 cal. B.p. At Lake Lourdes,
CHAR progressively increased from 14,700 to
13,600 cal. B.p., remaining at low values with no internal
variability in a phase where the sediment accumulation
rate was the highest (200 years cm™") of the record. A
steady high phase was recorded between 13,600 and
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13,300 cal. B.p., followed by a marked low phase
between 13,300 and 12,900 cal. B.p.

— The end of the Late-Glacial Interstadial was character-
ised by an increase of CHAR values between 13,100
and 12,700 cal. B.p. at Ech palaeolake and Lake
Lourdes. This increase was then followed by a marked
decrease and steady low values, comparable to those of
the Oldest Dryas, until 12,000 and 11,800 cal. B.p. for
Ech and Lourdes respectively (Fig. 5). The Younger
Dryas millennial-long cold reversal is thus character-
ised by a drop in recorded fire activity followed by an
increase during its second half (Ech palaeolake) or at
the transition with the Holocene (Lake Lourdes).

— At the end of the Younger Dryas, both sites recorded
abrupt and high amplitude increases in CHAR values. In
Ech palaeolake there was a two-step increase (ca. 12,000
and 11,250 cal. B.p.) that corresponds to an abrupt change
in modelled sediment accumulation rate (from 185 to
60 years cm ™ '; Figs. 2, 5). Lake Lourdes shows a one-
step increase from 11,800 to 11,400 cal. B.p., where
CHAR reached its highest values of the record and of the
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Fig. 5 Bar plots of Charcoal Accumulation Rate (CHAR, mm?* cm ™2

year’l) from Ech palaeolake and Lake Lourdes (top and bottom
panels, respectively). The width of the bars corresponds to the time
span of each analysed sample. Significant changepoints are plotted
(vertical dotted lines) with their chronological uncertainties (bold
grey lines, see Sect. 3 for details)
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whole Holocene (Rius et al. 2011). In Ech palaeolake, the
early-Holocene (until 10,000 cal. B.p.) is then character-
ised by a progressive increase in CHAR peaking ca
10,500 cal. B.p., followed by a decrease (Fig. 5) even if
values remained higher compared to the Interstadial and
the Younger Dryas. In Lake Lourdes, CHAR values
abruptly decreased from 11,500 to 11,000 cal. B.p. and
rose again from this point.

Significant changepoints in mean and variance of CHAR
(Fig. 5) were detected at 14,850 (£185), 11,250 (£150) and
10,700 (£125) cal. B.p. for Ech palaeolake, and at 14,700
(£205), 11,700 (£350) and 11,300 (£215) cal. B.p. for Lake
Lourdes. The onset of the Interstadial was detected ca.
14,700 cal. B.p. as probability of both changepoints totally
overlaps (Fig. 5). The Younger Dryas—Holocene transition
was detected as a significant changepoint only in Lake
Lourdes whereas in Ech palaeolake only the second part of
the two-step increase in CHAR was detected (ca. 11,200 cal.
B.p.). Finally, the method failed to detect any significant
changepoint at the Interstadial-Younger Dryas transition in
both records.

Discussion
Chronology of Late-Glacial climate events

The reliability of the Ech palaeolake record chronology has
already been discussed and assessed with respect to AMS
dates, sediment properties, regional pollen stratigraphy and
temperature reconstruction (Millet et al. 2012). However, the
accuracy of the Lake Lourdes chronology as a Late-Glacial
environmental archive is not established yet, even if the
neighbouring peat bogs show consistent vegetation patterns
with Ech (Table 2; Reille and Andrieu 1995). As we do not
have direct pollen analyses from the Lake Lourdes record,
we rely on sediment properties (OM analyses and geophysics
measurements) of both sites to discuss the Late-Glacial cli-
mate events chronology (Table 2).

First, the sediment response to climate events (Fig. 4) is
clearly visible in the Ech palaeolake record. OM content and
detrital inputs (MS and density) are anti-correlated and show
cold periods to be characterised by high detrital inputs and
low OM content (Oldest and Younger Dryas) with the con-
verse pattern for warmer phases (Interstadial and early
Holocene). This response also depends on the vegetation and
in particular on the development of woody stands, which
partly conditions pedogenesis, stabilizes soils and reduces
detrital input (Zolitschka 1998; Vanniere et al. 2004; Magny
et al. 2006a). This relationship is highlighted by the corre-
lation between AP and OM % in the Ech record (Fig. 4).
Such an anti-correlation pattern is also detectable in Lake

Table 2 Major vegetation changes and related lithological changes in the Lourdes basin during the Late-Glacial period

Lithological change

Vegetation change

Climate event chronology

Lake

Ech palaeolake

Regional palynostratigraphy

Lourdes peat bog

Ech palaeolake

Lourdes

Development of wooded steppe (decrease Increase of OM % and of terrestrial OM

Development of wooded Development of steppe vegetation
of Juniperus, increase of Betula)

Oldest Dryas—Late-Glacial

(pedogenesis)

(Juniperus)

steppe (decrease of

Interstadial transition

Juniperus, increase of

Betula)
Development of steppe vegetation (decrease of Betula and Pinus, increase of Artemisia)

Increased erosion with detrital inputs (decrease

Late-Glacial Interstadial—

of OM % increase of magnetic Susceptibility)

Younger Dryas transition

Increase of OM % decrease in

Development of deciduous forests (increase of Quercus and Corylus in a second step

Younger Dryas—Holocene

detrital inputs (pedogenesis)
This study; Millet et al. (2012)

transition

Jalut et al. (1992, 2010); Gonzalez-

This study Reille and Andrieu (1995)

References

Samperiz et al. (2006); Allen et al.

(1996); Muioz-Sobrino et al. (2007)
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Lourdes, but with a less marked detrital response to climate
and vegetation changes (Fig. 4), particularly for the Younger
Dryas. This difference may be explained by the lake/water-
shed area ratio: Ech palaeolake was small (ca. 5 ha) with a
steeply sloping watershed of ca 100 ha while Lake Lourdes
is a large lake (44.8 ha) with a small gently sloping water-
shed (274 ha). The Lake Lourdes watershed thus has small
amounts of erodible material (both terrestrial OM and
detrital) that can less easily be mobilized by gravity. Given
the size of the lake it may explain why the detrital/OM
response to climate and vegetation changes is diluted and
less perceptible. It may also explain the abrupt sediment
response in Ech palaeolake to the onset of the Holocene, and
the progressive response in Lake Lourdes (Fig. 4). However,
the good consistency of this millennial-long pattern in sed-
iment response between both sites supports the overall reli-
ability of Lake Lourdes chronology (Fig. 2).

It is thus possible to compare fire activity between sites
and to discuss the response of fire regime to climate and
vegetation changes at the millennial scale. The onset of the
Late-Glacial Interstadial occurred simultaneously in both
records as emphasised by the changepoints approach
(Figs. 5, 6). GI-1b and the onset of the Younger Dryas are
also simultaneously recorded in fire activity (Fig. 5), even
if these are not highlighted as a significant change in
charcoal accumulation (Fig. 5). The other changepoints are
located at the beginning or within the first millennium of
the Holocene, and are partly overlapping, with respect to
changepoint no. 2 (Fig. 5). The two-step increase in CHAR
in Ech paleolake explains why changepoint no. 2 is
detected ca. 11,250 cal. B.p., while at Lake Lourdes it is at
11,700 cal. B.p. matching the onset of the Holocene in the
area (Jalut et al. 1992; Millet et al. 2012; Rius et al. 2012).
However, changepoints highlight the overall good consis-
tency of fire history between the two records and establish
the beginning of the Interstadial and the early Holocene as
key phases for fire regimes in the area.

Finally, the potential influence of sedimentary dynamics
on charcoal accumulation, i.e. transport of secondary
charred particles by runoff and/or erosion (Whitlock and
Millspaugh 1996) can be partly ruled out. Indeed, the
period with highest detrital inputs (OD and YD, Fig. 6) did
not lead to increased CHAR.

Last Glacial to early Holocene fire-climate linkages
and effects of change in vegetation type

Late Pleniglacial and Oldest Dryas (>14,700 cal. B.p.)
The absence of fire activity during this period can be
explained by low summer temperature (11.7 °C in average)

which prevents the development of woody vegetation. Low
summer temperatures, with probably longer-than-today

@ Springer

snow periods combined with steppe vegetation probably
resulted in discontinuous and wet material that totally
prevented fire ignition and spread (Briles et al. 2012).
However, the absence of any charcoal accumulation also
underlines the crucial role of woody biomass as fuel.
Indeed, other studies from Europe and elsewhere for that
time period shows that low fire activity can be sustained by
woody biomass e.g. with 20 % of Quercus in a refugium
area (Kaltenrieder et al. 2010) or with Pinus at 20 % in a
high montane area (Briles et al. 2012).

Late-Glacial Interstadial (14,700-12,700 cal. B.pr.)

Synchronous slight increases in fire activity are recorded
ca. 14,700 cal. B.r. in both sites.

Abrupt summer temperature change (7 °C) and local
vegetation that shifted from steppe to Betula-wooded
steppe are both more favourable to fire occurrences than
the conditions of the previous period. Warmer summer,
probably combined with modified seasonality with earlier
spring onset (Wagner-Cremer and Lotter 2011) may have
led to earlier snowmelt. These conditions are known to
lengthen the fire season and increase fire frequency in
contemporary environments (Westerling et al. 2006).

This enhanced fire activity from 14,700 cal. B.p.
onwards is typical of the onset of the Late-Glacial inter-
stadial at both global and continental scales (Power et al.
2008; Marlon et al. 2009). Fire regimes in the Pyrenees
also follow the regional trend inferred from marine cores
(Daniau et al. 2009) that emphasised this highly contrasted
response between Stadials and Interstadials.

However, in contrast to the amplitude of climate change,
the response of the fire regime in the area remains limited
as underlined by CHAR values that remain far below the
Holocene levels (Fig. 6). The progressive increase in fire
activity until ca. 13,500 cal. B.p. corresponds to increasing
summer T° (Fig. 6) but there is no correspondence between
the gradual cooling trend during the Interstadial and fire
activity. This temperature pattern is attenuated at the local
scale (—1 °C) compared to Greenland (Lowe et al. 2008).
Therefore, this decrease in summer T° is too weak to
trigger a negative response in fire activity which appears
tied to vegetation dynamics, i.e. the increasing importance
of birch and more particularly that of pine in local vege-
tation (Fig. 3). This highly flammable, fire-adapted taxon
(Higuera et al. 2009) probably promoted higher landscape
flammability.

The three cold reversals of the Interstadial (GI-1d, ¢ and
b) are recorded in summer T° inference (Fig. 6) but were
not detected in the % pollen record (Fig. 3). The sensi-
tivity of fire regime to such short-lived and low amplitude
(1.5 °C) cold oscillations is difficult to assess, in particular
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Lake Lourdes, black arrows indicate the main changepoints), plotted
against local summer temperature inference (Millet et al. 2012) and
global palaeoclimate record (NGRIP 3'%0, 50 years, Lowe et al.
2008)

when records have a multi-decadal resolution (Figs. 2, 5).
The difference in temporal resolution may also explain
why these short-lived cold events are better recorded in the
Ech paleolake than in the Lake Lourdes record. In fact,
none are detected as significant changepoints in charcoal
accumulation (Fig. 5). The slight drop in fire activity ca.
13,800 cal. B.p. (Figs. 5, 6) cannot be related to the GI-1d
because it is a 2-sample drop recorded only in Ech palae-
olake. On the contrary, the cold event corresponding to GI-
1b (Fig. 6) is clearly evidenced by a fire activity decrease
in both records between 13,300 and 12,900 cal. B.p. This
negative response does not seem to depend on vegetation
changes that could reduce fuel availability since there are
no significant changes in dominant woody taxa (Pinus and
Betula, Figs. 3, 6).This decrease in fire activity may be
explained by the duration of this cold reversal, which is

long enough to trigger a perceptible response in fire regime
given the multi-decadal resolution of both records.

The last part of the Interstadial is characterised by a
short-lived warming (Fig. 3) with a corresponding increase
in fire activity (Fig. 6). Fire regime response to such a rapid
and low amplitude warming has been recorded in northern
America (Marlon et al. 2009) and in Europe (Van der
Hammen and Van Geel 2008). These studies hypothesized
that the rapid and abrupt cooling of the GI-1b triggered
increased mortality in woody stands that would have added
to the available fuel and facilitated an increase in fire in the
following warming phase. This hypothesis, as yet the most
likely, is difficult to demonstrate in our result for two
reasons. Firstly this mechanism should also trigger the
same response following the two other Interstadial cold
reversals (GI-1d and c, Fig. 6), which is obviously not the
case. Secondly, no decrease in woody stands can be
inferred from the pollen data (AP % are at their maximum
for the Interstadial). Therefore, without better-resolved
data it is difficult in the present study to assess fire-climate
linkages during this short warming phase.

Younger Dryas (12,700-11,700 cal. B.p.)

During the Younger Dryas, fire activity markedly
decreased during about a millennium, as shown by the
lowest CHAR levels of the record, comparable to those of
the very beginning of the Interstadial (Figs. 5, 6). Cool
summers (2 °C lower on average, Fig. 6) were probably
responsible for unfavourable conditions for fire ignition
and spread, but it also appears that fuel availability and
vegetation structure played a large role. Indeed, pollen
diagrams (both this study and Reille and Andrieu 1995)
indicate a shift to steppe-like communities. Such a shift
may have promoted less dense forests, providing spatial
discontinuity of combustible material. This interpretation is
supported by sedimentological proxies that show evidence
for higher erosion, probably due to scattered forest cover
and thus soil destabilization (Magny et al. 2006a).

The end of the Younger Dryas, which is characterised
by a warming (Fig. 6, Lotter et al. 1992; Heiri and Millet
2005), probably saw increased summer drought as has been
recorded elsewhere in southern Europe (Magny et al.
2006b). Combined with the recovery of woody stands,
these changes likely caused a longer fire season and
slightly increased fire activity as shown by the pre-Holo-
cene CHAR augmentation, which is less clearly recorded in
Lake Lourdes than in the Ech paleolake record (Figs. 5, 6).

Early Holocene (<11,700 cal. B.p.)

Fire regime change at the onset of the Holocene is the most
important of the whole record as highlighted by two out of
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three changepoints detected in each record within the first
millenium of the period (Fig. 6). CHAR reaches unprece-
dented level. Summer T° reaching 17 °C (Berger and Loutre
1991) may have also led to increased summer drought.
However, compared to the weak amplitude of increased fire
activity at the onset of the Interstadial, triggered by a 7 °C
summer T° increase, climate change alone cannot account
for this response of fire activity. These contrasting responses
clearly evidence that during the Late-Glacial, vegetation was
a limiting factor despite increasingly favourable climate
conditions. At the onset of the Holocene, summer T° were
not higher in average than during the Interstadial, but the
development of Oak-Hazel forests probably increased fuel
availability (Fig. 6). In other words, woody biomass may
have exceeded a threshold above which it no longer repre-
sented a limiting factor for fire ignition and spread. Com-
bined with increased drought and summer T°, the vegetation
provided dense continuous dry fuel in comparison with the
more scattered vegetation of the Late-Glacial. Although
deciduous forests (oak woodlands), are usually known to be
less flammable than coniferous forests or shrublands in
southern Europe (Fernandes et al. 2010), fire regimes were so
fuel-limited during the Late-Glacial that the rapid settlement
of oak in the northern Pyrenees may have actually increased
landscape flammability. The establishment of Corylus
woodlands (10,500 cal. B.p.) might also have played a role in
this enhanced fire activity. Frequent fires probably favoured
its rapid settlement (Finsinger et al. 2006) and palaeorecords
show it is a fire-enhanced taxon (Tinner et al. 2000). In
return, it might have promoted higher fire activity; in the
Pyrenees Corylus-dominated pollen assemblages are often
associated with high fire frequencies (Rius et al. 2009, 2011).
However, without further investigation it is impossible to
pinpoint the potential feedbacks between fire, climate and
this vegetation type, which has no present-day analogue
(Finsinger et al. 2006; Ralska-Jasiewiczowa et al. 2003).
Finally, if human influence has been discarded for the
Palaeolithic period (Daniau et al. 2010), one might point
that this early Holocene increase in fire activity is syn-
chronous with the commonly accepted transition from the
Paleolithic to the Mesolithic period ca. 11,700 cal. B.P.
(Valdeyron 2008). Several studies concluded that fire was
increasingly used by Mesolithic people for forest man-
agement (Mason 2000) and attracting game (Innes and
Blackford 2003). In the northern Pyrenees, the examination
of current paleoecological and archaeological data (Bahn
1984; Valdeyron 2008) shows that most Mesolithic sites
have radiocarbon dates more recent than ca. 10,500 cal.
B.P. (Barbaza and Lacombe 2005; Briois and Vacquer
2009), which does not match the fire regime transition.
Besides, little is known about Mesolithic demography, but
available studies point to a social re-organisation towards
smaller groups with a more individual subsistence strategy
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(Ghesquiere and Marchand 2010). Finally, this re-organi-
sation probably resulted in a more scattered environmental
impact (Valdeyron 2008). These three arguments combined
with the overall close response of fire regime to climate and
vegetation changes do not support the hypothesis of such
Mesolithic forest management in the area. In other words,
it seems unlikely that human impact drove fire regimes out
of their range of natural variability at that time.

Conclusion

This paper presents the first comparison of fire activity with
quantified palaeoclimate for the Late-Glacial in the Pyre-
nees. The absence of sedimentary bias and the consistency
of both records with climate and vegetation changes
enabled us to assess biomass-burning response to high
amplitude climate and vegetation changes.

The main results are as follows:

(1) Sedimentary charcoal is a highly climate-sensitive
proxy for detecting Late-Glacial climate events in
temperate areas, even if the role of external forcing
factors (climate and vegetation) should be examined
on a case-by-case basis.

(2) At the millennial scale, major cold periods are
characterised by negligible or low fire activity (Oldest
and Younger Dryas). The impact of short-lived cold
excursions during the Late-Glacial Interstadial is
more difficult to assess. Although cold periods are
not detected as significant changepoints in CHAR, the
response of fire regime to cold phases is much more
marked than the vegetation response, in particular for
the Younger Dryas.

(3) The onset of the Late-Glacial Interstadial (14,700 cal.
B.P.) is highlighted as a significant changepoint in fire
activity. High amplitude warming provoked a black-
and-white response of fire regime: no fire at all before
14,700 cal. B.p., progressively increasing fire activity
thereafter. But fire activity remains rather weak with
respect to the amplitude of climate change. The
second main changepoint in fire regime is the onset of
the Holocene (11,700 cal. B.p.). It was probably
driven by warming, increased summer drought and
by a threshold effect in fuel availability.

(4) Climate is the primary driver of fire regimes and
vegetation acts as a secondary modulating factor: our
results clearly show the transition from a fuel-limited
fire regime during the Late-Glacial to a summer-
drought driven one during the early Holocene. In the
temperate Pyrenean environment, vegetation medi-
ated the impact of high amplitude, abrupt Late-
Glacial climate changes on fire regimes. Surprisingly,
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the establishment of deciduous woodlands at the onset
of the Holocene promoted higher fire activity than
today.

(5) Finally, these results suggest that evaluating the
impact of climate change, both past and present, on
fire regime demands a careful examination of the
contribution of vegetation dynamics and fuel build-up
(both natural and human-induced) to landscape
flammability.
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