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INTRODUCTION
The Mid-Brunhes Event (MBE) is a cli-

matic transition between marine oxygen iso-
tope stages (MIS) 13 and 11 that separates two 
climatic modes: (1) early-middle Pleistocene 
interglacials (780–450 ka), which are character-
ized by only moderate warmth, and (2) middle 
and late Pleistocene interglacials (occurring 
after 450 ka), which are characterized by greater 
warmth consistent with, or warmer than, the 
Holocene. This event is observable in a variety of 
long-term climate records such as the Mapping 
Spectral Variability in Global Climate Project 
(SPECMAP) and the European Project for Ice 
Coring in Antarctica (EPICA) (EPICA commu-
nity members, 2004; Jouzel et al., 2007), many 
records of sea-surface temperature (Lisiecki and 
Raymo, 2005; Becquey and Gersonde, 2002), 
and some long-term speleothem records (Wino-
grad et al., 1997), but its effect on terrestrial 
systems is poorly understood due to the absence 
of detailed long-term records of environmental 
change (Tzedakis et al., 2006, 2009; Candy et al., 
2010). Through their examination of the British 
terrestrial sequence, Candy et al. (2010) showed 
that interglacial climates during the early-middle 
Pleistocene were as warm as those that occurred 
during the late-middle and late Pleistocene, sug-
gesting that the MBE was not a global climatic 
transition, but was restricted to specifi c regions, 

in particular to higher latitudes of the Southern 
Hemisphere. Because climate projection models 
suggest that greater climate changes would be 
expected under warming conditions at higher lat-
itudes, we would also expect many intracontinen-
tal and Mediterranean fringe regions to display 
considerable temperature increases and precipi-
tation decreases (e.g., Sanderson et al., 2011). In 
this work we investigate this climatic transition in 

the long-term terrestrial sequence of Gran Dolina 
cave (Atapuerca, Burgos, north-central Spain), 
which spans the MBE transition, by means of 
the mutual climatic range technique using the 
amphibian and squamate fossil assemblages.

GEOLOGICAL AND CHRONOLOGICAL 
SETTING

The Sierra de Atapuerca is ~1080 m above 
sea level, dominating the now-fl at landscape of 
the Castilian grain-growing plains irrigated by 
the River Arlanzón near the village of Ibeas de 
Juarros, located 14 km east of the city of Burgos 
(Fig. 1).

The ongoing archaeological and paleonto-
logical excavations in Gran Dolina, or Trin-
chera Dolina (TD), cave have been conducted 
every year since 1976, and have revealed a long, 
culturally and paleontologically rich sequence 
dated as between ca. 1 Ma and 250 ka by means 
of biostratigraphy, electron spin resonance, 
electron spin resonance on optically bleached 
quartz dating, U-series, thermoluminescence, 
infrared-stimulated-luminescence analysis, and 
paleomagnetic dating (see Appendix DR1 in the 
GSA Data Repository1).
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ABSTRACT
In the Mediterranean area, which is climatically stressed by limited water resources and 

extremes of heat, climate variations are known to play a crucial role in the ecosystems and 
environment. Investigating how climate has changed in the past may help us to understand 
how it may change in the future and its consequences on temperature and water resources. 
The Gran Dolina sequence (north-central Spain) provides a unique long paleontological 
and archaeological record spanning the Mid-Brunhes (ca. 450 ka) climatic transition. A fos-
sil amphibian- and squamate-based reconstruction of temperature and precipitation shows 
marked peaks that have been related to various interglacial peaks in accordance with numeric 
dates and paleomagnetic and biochronological data. An analysis of climate and herpetofaunal 
assemblage changes during the interglacial periods reveals that (1) post-Mid-Brunhes Event 
(MBE) interglacials were warmer than pre-MBE interglacials, (2) pre-MBE interglacials were 
warmer than present day, and (3) there were lower levels of rainfall in post-MBE interglacials 
than in pre-MBE interglacials. The climate trend in the Mediterranean area was found to be 
congruous with global climate changes as reconstructed from ice and sea-surface temperature 
records over the past million years.
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MATERIAL AND METHODS
The small-vertebrate fossil remains used for 

this study consist of disarticulated bone frag-
ments collected by means of water screening 
during work on the test excavation (~9 m2) that 
comprises level TD5 at the bottom to level TD10 
at the top (see Appendix DR1). The excavation 
was divided into ~10-cm-thick excavation layers 
(T). The small vertebrates have been processed 
and studied according to these excavation lay-
ers (Cuenca-Bescós et al., 2005, 2010, 2011). 
A total of 5596 kg of sediment was processed, 
corresponding to 76 samples. The amphibian 
and squamate assemblage contains ~40,000 
fragments corresponding to a minimum of 6145 
specimens, representing at least 20 taxa, includ-
ing newts, toads and frogs, amphisbaenians, lac-
ertids, anguids, and snakes (Blain, 2005; Blain 
et al., 2008, 2009).

The taphonomic patterns of the herpetofau-
nal accumulations were discussed in Blain et 
al. (2008, 2009). Taphonomic observations on 
the collections of small vertebrates at Gran 
Dolina suggest, based on the type of digestion 
evidence and the fractures in the fossils, that 
the remains were mostly the prey of noctur-
nal birds such as the eagle owl (Bubo bubo), 
an opportunist that hunts a wide range of prey 
(Bennàsar Serra, 2010).

Paleoclimatic Reconstruction
Because most amphibians are water dependent 

and most reptiles are temperature dependent, the 
climatic and/or environmental parameters in their 
immediate environment mark their distribution. 
Paleoclimatic interpretations are based on the 
presence of herpetofaunal species from each of 
the excavation layers. The mutual climatic range 
(MCR) method is used to quantify paleotem-
perature and paleoprecipitation (see Blain et al., 
2009), specifi cally, mean annual temperature 
(MAT), mean temperature of the warmest month 
(MTW), mean temperature of the coldest month 
(MTC), mean annual precipitation (MAP), and 
winter (DJF, December-January-February) and 
summer (JJA, June-July-August) precipitation. 
Analysis of the MCR in each T layer is based on 
the distribution atlas of Iberian herpetofauna (Ple-
guezuelos et al., 2004), divided into 10 × 10 km 
UTM (Universal Transverse Mercator) squares. 
Climatic parameters have been estimated for 
each 10 × 10 km UTM square, using various 
climatic maps from the Iberian Peninsula (Font 
Tullot, 1983, 2000). The chronology of the inter-
glacial peaks was assigned by means of numeric 
dates, and by paleomagnetic and biochronologi-
cal data as shown in Appendix DR1.

Environmental Reconstruction
Two paleoenvironmental parameters were 

used in this study: (1) the representation of 
amphibian and squamate taxa associated with 
woodland and woodland-edge areas, and (2) the 

representation of small mammal taxa inhabit-
ants of open-dry environments (dry meadows, 
steppes, and rocky areas). These two variables 
were inferred from the paleoenvironmental 
data for the amphibian and squamate assem-
blages obtained by Blain et al. (2008) and small 
mammal assemblage data obtained by Cuenca-
Bescós et al. (2005).

RESULTS AND DISCUSSION
On the basis of the paleoherpetological 

associations, paleoclimatic parameters were 
estimated relating to MAT, MTC, and MTW 
months, winter (DJF) and summer (JJA) pre-
cipitation, and MAP (Appendix DR2). Accord-
ing to the ΔMAT curve (representing the devia-
tion from the present values), our results fi rst 
suggest that only warm periods (i.e., intergla-
cials) are evident in the TD sequence. The gen-
eral trends of the curve (ΔMAT in Fig. 2), in 
accordance with the numeric dates and paleo-
magnetic and biochronological data, show 
three distinct peaks in the time interval repre-
sented by level TD10 (T0 to T22): a fi rst small 
peak (T1) ca. 244 ± 26 ka (Berger et al., 2008) 

identifi ed as MIS 7; then two higher peaks 
between 0.33 and 0.40 Ma (Falguères et al., 
2001; Moreno García, 2011), which have been 
correlated with MIS 9 (T9) and MIS 11 (T17). 
After these, the numeric estimations obtained 
for the upper part of TD9 (0.42 Ma; Moreno 
García, 2011) suggest a probable correlation 
with MIS 13, due to the high values obtained in 
the lowermost part of TD10 (T21). Level TD8 
(T24–T27) certainly corresponds to MIS 15 or 
MIS 16 with a numeric estimation of 0.60 Ma 
(Moreno García, 2011). Unfortunately, the low 
number of herpetofaunal remains in this level 
does not permit its climatic conditions to be 
reconstructed. Nevertheless, the occurrence 
of the amphisbaenian Blanus cinereus in T27, 
slightly north of its current distribution in Spain 
(Blain, 2005), suggests that this layer corre-
sponds to climatic conditions that were warmer 
than or similar to those of today. The Brunhes-
Matuyama boundary located between levels 
TD7 and TD8 yields an age close to 780 ka for 
the lower part of level TD8 and consequently, 
the highest temperature correlates to MIS 19 
(T28). The following succession of high values 

0 100 200 300 400 500 600 700 800 900 1000 1100
100 k.y. state

MBE

41 k.y. state

(A)
EDC

(B)
S06

(C)
TD

-375

-400

-425

-450

+3.0

+2.0

+1.0

0.0

18 ᵟ
 O

(‰
)

  ci ht neb

ᵟD
(‰

)
  eci

18 ᵟ
 O

(‰
)

  ci ht neb

M
AT

 (º
C

)

3

3.5

4

4.5

5

5.5 ?
? ? ? ?

0 100 200 300 400 500 600 700 800 900 1000 1100
Age (ka)

5 7 9 11 13 15 17 19 21 23 25 27 29 31

TD11 TD9 TD8 TD7-6 TD5TD10

MPT

Figure 2. Correlation and comparison between ice, sea-surface, and Gran Dolina temperature 
records. MBE—Mid-Brunhes Event; MPT—Mid-Pleistocene transition; TD—Trinchera Dolina.  
A: EPICA (European Project for Ice Coring in Antarctica; EPICA community members, 2004) 
Dome C (EDC) deuterium (δD) record. B: S06 δ18Obenthic composite record from sites in equa-
torial east Pacifi c (Tzedakis et al., 2006). C: Trinchera Dolina (TD) herpetofauna-based mean 
annual temperature (ΔMAT) plotted on numeric date time scale. Position of MBE is indicated, 
as are interglacial marine isotopic stages (numbers).



GEOLOGY | November 2012 | www.gsapubs.org 1053

within level TD6 (T33, T35–T37, T40, T41, 
T43–T45, T48, and T50), numerically attrib-
uted to the late-early Pleistocene (from 0.80 
to 0.88 Ma; Moreno García, 2011), may cor-
respond to MIS 21 and MIS 23. Because the 
highest MAT reaches the same value for this 
period, a single layer (T43) is used to character-
ize MIS 21. T50 is cautiously correlated with 
MIS 23. Within level TD5 (ranging between 
0.94 and 1.00 Ma; Moreno García, 2011), two 
small peaks appear at T65 and T68, and are ten-
tatively correlated with MIS 27 and MIS 29.

Because the ΔMAT curve (Fig. 2) does not 
represent absolute values, but rather relative 
values regarding the deviation from today’s 
values, our results fi rst suggest that all post-
MBE and pre-MBE interglacials were warmer 
than present-day temperatures. Together with 
the relatively high percentages (30%–40%) in 
taxa with plant cover requirements (“% wood” 
in Appendix DR2) and the fact that no typical 
large glacial mammals have been recovered 
(Rodríguez et al., 2011), this may suggest that 
only warm periods (i.e., interglacials) have 
been documented in the Gran Dolina sequence. 
Independent of their absolute values, the ΔMAT 
curve (Fig. 2) shows interesting trends. When 
compared (Fig. 3), post-MBE interglacials (at 
least MIS 11 and MIS 9) reach higher tempera-
tures than pre-MBE interglacials (MIS 13, MIS 
19, MIS 21, MIS 23, MIS 27, and MIS 29) in 
accordance with ice (SPECMAP and EPICA) 
and marine sea-surface temperature records 

(EPICA community members, 2004; Jouzel et 
al., 2007, Lisiecki and Raymo, 2005; Becquey 
and Gersonde, 2002). This may suggest that a 
MBE climatic transition occurred in the terres-
trial environments of northern Spain.

The fact that pre-MBE interglacials are esti-
mated to have been warmer than present day 
(i.e., Holocene) contradicts the MBE, because 
all ice and marine records show lower than pres-
ent values in pre-MBE interglacial temperatures. 
However, other terrestrial sequences spanning the 
MBE have also suggested that pre-MBE intergla-
cials were warmer than present day. This phe-
nomenon has been well documented in the ter-
restrial record of Britain (Candy et al., 2010) and 
in the long pollen record of Tenaghi Philippon 
(Greece), where the amplitude of interglacials, 
as refl ected in variations in the Arborean pollen 
(AP) curve, does not appear to signifi cantly affect 
the extent of the tree population expansions of the 
various forest stages. With particular reference to 
the terrestrial equivalents of MIS 13 and MIS 15, 
not only the AP maxima, but also their vegeta-
tional character (mainly dominated by Quercus 
and Carpinus), are similar to post-MBE intergla-
cials (Tzedakis et al., 2006).

According to our estimation, in northern Spain, 
MIS 11 was the warmest interglacial, followed 
by MIS 9 and MIS 7. MIS 5 is unfortunately not 
represented in the Gran Dolina sequence; more-
over, to date no clear MIS 5.5 paleontological site 
has been studied on the Iberian Peninsula. Global 
simulations by Yin and Berger (2010) suggest 

that MIS 9.3 is probably the warmest post-MBE 
interglacial, followed by MIS 5.5, MIS 11.3, MIS 
1, and MIS 7.5 is the coolest. In addition, paleon-
tological evidence from Britain strongly suggests 
that the MIS 9 temperate stage was warmer than 
the temperate stages of MIS 11 and MIS 7 or the 
Holocene, and approached the temperatures typi-
cal of the Eemian-Ipswichian (MIS 5.5) in terms 
of warmth (Green et al., 2006). However, based 
on evidence derived from the EPICA ice record, 
Masson-Delmotte et al. (2010) suggested that 
MIS 5.5 and MIS 11 were the warmest intergla-
cial maxima.

The seasonal variation of temperature simu-
lated by Yin and Berger (2010) for post-MBE 
interglacials shows that the higher MAT is 
mainly due to warming during boreal win-
ter: over the Northern Hemisphere, the linear 
response to astronomical forcing leads to a 
slightly warmer Northern Hemisphere in win-
ter and a cooler Northern Hemisphere in sum-
mer. Our results (except for MIS 11) disagree 
with these simulations, in that MTW increases 
are higher than MTC for all pre-MBE and post-
MBE interglacials. Only for MIS 11 is the MTC 
increase much higher than the MTW (Fig. 3).

MAP drops by ~100 mm after the MBE tran-
sition, but the minima do not coincide with inter-
glacial peaks. Seasonal variations suggest more 
precipitation in summer (ΔJJA) compared to 
today’s levels and, except for MIS 7, less precip-
itation during winter (ΔDJF). According to these 
results, middle Pleistocene interglacials were 
characterized in this region by a more homoge-
neous rainfall distribution throughout the year. 
Because the summer drought period is the main 
feature that characterizes the Mediterranean 
climate, increased summer rainfall suggests a 
reduced Mediterranean character for these inter-
glacial climates. A higher moisture level than 
within current climatic conditions in northern 
Spain is in accordance with the development of 
woodland areas and wet meadows supporting 
grazer and browser type of large mammals rep-
resented in the paleontological record of Gran 
Dolina. The decrease in MAP after the MBE is 
in accordance with the increase in the representa-
tion of open dry environment–preferring small-
mammal taxa in level TD10 (Cuenca-Bescós et 
al., 2005; “% OD+R” in Appendix DR2) as well 
as with the changes documented in the large 
mammal communities toward herbivores better 
adapted to arid conditions in level TD10, like 
the large bisons (Bison priscus), aurochs (Bos 
primigenius), caballoid horses (Equus germani-
cus and E. mosbachensis), and stronger rhinos 
(Stephanorhinus hemitoechus) (Cuenca-Bescós 
and García, 2007).

CONCLUSIONS
The analysis of the differences between the 

successive interglacial peaks reveals the fol-
lowing.
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1. Post-MBE interglacials were warmer than 
pre-MBE interglacials in accordance with the 
MBE climate transition as documented by ice 
(EPICA and SPECMAP) and sea-surface tem-
perature records. 

2. Pre-MBE interglacials were warmer than 
present day.

3. The reconstructed MIS 11 mean annual 
temperature is slightly warmer than MIS 9, and 
much warmer than MIS 7 in northern Spain. 
MIS 5 is not represented in the Gran Dolina 
sequence.

4. Post-MBE interglacials had lower rain-
falls than pre-MBE interglacials, resulting in 
the increasing development of open dry envi-
ronments on the Iberian Peninsula. This is in 
accordance with the increase in the presence of 
dry-terrain small mammals in the Gran Dolina 
sequence after the MBE, as well as with the 
turnover documented in large mammal com-
munities toward herbivores better adapted to 
arid conditions.
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