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a  b  s  t  r  a  c  t   

 
Small mammals, especially rodents, constitute valuable proxies for continental Quaternary environments at a regional and local scale. Recent studies have 

demonstrated the relation between the stable oxygen isotope composition of  the biogenic phosphate from rodent teeth  (d18Op),  and the oxygen 

isotope 

composition of meteoric waters (d18Omw), which is related to air  temperatures at mid and high latitudes. 

This  work explores the d18
Op   of  rodent  tooth enamel (from Murinae and Arvicolinae subfamilies) to 

investigate the palaeoenvironmental conditions in  northeastern Iberia during Marine Isotope Stage 3 (MIS 3;  ca. 60-30 ka).  Fourteen new d18Op  

analyses from modern samples in  conjunction with forty-six d18Op  analyses previously published are used to decipher the isotope record of present-day 

rodent teeth in  this region. Two  main factors should be  considered in  Iberian palaeoenvironmental  reconstructions: the singular nature of  Iberian 

d18Omw   records and the  potential seasonality bias of  small-mammal accumulation. Methodological proposals are made with a  view to ensuring the 

correct interpretation of the d18Op  of small mammals in  reconstructing past air  temperatures. This  methodology is applied to the MIS 3 sequence of the 

Cova  dels Xaragalls site (Vimbodí-Poblet, Tarragona, Spain), where fifty-one d18O  analyses were performed on  wood  mouse  (Apodemus sylvaticus) 

lower  incisors. A spring-early summer accumulation of  small mammals is  suggested for  the layers at Cova  dels Xaragalls. In  agree- ment with 

previous environmental studies of  the site, variations in  the d18Op   values suggest slight fluctuations in  the climatic conditions throughout the 

sequence, which are consistent with the stadial- 

interstadial alternations that characterized MIS  3.  Complementary palaeoenvironmental  methods determine cooler conditions than nowadays, but 

within a globally stable climatic period. 
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1.  Introduction 

 
The Iberian Peninsula is located at mid  latitudes, with an area of 
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582,000 km2  and  an   average altitude  of  660 m.  This  peninsula 

constitutes the southwestern extremity of the Eurasian continent, 

from which it  is  partially isolated by  the  Pyrenean Mountains. 

Today,   Iberia experiences temperate  climatic conditions, which 

nonetheless vary   spatially due to  the proximity of  the Atlantic 

Ocean, the Mediterranean Sea  and the Pyrenean Mountains. The 

specific orography of the Iberian Peninsula adds further complexity 

by  structuring the climate and the landscape, with the Central 

Meseta located at  high altitudes (660 m),  surrounded by  several 

ranges such as  the Sierra Nevada and the Cantabrian Mountains. 

The  Galician-Cantabrian and Pyrenean mountain systems shelter 

the rest of the peninsula from the Atlantic Ocean and the conti- 

nental cold  air  masses coming from the northwest and the north- 

east, respectively.  The  combination of  all  these factors gives   the 

Iberian Peninsula exceptional environmental conditions in relation 

to the rest of the Eurasian continent. 

The  Late  Pleistocene glacial regime  and  subsequent  glacial- 

interglacial fluctuations had an  impact both on  flora and fauna, 

including human populations throughout western Europe and the 

Iberian Peninsula (Uriarte, 2003; Arrizabalaga, 2004). In southern 

Europe, Marine Isotope Stage 3 (MIS 3;  ca. 60-30 ka)  was charac- 

terized by climate dynamics that alternated between warming and 

cooling periods of sea-surface temperatures, which on  the conti- 

nent generated phases of  forest development  and expansion  of 

semi-arid areas, respectively (Fletcher et al.,  2010; Harrison and 

Sanchez Gon~i, 2010). However, pollen and small-mammal studies 

have shown that these alternations are  not easily resolved in 

regional and local  contexts, suggesting Iberia never underwent  a 

complete loss of woodland, even during stadials or Heinrich events 

(Fletcher et al., 2010; Lo'pez-García  et al., 2014). Small-vertebrate 

assemblages, which reflect local  environments, reveal cooler and 

wetter conditions for  MIS 3. It has  been observed that the coexis- 

tence of cold- and temperate-adapted species varies with the sta- 

dial  and interstadial fluctuations, although woodland-dwelling 

species are  always frequent (Fern'andez-García et al., 2016; Lo'pez- 

García et  al.,  2014).  The  Iberian Peninsula served  as  a  macro- 

refugium for  many floral and faunal species during stadial pe- 

riods, sheltering them from harsher climatic episodes until more 

favourable environmental conditions allowed their geographic ra- 

diation (Hewitt, 2000; Sommer and Nadachowski, 2006). 

To obtain a more complete view of past changes in climate and 

biodiversity, it is necessary to  expand the continental palae- 

oenvironmental record, which is  underrepresented compared to 

marine and ice-core records.  Geochemical approaches based on 

stable oxygen isotope compositions (d18O)  represent a promising 

tool  for obtaining high-resolution environmental records from 

regional and local  contexts. Isotope compositions measured from 

mammalian bone and tooth fossils permit the quantification of 

climatic parameters, due to the interdependence of climatic vari- 

ables such as air  temperatures, the oxygen isotope composition of 

meteoric waters (d18
Omw) and the oxygen isotope composition of 

body tissues (Dansgaard, 1964; Kolodny  et al.,  1983;  Longinelli, 

1984; Longinelli and Nuti,  1973; Luz et al., 1984; Rozanski et al., 

1993). These isotopic data can  be  combined with palaeoecological 

data inferred from vertebrate  assemblages in  order to  obtain a 

coherent and refined picture of  continental palaeoenvironments 

(e.g. Freudenthal et al., 2014; Royer et al., 2013b, 2014). Advances in 

chemical techniques and analytical methodologies now offer  an 

opportunity to  perform geochemical analyses on  small-mammal 

teeth, which are  particularly relevant in  documenting high- 

resolution  climatic changes  at   a  regional or  a  local   scale   (e.g. 

Barham et al.,  2017; Freudenthal  et al.,  2014;  García-Alix, 2015; 

Grimes et al., 2003; He'ran et al., 2010; Jeffrey et al., 2015; Leichliter 

et al., 2017; Lindars et al., 2001; Navarro et al., 2004). 

Unfortunately,  interpreting the oxygen isotope composition of 

small-mammal skeletal apatite is not straightforward, and several 

questions  concerning its   application  to   the fossil   record  have 

recently been  raised (Barham et  al.,  2017; Jeffrey   et al.,  2015; 

Peneycad et al., 2019; Royer et al., 2014, 2013a, 2013b). The question 

of prey-predator interactions is considered to be  of paramount 

importance in  deciphering the isotopic signal recorded in  accu- 

mulated fossil rodent remains, especially for regions with a specific 

climatic mode such as the Iberian Peninsula. The main purpose of 

this work is  thus to develop an  isotopic framework for  environ- 

mental  and  climatic reconstructions  for   the  Iberian Peninsula, 

based on  the oxygen isotope composition of  phosphate (d18Op) 

from present-day rodent teeth recovered from pellets. A first step 

aims to assess the specific role  of the climatic context of the Iberian 

Peninsula, whilst a  second one  seeks to achieve a  better under- 

standing of d18O from small-mammal teeth, focusing on the origin 

of the remains and their period of production. A refinement of the 

interpretation of the d18Op of fossil rodent tooth phosphate in terms 

of palaeotemperature reconstructions is finally applied to Cova dels 

Xaragalls assemblage.  This  Iberian Late  Pleistocene sedimentary 

sequence, rich  in small-vertebrate remains, thus offers the oppor- 

tunity to reconstruct climate parameters in a continental environ- 

ment contemporaneous with MIS 3. 

 
2.  Cova dels Xaragalls (Tarragona, Spain) 

 
Cova  dels  Xaragalls is  located in  Poblet Forest in  the munici- 

pality of  Vimbodí-Poblet  (Tarragona), on  the left margin of  the 

Castellfollit Creek  in the head of the Francolí River  basin at  590 m 

a.s.l.  (Fig. 1A).  It  is  a  fossiliferous cave  of  phreatic origin hosted 

within Mesozoic limestones and Paleozoic schist. The  site  can  be 

separated into two main areas: a Holocene sequence is developed 

at the entrance, and at the interior termination of the cave  system, 

in the “Sala Gran” gallery, there is a Pleistocene sequence (Fig. 1B). 

The fossil remains analysed in this work were recovered from “Sala 

Gran”,  a 3 m-thick poorly stratified gravel rich  outcrop (scree de- 

posits), during excavations initiated in  2008 (Lo'pez-García  et al., 

2012). The  deposits that contains the small-vertebrate fossils are 

typical cave  breccia derived from outer slope deposits that entered 

to the cave  through fracture opening. Two bed  sets were defined in 

the stratigraphic sequence of “Sala Gran”. Unit 2, containing breccia 

strata C8-C5, is made from infilled clast-supported fine to medium 

gravels. Gravels shows inverse and  normal grading and  partly 

infilled matrix which has  sandy mud texture and red  yellow color. 

Unit  2 contains large boulders in the lower strata from early talus 

slope rock falls. Unit 1, comprising breccia strata C4-C1, is composed 

of clast-supported fine to  medium gravels infilled by granular red 

yellow sandy mud matrix with a huge quantity of small-vertebrate 

and charcoal remains. Gravel beds of the Unit  1 shows grading and 

scoured surfaces related to the fluvial incision of small rills  on  the 

surface of  the cave   entrance  deposits (talus cone). Three radio- 

metric dates are  available for  the site: one  charcoal 14C date from 

layer C6 recorded an  outside range result interpreted as  an  age 

older than 43,500 years BP; one  charcoal 14C AMS date from layer 

C4  gave   an  age  of  45,120e48,240 cal years BP;  and a  stalagmite 

plate from layer C1 dated via U/Th geochronology yielded an age of 

13,723 ± 99 years (Vallverdú et al., 2012) (Fig. 1C). 

Colder and wetter periods compared to present-day conditions 

have been reconstructed using both small vertebrates and charcoal 

from the site  (Lo'pez-García et al., 2012). Indeed, the regular pres- 

ence of  woodland-dwelling species, including the notable abun- 

dance of  the  wood  mouse  (Apodemus sylvaticus), throughout the 

sequence attests to the surrounding landscape being regularly 

constituted by open-forest. Although the wood mouse is a gener- 

alist  species capable of  inhabiting forested to shrubby areas, but 

also  crops, meadows, heaths or boundaries, this species has  a clear 



 
 

 
 

Fig. 1.  A) Map showing the location of Cova  dels Xaragalls (CX), Iberian localities where present-day oxygen isotope analyses have been performed (black dots, this work; black 

squares, Royer et al. (2013a)) and IAEA/WMO  stations (light grey drops; IAEA/WMO,  2018); 1, Serinyat'; 2, Moiat'; 3, Balaguer; 4, Prades; 5, El Catllar; 6, Espot; 7, Basara'n; 8, Berastegui; 

9, Uncastillo; 10, La'rrede; 11, Sobradiel; 12,  Zaragoza; 13, Palacios de  la Sierra; 14, Cernadilla; 15; Yanguas de  Eresma; 16,  Caminreal; 17, San  Martín de  Valdeiglesias; 18, Tomar; 19, 

Redondeo; 20,  Amareleja; 21,  La Corun~a; 22,  Leo'n (Virgen del  Camino); 23,  Santander; 24,  Burgos (Villafría); 25,  Braganza; 26;  Valladolid; 27,  Porto; 28,  Vila Real;  29,  Salamanca 

(Mataca'n); 30,  Penhas Douras; 31,  Madrid (Retiro); 32,  Porto Alegre; 33,  Ca'ceres (Trujillo); 34,  Cuidad Real;  35,  Beja;  36,  Sevilla (Moro'n Base); 37,  Faro; 38,  Gibraltar; 39,  Almería 

airport; 40, Murcia; 41, Valencia; 42, Tortosa; 43, Zaragoza airport; 44, Barcelona; 45, Girona airport; 46, Palma de  Mallorca. B) Topographic sketch showing the situation of the Sala 

Gran of Cova  dels Xaragalls, with the studied section highlighted in grey. C) Lithostratigraphy of the sampled section in the Sala  Gran. Strata number (C1 to C8);  II, dates (U-series 

and cal.  BP); III, bedsets (units 1 and 2);  S, speleothem; Sa, sands; fG, fine gravels; mG,  medium gravels; B, boulder; 1, clastic particles: boulder, gravels, sands and mud; 2, spe- 

leothem; 3, normal and inverse grading; 4, vertical boulder; 5: sieve deposit (open work clast supported fine gravels) on  scoured surface; 6, disorganized and unstratified strata; 7: 

horizontal stratification; 8:  breccia of open work, party infilled and totally infilled (by  sandy mud) clast-supported structure; 9:  large-vertebrate, small-vertebrate and charcoal 

remains. 

 

 
preference for  low-altitude areas with good tree cover, under the 

influence of a Mediterranean climate, in which it can collect diverse 

foods (Palomo et al., 2007; Sa'nchez-Gonza'lez  et al.,  2016; IUCN, 

2018). Layers  C8 and C5 correspond to warmer environmental 

conditions with open dry  meadows in contrast to layers C4 and C3, 

which are  interpreted to represent more humid and cooler condi- 

tions with landscape openings. The  origin of the small-vertebrate 

remains recovered from the whole sequence was associated with 

predation. Homogeneity observed among digestion degrees inside 

each level  suggests the activity of  a  single type of  predator.  The 

percentage of incisors, molars and femurs showing signs of diges- 

tion and the degree of alteration observed suggest that the predator 

of layers C4, C6, C7 and C8 would have been a nocturnal bird of prey 

similar to a little owl  (Athene noctua) (Lo'pez-García  et al., 2012). 

This  sedentary predator is  an  opportunistic hunter that yields a 

faithful record  of  the  prey originally present  in  its   ecosystem 

(Andrews, 1990). Thus,  changes in both the small-vertebrate com- 

positions and in the relative abundance of the wood mouse can  be 

interpreted as real  changes in local  ecosystem conditions. Accord- 

ing to charcoal studies of this sedimentary sequence, the forest was 

less   taxon-diverse than  the  current Poblet Forest,  with a  clear 

predominance  of  Pinus-type   sylvestris,  confirming the  harsher 

conditions during the stage under study. For this sequence, corre- 

lations with global climatic fluctuations have been proposed, 

relating layer C8 to Interstadial 15 or 16 (ca. 56e59 ka), layer C5 to 

Interstadial 13  or  14  (ca.  50e55 ka)  and layers C4-C3  to  Heinrich 

Event 5 (ca. 47 ka) (Lo'pez-García et al., 2012). 
 

 
3.  Material and methods 

 
3.1.  Recovery  of small-mammal remains 

 
3.1.1.   Modern samples from  northeastern Iberia 

Fourteen    lower   incisors  from  present-day   rodents   were 

collected from pellets to analyse their oxygen isotope composition 

(d18O). These pellets were collected from five different sites located 

in  northeastern  Iberia (Figs. 1A and 2; Table  1):  Serinyat' (Girona), 

Moiat'   (Barcelona), Prades  (Tarragona),  Balaguer  (Lleida) and  El 

Catllar (Tarragona). The  sites are  distributed within the same lat- 

itudinal range (from 41o N to 42o N) but  at different altitudes ranging 

from 188 m a.s.l. at Serinyat' to 1000 m a.s.l. at Moiat' (Fig. 1A; Table 1). 

Northeastern  Iberia is  mostly assigned a  Mediterranean climate. 

The five selected localities correspond to different climate subtypes 

from  this  region,  defined   considering  local    factors,  such  as 



 
 

 
 

Fig. 2.  a) Tyto alba pellet from Serinyt'a (Girona); b) Tyto alba pellet from Moiat'  (Barcelona); c) left lower incisor of Apodemus sylvaticus from Cova  dels Xaragalls, in labial and lingual 

view; d) right lower incisor of Apodemus sylvaticus from a pellet from Serinyt'a, in  labial and lingual view; e) left mandible with m1  and m2  of Apodemus sylvaticus from Cova  dels 

Xaragalls, in  occlusal view. 

 
 

Table  1 

Oxygen isotope composition of  tooth enamel phosphate (d18
Op; ‰ V-SMOW) from present-day rodent lower incisors. The  table includes information about the pellet, the 

location where it was recovered and identified taxa. SD, Standard Deviation. 
 

Sample Location Coordinates Altitude 

(m) 

Climatic subtype MAT 

(o C) 

MAP 

(mm) 

Predator  Recovering Taxon Laterality 
d
18Op   SD 

MA-3    Serinyt' 42o  100  700  N; 2o 470  4200   188 Northern pre- 14.8 733 Tyto alba August Microtus (T.) left 18.8 0.4 

 E littoral   eSeptember duodecimcostatus    
MA-1    Serinyt' 42o  100  700  N; 2o 470  4200   188 Northern pre- 14.8 733 Tyto alba August Apodemus sylvaticus right 19.0 0.1 

 E littoral   eSeptember     
MA-2    Serinyt' 42o  100  700  N; 2o 470  4200   188 Northern pre- 14.8 733 Tyto alba August Apodemus sylvaticus left 19.5 0.3 

 E littoral   eSeptember     
MA-12  Moit' 41o  480  5100  N;  2o 110

 1000 Continetal sub- 12.3 749 Tyto alba Unknown Microtus (T.) right 16.1 0.4 

 5400  E  humid    duodecimcostatus    
MA-4    Moit' 41o  480  5100  N;  2o 110 1000 Continetal sub- 12.3 749 Tyto alba End of August Microtus (T.) left 18.6 0.4 

 5400  E  humid    duodecimcostatus    
MA-6    Moit' 41o  480  5100  N;  2o 110 1000 Continetal sub- 12.3 749 Tyto alba End of August Mus  musculus right 19.2 0.3 

 5400  E  humid        
MA-5    Moit' 41o  480  5100  N;  2o 110 1000 Continetal sub- 12.3 749 Tyto alba End of August Mus  musculus left 19.5 0.3 

 5400  E  humid        
MA-14 Balaguer 41o  450  2100  N;  0o 470 200 Continental dry 14.3 501 Tyto alba Unknown Microtus (T.) right 17.4 0.3 

 2500  E      duodecimcostatus    
MA-13 Balaguer 41o  450  2100  N;  0o 470 200 Continental dry 14.3 501 Tyto alba Unknown Microtus (T.) left 18.9 0.1 

 2500  E      duodecimcostatus    
MA-9   Prades 41o  180  3500  N;  0o 590 990 South pre-littoral 12.6 728 Strix  September Apodemus sylvaticus left 18.3 0.4 

 1900  E     aluco     
MA-10 Prades 41o  180  3500  N;  0o 590 990 South pre-littoral 12.6 728 Strix  September Apodemus sylvaticus left 19.5 0.6 

 1900  E     aluco     
MA-11 Prades 41o  180  3500  N;  0o 590 990 South pre-littoral 12.6 728 Strix  September Apodemus sylvaticus right 20.2 0.4 

 1900  E     aluco     
MA-7     El 41o  110  500  N; 1o 200  1 400   110 Southern littoral 15.9 562 Tyto alba Unknown Mus  musculus right 18.2 0.2 

Catllar E          
MA-8     El 41o  110  500  N; 1o 200  1400   110 Southern littoral 15.9 562 Tyto alba Unknown Mus  musculus left 18.8 0.4 

Catllar E         
 
 

continentality or orography (Font-Tullot, 2000; Meteocat, 2018). 

The teeth recovered belong to three extant species of the Mur- 

oidea  superfamily:  the  wood  mouse  (Apodemus sylvaticus), the 

Mediterranean pine vole   (Microtus  (Terricola)  duodecimcostatus) 

and the house mouse (Mus  musculus). The  teeth were extracted 

from owl pellets from nest or roosting sites (Fig. 2). The pellets were 

recovered in  AugusteSeptember  in  fresh  (Serinyat') or  semi-dry 

(Moiat'  and Prades) states. However, pellets can  be  preserved over 

several   months   depending   on    their   exposure   to   weather 

conditions. These pellets were produced by  either the barn owl 

(Tyto  alba) or the tawny owl  (Strix  aluco).  Both  are  opportunistic 

hunters, sedentary and highly territorial species, nesting in  tree 

holes, cliffs  or  buildings that  are   reused  year after year.  Their 

hunting area ranges from 3 to 10 km2 for  T. alba  and is less  than 

3 km2 for S. aluco  (Mikkola, 1983; Yalden, 2009; IUCN, 2018). 
 

 
3.1.2.   Fossil samples from  Cova dels Xaragalls 

The rodent remains from Cova dels  Xaragalls were collected by 
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water-screening using superimposed 5  and 0.5 mm mesh sieves 

and then sorted at the Institut Catalat'  de  Paleoecologia Humana i 

Evolucio' Social  (Tarragona). The specific attribution of the remains 

and the taphonomic study were performed by Lo'pez-García et al. 

(2012). Oxygen isotope compositions were measured on  46  teeth 

from layers C8  to  C4.  To  avoid possible interspecies  variability, 

A. sylvaticus fossil  incisors were preferentially selected, with 44 

incisors representing at least 29 individuals (Fig. 2). One tooth from 

Microtus arvalis and one  tooth from Eliomys  quercinus were also 

(2009), Fourel et al. (2011) and Le'cuyer et al. (2007). This protocol 

is based on  the isolation of phosphate ions  (PO3-) from apatite as 

trisilver phosphate  (Ag3PO4)   crystals using acid   dissolution and 

anion-exchange resin. For each  sample,  around  3 mg  of  enamel 

powder was dissolved in  1 ml  of hydrofluoric acid  (2 M HF) over- 

night. Calcium fluoride (CaF2)  residue was separated by  centrifu- 

gation  and  the  solution  was  neutralized  by   adding  1 ml   of 

potassium hydroxide (2 M  KOH). Subsequently 1.5 ml  of  Amber- 

lite™  anion-exchange resin was added to  the solution to  separate 
3-

 
included (Table   2).  Taking into  account  previous  works  (Lindars the PO4 ions.  After 24 h,  excess solution was discarded,  and the 

et al., 2001; Navarro et al., 2004; Royer et al., 2013a), a minimum 

five to ten samples were selected from each layer in  order to 

analyse a representative population. 

 
3.2.  Sampling procedure for oxygen  isotope analysis 

 
For each rodent sample, only lower incisor enamel was sampled, 

as the mineral fraction is greater in tooth enamel than in dentine or 

bones, favouring preservation of the original isotopic composition 

(Barham et al., 2017; Kolodny et al., 1983; Le'cuyer et al., 1999; Lee- 

Thorp and van  der  Merwe, 1991; Zazzo  et al., 2004). Unbroken and 

well-preserved  lower  incisors were  preferentially  selected, 

whereas remains with physical damage such as soil  or root corro- 

sion, manganese oxide coatings, fissures and cracks, cementation or 

water abrasion, which could facilitate diagenetic alteration of the 

oxygen isotopic system, were  systematically avoided (Andrews, 

1990; Barham et al., 2017; Royer et al., 2014). In addition, all  ro- 

dent remains showing clear evidence of digestion were discarded 

due to the possible modification of  the original oxygen isotope 

composition that may result from the chemically and enzymatically 

digestive environment (Barham et al., 2017), and incisors preserved 

inside the mandible were preferred because they were likely  to be 

more   protected   from  chemical  exchange  with   sedimentary 

matrices (Royer et al., 2013b). Only adult specimens were selected, 

to  avoid the possible damping of the oxygen isotope composition 

associated with the immature teeth of juvenile individuals, where 

the mineralization process is incomplete (Blumenthal et al., 2014; 

Passey and Cerling, 2002). 

The  phosphate  radical (PO3-)  constitutes the major source of 

oxygen in  biogenic apatite, and the phosphorus-oxygen bond is 

stronger than the carbon-oxygen one   (CO2-),  and less  prone to 

geochemical  and  biological alteration  (Clementz, 2012;  Grimes 

et al., 2008; Le'cuyer et al., 1999; Lindars et al., 2001). Pristine ox- 

ygen isotope compositions can  thus be  preserved over geological 

timescales even though the diagenetic alteration of biogenic apatite 

cannot be  excluded in  some cases, such as  during  processes  of 

dissolution and recrystallization induced by  microbial activity 

(Blake  et al., 1997; Zazzo  et al., 2004). On  the basis of phosphate 

chemical yields measured during the wet chemistry procedure af- 

ter  described, clustered phosphorus  pentoxide  (P2O5)   contents 

close   to 40 wt%  indicate that  the  original stoichiometry of  the 

analysed teeth  was most likely   preserved  (He'ran  et al.,  2010; 

Le'cuyer, 2004; Navarro et al., 2004; Royer et al., 2013b). 

 
3.3.  Analytical techniques 

 
The  rodent teeth were cleaned with double-deionized water 

(DDW)  in an  ultrasonic bath to remove any  trace of sediment ma- 

trix.  Then,  the basal part of the enamel was discarded while the 

remaining part was gently crushed in  an  agate mortar.  Enamel 

fragments were separated from dentine by  hand-picking under a 

binocular microscope. The  enamel tooth samples were treated 

following the wet chemistry procedure described by Crowson et al. 

(1991) and slightly modified by Le'cuyer et al. (1993) and adapted 

for  small-sample weights (1e3 mg  of  apatite) by  Bernard et al. 

resin was eluted with 6 ml  of ammonium nitrate (0.1 M NH4NO3). 

After  4 h, 0.1 ml  of ammonium hydroxide (NH4OH)  and 3 ml  of an 

ammoniacal solution of silver nitrate (AgNO3) were added and the 

samples  were  placed in   a  thermostatic bath  at   70 o C  for   6 h, 

enabling the precipitation of Ag3PO4  crystals. Four  standard sam- 

ples  of  natural phosphorite (NBS120c) were  included  during  the 

wet chemistry of each series of 10  samples to ensure that no  iso- 

topic fractionation occurred during the wet chemistry. 

Oxygen isotope  compositions were  measured  using a  high- 

temperature elemental analyser (EA)-pyrolysis (Py)  interfaced in 

continuous flow (CF) mode to an  isotopic ratio mass spectrometer 

(IRMS) (EA-Py-CF-IRMS technique performed at UMR 5276 LGL; 

Fourel et al., 2011; Le'cuyer et al., 2007). For each sample, five ali- 

quots of 300 mg of Ag3PO4  were mixed with 300 mg of pure graphite 

powder loaded in  silver foil  capsules. Pyrolysis was performed at 

1450 o C using a  varioPYROcube™ elemental analyser interfaced 

with  an   Isoprime™.  Measurements were calibrated with  the 

standard samples of NBS120c  phosphorite, whose value was fixed 

at 21.7‰ (V-SMOW; Le'cuyer et al., 1993), and NBS127  barium sul- 

phate with a value of 9.3‰ (V-SMOW; Hut, 1987). The average 

standard   deviation  for    the  Cova    dels    Xaragalls  samples   is 

0.34 ± 0.04‰ (n ¼ 48)  and 0.33 ± 0.07‰ (n ¼ 14)  for  the modern 

samples. Aliquots of silver phosphate were analysed several times a 

day  in order to account for possible instrumental drift. 

 
3.4.  Oxygen  isotope compositions of modern meteoric waters 

 
Present-day d18Omw  values for the localities where the modern 

teeth samples were taken and for  the Cova  dels   Xaragalls area 

(Vimbodí) were obtained using the Online Isotopes in Precipitation 

Calculator (OIPC; Bowen, 2017). This  online software employs an 

algorithm based on  datasets collected by  the Global  Network for 

Isotopes  in  Precipitation  (GNIP),  operated  by  the International 

Atomic Energy Agency and the World Meteorological Organization 

(IAEA/WMO, 2018) (Appendix A and C). Using the same approach as 

Fricke  and O'Neil  (1999) and Bernard et al. (2009),  we  calculated 

seasonal d18
Omw/Tair  regressions using a sub-dataset of the IAEA- 

GNIP/ISOHIS dataset (2018) restricted to  the Iberian Peninsula 

(Appendix B). This  sub-dataset comprises monthly d18Omw  values 

obtained  from  26   localities throughout  the  Iberian  Peninsula 

ranging from 5 to 1380 m  a.s.l.  The  current-temperature  data for 

the Cova dels  Xaragalls area are  from Climate-Data.org (https://es. 

climate-data.org/)  based  on   a   climatic  model  using  extended 

world climate data collected between 1982 and 2012 from the 

OpenStreetMap project. 

 
3.5.  Mutual ecogeographic range method and  bioclimatic model 

 
The mean annual temperatures (MAT) calculated from the d18Op 

values of rodent teeth are  compared with those derived from two 

alternative and independent palaeoenvironmental methods. The 

first, called the mutual ecogeographic range (MER)  method, de- 

termines the present-day geographical region in  which a  given 

fossil species assemblage would be located through the intersection 

obtained from the  overlap of  the current distributions of  each 

https://es.climate-data.org/
https://es.climate-data.org/
https://es.climate-data.org/


 
 

Table  2 

Oxygen isotope composition of tooth enamel phosphate (d18
Op; ‰ V-SMOW) from rodent lower incisors from Cova dels Xaragalls. The  table includes the stratigraphic layer, 

identified taxa and the conversion to the oxygen isotope composition of meteoric waters (d18
Omw; ‰ V-SMOW) following the Royer et al. (2013a) oxygen isotope fractionation 

equation. SD, Standard Deviation. 
 

Sample  Level Taxa Laterality  Location  d18
Op SD  d18

Omw 
 

CX45 C4 Apodemus cf. sylvaticus right isolated 16.6 0.2 -6.8 

CX42 C4 Apodemus cf. sylvaticus right isolated 17.7 0.5 -5.8 

CX44 C4 Apodemus cf. sylvaticus left isolated 17.9 0.2 -5.7 

XG4B-5 C4 Apodemus sylvaticus right in situ 17.9 0.2 -5.7 

CX46 C4 Microtus arvalis right in situ 18.2 0.5 -5.4 

CX41 C4 Apodemus cf. sylvaticus right isolated 18.4 0.4 -5.3 

XG4-2a C4 Apodemus sylvaticus left in situ 18.5 0.5 -5.2 

XG4-3a C4 Apodemus sylvaticus right in situ 19.8 0.3 -4.1 

XG4B-4 C4 Apodemus sylvaticus left in situ 20.8 0.3 -3.2 

CX43 C4 Apodemus cf. sylvaticus right isolated 21.4 0.5 -2.8 

XG4-1a C4 Apodemus sylvaticus left in situ 22.2 0.1 -2.1 

XG5-3 C5 Apodemus sylvaticus left in situ 16.3 0.3 -7.0 

XG5-4 C5 Apodemus sylvaticus right in situ 17.4 0.3 -6.1 

CX52 C5 Apodemus sylvaticus left in situ 17.5 0.3 -6.0 

CX54 C5 Apodemus cf. sylvaticus left isolated 17.6 0.3 -5.9 

CX53 C5 Apodemus cf. sylvaticus left isolated 19.0 0.9 -4.7 

XG5-1 C5 Apodemus sylvaticus left in situ 19.6 0.3 -4.3 

XG5-2 C5 Apodemus sylvaticus left in situ 19.7 0.4 -4.2 

CX51 C5 Eliomys quercinus right in situ 19.8 0.3 -4.1 

CX55 C5 Apodemus cf. sylvaticus right isolated 19.9 0.1 -4.0 

XG5-5 C5 Apodemus sylvaticus right in situ 20.4 0.3 -3.6 

XG6-4 C6 Apodemus sylvaticus right in situ 16.0 0.4 -7.3 

XG6-3 C6 Apodemus sylvaticus left in situ 17.0 0.2 -6.4 

XG6-2 C6 Apodemus sylvaticus left in situ 17.1 0.5 -6.3 

XG6-1 C6 Apodemus sylvaticus left in situ 17.3 0.3 -6.2 

CX64 C6 Apodemus sylvaticus right in situ 17.8 0.4 -5.8 

CX65 C6 Apodemus cf. sylvaticus left in situ 19.3 0.4 -4.5 

CX62 C6 Apodemus cf. sylvaticus left in situ 19.6 0.5 -4.3 

CX63 C6 Apodemus cf. sylvaticus left in situ 19.6 0.2 -4.2 

CX61 C6 Apodemus cf. sylvaticus right in situ 20.2 0.4 -3.8 

XG6-5 C6 Apodemus sylvaticus right in situ 23.2 0.6 -1.3 

XG7-3b C7 Apodemus sylvaticus left in situ 14.6 0.2 -8.4 

XG7-4a C7 Apodemus sylvaticus right in situ 17.0 0.3 -6.4 

CX71 C7 Apodemus sylvaticus right in situ 17.2 0.2 -6.2 

XG7-1b C7 Apodemus sylvaticus right in situ 17.4 0.8 -6.0 

CX72 C7 Apodemus cf. sylvaticus right isolated 18.0 0.3 -5.6 

CX73 C7 Apodemus cf. sylvaticus left isolated 18.3 0.2 -5.4 

XG7-5a C7 Apodemus sylvaticus left in situ 20.0 0.3 -3.9 

XG7-2b C7 Apodemus sylvaticus right in situ 20.3 0.4 -3.7 

CX75 C7 Apodemus cf. sylvaticus left isolated 20.6 0.1 -3.4 

CX74 C7 Apodemus cf. sylvaticus left isolated 21.5 0.4 -2.7 

CX80 C8 Apodemus cf. sylvaticus left isolated 17.9 0.1 -5.6 

CX81 C8 Apodemus cf. sylvaticus right isolated 18.2 0.3 -5.4 

CX84 C8 Apodemus cf. sylvaticus left isolated 18.6 0.4 -5.1 

CX83 C8 Apodemus cf. sylvaticus left isolated 18.7 0.4 -5.0 

CX82 C8 Apodemus cf. sylvaticus left isolated 19.3 0.3 -4.5 

 
 

species (Blain  et al., 2009, 2016; Lo'pez-García, 2011). The  current 

climatic conditions of  the intersecting area are  used to  infer the 

MAT. The  MER estimations presented in  this work have already 

been published by Lo'pez-García et al. (2012). The second method, 

called the bioclimatic model (BM), is based on  the adscription of 

small-mammal species to ten different climatic zones (Herna'ndez 

Ferna'ndez,  2001; Herna'ndez  Ferna'ndez  et al., 2007). This  allows 

the calculation first of  the Climatic Restriction  Index (CRIi ¼ 1/n, 

where i is the climatic zone inhabited by the species and n is the 

number of climatic zones the species inhabit) and then the Biocli- 

matic Component (BCi¼(ƩCRIi)100/S, where S is the number of 

species). From  the BC it is possible to calculate the MAT by means of 

a  multiple linear regression developed specifically for  the order 

Rodentia (Herna'ndez Ferna'ndez, 2001; Herna'ndez Ferna'ndez et al., 

2007). 
 

 
3.6.  Statistical calculations 

 
Ordinary least squares (OLS) regression was used to examine the 

relationship between the mean annual d18Omw values and the mean 

MarcheJune d18Omw values from 26 Iberian localities. OLS was also 

used to examine the relationship between the mean annual d18Omw 

values and the monthly mean air temperatures (Appendix B and C). 

The equations calculated by the OLS regression model were further 

used for  calculations using transposed fits (Skrzypek et al., 2016). 

Uncertainties in  temperature  calculations were determined by 

applying error propagations according to the method developed by 

Pryor et al.  (2014).  Statistical analyses  were  performed  with  R 

v3.3.2  (R Core  Team,  2017) and the Paleontological Statistics pro- 

gram - PAST3 (Hammer et al., 2001). 
 

 
4.  Results  and discussion 

 
The  reconstruction of  past air  temperatures from the oxygen 

isotope composition of rodent teeth is a two-step procedure: 1) the 

measured d18Op  values of  the fossil  rodent teeth allow the esti- 

mation of the d18O values of local  meteoric water (d18Omw) and, 2) 

the calculated d18Omw   values can   be  used to estimate past air 



 
 

temperatures. Since   pioneering works in  the 1980's (Longinelli, 

1984; Luz et al., 1984; Luz and Kolodny, 1985), many  studies  have 

explored the complex relationship between  the oxygen isotope 

composition of vertebrate phosphatic tissues and body water, itself 

related to the oxygen isotope composition of ingested water, which 

ultimately derives from meteoric water. The  oxygen isotope 

composition of body water is species-dependent, being controlled 

by  both input and output oxygen fluxes as  well as  physiological 

factors such as  basal metabolism and body temperature  (Lindars 

et al.,  2001;  Longinelli, 1984;  Luz  et al.,  1984;  Podlesak et  al., 

2008). Over  the last  two decades, distinct species-dependent oxy- 

gen  isotope fractionation equations relating d18Op and d18Omw have 

thus been experimentally determined (e.g.  for  rodents,  D'Angela 

and Longinelli, 1990; Lindars et al., 2001; Luz and Kolodny, 1985; 

Navarro et al., 2004). Recently, using a large dataset that extends 

from 38o N to 65o N in Europe, Royer et al. (2013a) proposed a robust 

linear oxygen isotope fractionation equation for  Muroidea teeth 

between d18Op  and d18Omw  values: 

d18Op ¼ 1.21  (±0.20) x d18Omw  þ 24.76 (±2.70) (1) 

Equation  (1)   is  used  in   this study to  estimate the  d18Omw 

contemporaneous with MIS 3 in the Iberian Peninsula. 

At mid  and high-latitudes, mean annual d18Omw  values are  lin- 

early  related  to   the  regional  mean  annual  air   temperatures 

(Dansgaard, 1964;  Rozanski et al., 1993). The  d18Omw   values are 

mainly controlled by  the water vapour source,  the trajectories of 

humid air   masses, seasonal variations  of  precipitation and the 

ambient air  temperature during the process of condensation. Dur- 

ing  the warm season, d18Omw  values increase, whereas they 

decrease during the cold  season. At  a  regional scale   such as  in 

Europe, a “continental effect” is observed, with decreasing d18Omw 

values landward,  and  an   “altitude effect”,  with d18Omw   values 

decreasing with increasing altitude, in  response to  the gradual 

removal of moisture from uplifted air  masses with a preferential 

removal  of   the  heavy  isotope  18O   during  condensation   (e.g., 

Dansgaard, 1964). Several equations have been proposed for  esti- 

mating past temperatures from d18Omw  at  mid  and high latitudes 

(e.g.  Bernard et al., 2009; García-Alix, 2015; Le'cuyer,  2014; Pryor 

et al.,  2014;  Rozanski et al., 1993; von  Grafenstein et al., 1996). 

These equations are  based on  data related to  different geographic 

scales, which can result in sizable differences in the estimations for 

air  temperatures (Daux et al., 2005) when applied to  specific re- 

gions such as the Iberian Peninsula. 

 
4.1.  Oxygen  isotope composition of meteoric water in the  Iberian 

Peninsula 

 
Although numerous previous isotopic studies have attempted to 

characterize the climate of  the Mediterranean Basin  (Dansgaard, 

1964; Gat  et al., 2003; Gat  and Carmi,  1970; Hartman et al., 2015; 

Le'cuyer,  2014; Le'cuyer  et al.,  2018), the Iberian Peninsula is  not 

readily equated with any other Mediterranean region. Indeed, it is a 

complex territory in terms of climate due to  its  latitude range, its 

location between  Atlantic and African-Mediterranean influences 

and its  particularly complex orography, thus incorporating all the 

features  of  a  small-scale continent  (Font-Tullot,  2000). Indeed, 

Iberia plays a major role  as a centre of secondary action in the 

mechanism of  the  general circulation of  the atmosphere, as  a 

consequence of air  masses of different origin that converge in this 

region (Font-Tullot, 2000). 

The current seasonal variation in the d18Omw values interpolated 

for  the Iberian Peninsula (OIPC data; Bowen, 2017; Appendix A; 

Fig.  3A)  follows the isotopic pattern  of  mid   and high latitudes 

(Dansgaard, 1964; Gat, 1980; Rozanski et al., 1993) with an increase 

in d18Omw values in summer and a decrease in winter. Nonetheless, 

sizable differences between  Iberia and higher-latitude  localities, 

such as southwestern France, can  be  seen in the annual ranges of 

the d18Omw  values, with higher seasonal differences observed in 

Iberia (6.8e8.9‰)  than in  southern France  (3.7e5‰).  The  differ- 

ences between these two regions correspond to  the presence of 

lower d18Omw  values in the Iberian Peninsula for the colder season 

in conjunction with notably higher d18Omw  for the warmer season. 

This  phenomenon  may be  related to  the motion of  humid  air 

masses that occurs in Iberia (Gat et al., 2003). During summer, most 

of the Iberian Peninsula (with the exception of the Cantabrian to 

Atlantic seaboards) is under the influence of continental tropical air 

mass from North Africa, which impose hot and arid  summers (Font- 

Tullot,  2000). Before  reaching Iberia, the continental tropical air 

mass from North Africa becomes enriched by the heavy isotope 18O 

during its  transport over the Mediterranean Sea. Likewise, the 

complex Iberian orography characterized by high and mountainous 

relief causes large seasonal climatic amplitudes, which may influ- 

ence large annual ranges of d18
Omw. 

Considering the described climatic singularities of  the Iberian 

Peninsula, a specific linear regression is therefore established be- 

tween the mean annual d18Omw  values and the mean annual air 

temperatures. The  linear regression of the GNIP data provides the 

following equation (Fig. 4A; Appendix B): 

 
MAT (o C) ¼ 2.38(±0.10) x d18Omw  þ 28.19(±0.58) with R2 ¼ 0.65 

(n ¼ 304; p < 0.0001; Sy/x ¼ 3.6)                                                             (2) 

 
 
 
4.2.  Oxygen  isotope composition of present-day rodents from  the 

Iberian Peninsula 

 
4.2.1.   d18Op  intra-pellet variability 

A key factor in understanding the isotopic variability recorded in 

rodent teeth is the formation of rodent accumulations, leading to 

questions of how and when these accumulations were produced 

(e.g.  Royer et al., 2013a,  b).  In cases where rodent fossil  accumu- 

lations are  produced by predators, sampling bias  may result from 

defined  hunting  territories, which vary   among predators  as   a 

function of  ecology and the  local   orography.  The  d18
Op   values 

measured in  fourteen modern rodents collected in  northeastern 

Iberia range from 16.1‰ to 20.2‰ (Table  1; Appendix A). Despite 

the limited number of specimens, the variations in the d18Op values 

between  different incisors within each pellet are  relatively low, 

with  differences between  the  minimum and  maximum d18Op 

values ranging from 0.5 to 1.9‰. The intra-pellet variation of d18Op 

is lower than 1‰ in the case of Serinyat' (0.7‰), El Catllar (0.5‰) and 

Moiat'  (0.9‰). In the case  of Moiat',  it should be  noted that an  extra 

specimen collected outside of  the pellet shows a  distinct value 

lower by  2‰. The  higher  variability in  the pellets from Prades 

(1.9‰) and Balaguer (1.5‰) could be related to the complex orog- 

raphy in the surrounding region, as a result of which the activity of 

the predator may cover a large altitude range (from 200  to 1000 m 

a.s.l.) within a rather restricted area. The predator thus has access to 

prey that are  more isotopically variable due to the altitude effect. 

From the intra-pellet ranges observed in this work, we  calculated 

an  average range of 1.1 ± 0.5‰ (SD ¼ 0.5‰). The isotopic ranges in 

the current study are  bracketed by  the minimum (0.2‰)  and the 

maximum (5.2%) values measured by Royer et al. (2013a) on pellets, 

with a  mean value of  2.9 ± 1.1‰ (SD ¼ 1.6‰).  Nevertheless, this 

work small number of samples could hide more significant varia- 

tions. Barham et al.  (2017) observed greater intra-specific vari- 

ability (up  to  2‰) for  d18Op  values among individuals from equal 

laboratory  conditions,  warning  of  greater  variation  in   natural 



 
 

 
 

Fig. 3.  A) Oxygen isotope composition (‰ V-SMOW) of meteoric waters (d18
Omw) from localities in the Iberian Peninsula, southern France and other localities from higher latitudes 

(numbers 1 to 20  and 21  to 41,  respectively; detailed information available in  Appendix A), using data from OIPC software (Bowen, 2017). The  red, black, blue and green curves 

represent the minimum, the maximum, the mean annual and the range of d18
Omw  values respectively for each locality. The  altitude is indicated in light red (m  above sea  level) for 

each locality. B) Box  plot representation of d18
Omw  estimated from the oxygen isotope composition of phosphate from present-day Iberian rodent teeth (green box  plot); mean 

annual values (white box  plot), mean values from March to June (red box  plot) and monthly means (grey box  plots) obtained from OIPC software (Bowen, 2017). The  black dashed 

lines indicate the limits of the estimated values, and the red line  their mean; the green fringe shows the estimated values between the 1st  and 3rd quartile. (For interpretation of the 

references to color in  this figure legend, the reader is referred to the Web version of this article.) 

 

 
conditions. 

 
4.2.2.   Time interval recorded by rodent lower  incisors 

Various factors lead rodent tooth phosphate to record a d18Omw 

value that corresponds to a short time interval of less than a season 

(Royer et al., 2013a). Small-sized animals, such as the great majority 

of present-day rodents, have a rapid water turnover (according to 

Podlesak et al.  (2008) woodrats  reach isotopic equilibrium  two 

weeks after a change of drinking water), and their teeth are 

mineralized rapidly, a few  days after their birth (Blumenthal et al., 

2014;    Hillson,    2005).    Furthermore,     rodent    incisors   are 

characterized by their continuous growth throughout the life of the 

individual, offering opportunities  to provide a  record of  the last 

days before the individual's death. The growth time of the incisor is 

species-dependent,  mainly  in   relation  to   their  size   and  body 

weight. The renewal time for the lower incisors is generally around 

30e60  days (Coady et al.,  1967;  Klevezal, 2010;  Klevezal et  al., 

1990), whereas the murine species of  the  genus  Apodemus tend 

more towards  50e60 days (Klevezal, 2010). In the case  of the mu- 

rids,   on  the basis of  the dentin thickness increments, Klevezal 

(2010) noted that the daily  growth rate of  the incisor may also 

vary  according to  the diet and especially according to  the season 



 
 

 
 

Fig. 4.  Proposed corrections for  palaeotemperature reconstruction in  northeastern  Iberia. A) Linear regression model (OLS equation) relating monthly mean d18
Omw  values and 

monthly mean air temperatures, from available dataset for Iberia from the Global Network of Isotopes in Precipitation, operated by the International Atomic Energy Agency and the 

World Meteorological Organization (IAEA/WMO, 2018); B) Linear regression model (OLS equation) between current mean annual d18
Omw  and mean MarcheJune d18

Omw  values 

from Iberian localities included in this study, using data from OIPC software (Bowen, 2017). Uncertainty with 95% confidence interval indicated in light grey. Further information in 

Appendix B and Appendix C. 

 

 
and the age  of  the specimen. The  gestation period of  the wood 

mouse extends over 20e30 days,  and weaning takes place between 

13  and 21  days after birth, when the development of the incisors 

starts (Sa'nchez-Gonza'lez et al., 2016; Palomo et al., 2007). Thus, the 

d18Op   recovered from a  murid lower incisor contains integrated 

oxygen isotope information from the last  two months of  the in- 

dividual's life and avoids any  weaning effect as recorded in rooted 

adult molars (Gehler et al., 2012,  2011; Jeffrey  et al., 2015; Royer 

et al., 2013a). Indeed, pellets from Moiat',  Prades and Serinyat' were 

recovered between the end of  August and the beginning of 

September. The  d18Omw  values estimated from the d18Op  values of 

the  rodent  incisors recovered from these  pellets match those 

documented by  the IAEA/WMO  stations for  the AprileMay 

(Serinyat') and MayeJune (Moiat'  and Prades) periods. 

recorded at  higher latitudes (Fig. 1A;  Appendix A). By combining 

these fourteen d18Op  values with fifteen  previously published by 

Royer et al. (2013a) from Iberian locations (Fig. 1A), we  obtained a 

set of d18Op values ranging from 13.1‰ to 22.2‰, with a mean value 

of 17.7 ± 0.6‰ (SD ¼ 1.9‰). When these d18Op values are  converted 

into d18Omw  values using equation (1)  and then compared to cur- 

rent d18Omw data (OIPC data; Bowen, 2017), they are seen mainly to 

match the spring and the beginning of summer (between March 

and June)  or the autumn (between September and November), this 

pattern is  not as  clear in  higher latitudes such as  southwestern 

France  (Appendix  A; Fig. 3B). The  mean d18Omw  values estimated 

from present-day  Iberian samples are   closer to the mean value 

corresponding to the MarcheJune time span, being slightly higher 

(by  þ 1.1‰) than the expected mean d18Omw  values  (IAEA/WMO) 

corresponding to  the MarcheMay interval in  each location. This 
18

 

4.2.3.   Preferential time  interval of rodent accumulation reflected by slight  overestimation  of   d Omw   values  translates   into  over- 

d18O 

The mean d18Op  value calculated for the fourteen new present- 

estimated annual air  temperatures (by  þ 2.6‰).  As  previously 

noted, the Iberian Peninsula is  characterized by  a  large seasonal 
18

 

day   samples is  18.7 ± 0.5‰,  which is  higher than  most values 
amplitude of d Omw values, and the MarcheJune period is one  of 



 
 

the most variable in d18Omw values (Fig. 3A). Indeed, the variation is 

around 5‰ between  March and June,   whereas it  only   reaches 

2e3‰ at higher latitudes such as southwestern France. 

Predator-prey interactions can  influence oxygen isotope tem- 

poral information record. Generally, rodents show increased pop- 

ulation sizes  and greater outdoor activity from spring to  autumn, 

whereas their activity is reduced in winter (Le Louarn and Que're', 

2003). For northern latitudes and higher altitudes, the reproduc- 

tive  activity of the wood mouse mainly occurs between spring and 

summer and ceases during winter.  In  contrast, in  Mediterranean 

areas such as northeastern and southern Spain, or  in areas with a 

Mediterranean influence (such as  Portugal), the pattern of repro- 

ductive  activity is  reversed, starting  in  autumn  and ending in 

spring, with summer always being the rest period (Fons  and Saint 

Girons, 1993;  Moreno  and  Kufner,  1988;  Rosa'rio  and  Mathias, 

2004; Sans-Coma and Gosalbez, 1976; Sunyer et al.,  2016).  The 

great variability in  the reproductive cycles of the wood mouse is 

related to its great capacity to adapt to the availability of food  and, 

which is partially influences by  local  climatic and environmental 

conditions (Fons   and  Saint Girons, 1993). In  the Mediterranean 

Basin,  high temperatures coupled with low  summer rainfall, 

sometimes generating drought periods, may explain the absence of 

reproduction in summer and the occurrence of population peaks in 

spring (Moreno and Kufner,  1988; Rosa'rio  and  Mathias, 2004). 

Summer is considered a period of stress for  this species living in 

Mediterranean environments, as  also  expressed by a low  survival 

rate (Ros'ario and Mathias, 2004). 

In  parallel, the observed oxygen isotopic variations in  rodent 

teeth can  be partly explained by the season of prey capture (Royer 

et al.,  2013a,  2013b). At mid  to  high latitudes, the dynamic and 

structure of raptor populations (breeding, density, natality and 

migration) are  affected by  rodent abundances in  spring-summer 

(Norrdahl and Korpima,  2002; Salamolard et al., 2000). The  suc- 

cess  of the predator population depends to  a large extent on  the 

abundance of its prey during the breeding season. This phase is the 

optimal period for predator hunting activity. For instance, Sundell 

et al.  (2004) have shown that the success of  avian predators at 

high latitudes (60o N) is strongly correlated with the abundance of 

rodents, showing a seasonal numerical response. In addition, birds 

of   prey  tend  to   improve their hunting efficiency during the 

breeding season, to meet the energy requirements for feeding their 

young. In the Iberian Peninsula, the most common rodent preda- 

tors, owls (Tyto alba, Athene noctua, Otus scops, Asio otus, Bubo bubo, 

Asio flammeus, Strix  aluco),   usually have their reproduction and 

breeding period between  spring and the beginning of  summer 

(Manzanares, 2012) (Appendix D). Consequently, the probability of 

rodent capture by owls is highest during this period. 

It is therefore considered that rodent d18Op values mainly reflect 

the d18Omw  values of the MarcheJune period in  Iberian Peninsula 

localities (Fig. 3B). We  propose a linear regression based on  OIPC 

data (Bowen, 2017) between the d18Omw values of the MarcheJune 

period and the mean annual d18Omw  values. This can  be applied to 

Iberian rodent populations to  calculate the mean annual d18Omw 

values in the fossil  record (Fig. 4B): 

 
d18Omw  (annual mean) ¼ 1.04(±0.05) x d18Omw  (March-June mean) - 

0.86(±0.28) with R2 ¼ 0.96  (n ¼ 22;  p < 0.0001; Sy/x ¼ 0.23)         (3) 

 
 
 

4.3.  Oxygen  isotope compositions from  fossil rodent teeth: from 

d18Op  values  to temperatures in the  Iberian Peninsula 

 
In the Iberian Peninsula, the period of maximal rodent density 

and  predator  activity corresponds to  the  spring-early summer 

months. We  suggest that a similar interpretation could be applied 

to rodent fossil  assemblages sampled from Late  Pleistocene de- 

posits from Iberia. Variability of d18Op  values obtained should be 

explored from multiple teeth within each stratigraphic level  as an 

indicator of intra-level distribution to evaluate inter-annual climate 

instability. This variability can  be minimal (<4‰)  or very substan- 

tial  (>8‰).  In the case  of positive asymmetry in the frequency 

distribution of d18Op  values, a bias  due to a warm and arid  period 

can  be  surmised, whereas a negative asymmetrical distribution of 

values could be  related to  individual captures during the winter 

period (Royer et al., 2013b, 2014). Furthermore, to  calculate an 

average value, we recommend using median d18O values, which are 

less  subject to extreme values. If exploring this variability could 

help to  understand the isotopic signal, it is nonetheless based on 

the working hypothesis of a main accumulation during one  season. 

The    confidence   in    these   interpretations   should  always  be 

cautiously taken that could also  result from a seasonal effect alone. 

Complexity is also  added by the structure of fossil  deposits, where 

the  isotopic composition of  rodent  teeth  could reflect either a 

unique short event or long  periods of accumulation (from a couple 

of years to  thousands of years) yet distinguishing these two pos- 

sibilities is extremely challenging. 

Estimations of palaeotemperatures  usually require a  two-step 

procedure  involving  two  linear  equations:  1)   from  d18Op    to 

d18Omw;  2)   from  d18Omw   to   air   temperatures.  Considering the 

possible seasonality of  the rodent assemblages and the regional 

peculiarities of  the  Iberian Peninsula, the  following three-step 

strategy is  proposed for  the reconstruction of  estimated palae- 

otemperatures from rodent tooth d18Op accumulated in the Iberian 

Peninsula: 

 
1)  Estimation of d18Omw  from d18Op, employing the linear oxygen 

isotope  fractionation  equation  determined  by   Royer  et  al. 

(2013a) (1), using the median d18Op  value from a given level. 

2)  When the rodent isotopic record is preferentially biased towards 

air  temperatures of  the spring-summer months, we  also 

recommend an  additional equation (3)  that can  be  applied to 

d18Omw  for  the MarcheJune period in  order to  obtain the cor- 

responding mean annual d18Omw  (3). 

3)  Estimation of  air  temperatures  from d18Omw,  using the linear 

regression model specific to Iberia developed in  this work, 

relating the mean annual d18Omw and the mean annual air 

temperatures  (2). 

 
Nonetheless, one  additional correction should be performed 

before d18Omw values can be quantitatively estimated, related to the 

ice  volume effect. During glacial periods, the oxygen isotope 

composition of seawater changes in response to the fluctuations in 

the volume of continental ice. Any change in the seawater oxygen 

composition is passed on to the surface hydrological cycle at a globe 

scale,  which includes the oxygen isotope composition of meteoric 

waters.  For instance,  the  global seawater d18O  value increased by 

1.0 ± 0.1‰ during the Last Glacial  Maximum, whereas during MIS 3 

the sea level  was around 50 m below the present-day sea level.  This 

sea  level  fluctuation may have contributed to  an  increase in  the 

global d18Omw  value by þ0.6‰, resulting in a bias  in calculated air 

temperatures of þ1 o C (see  Schrag et al., 2002). 

 
4.4.  Palaeoenvironmental and  palaeoclimatic reconstruction  of 

Cova dels Xaragalls 

 
The oxygen isotope composition of rodent incisor enamel from 

different layers within Cova  dels  Xaragalls ranges from 14.6‰ to 

23.2‰, with a total variation of 8.6‰ (Fig. 5; Table  3). Mean d18Op 

values for each specific horizon sampled are fairly constant over the 



 
 

sequence, varying between 18.4‰ (layer C7) and 19.0‰ (layer C4). 

The median d18Op values vary  only  slightly from 18.2‰ (layer C7) to 

19.3‰ (layer C5), but  remain largely similar to the means, with the 

mean d18Op  never exceeding more than 0.6‰ above the median 

d18Op value. The oxygen isotope compositions of M. arvalis (18.2‰; 

layer C4) and E. quercinus (19.8‰; layer C5) keep within the general 

range obtained from A. sylvaticus measurements and have no  in- 

fluence either on  the mean or  median  values. All  sedimentary 

layers show a  normal distribution of  data (Shapiro-Wilk test, p- 

value>0.01). Sizeable intra-level variations are  observed (1.4‰e 

7.2‰). Layers  C8 and C5 are  characterized by the lowest intra-level 

variability in d18Op values (1.4‰ and 4.1‰, respectively), lower 

standard deviations (0.5‰ and 1.4‰, respectively) and the highest 

medians (18.6‰ and 19.3‰, respectively). By contrast, layers C7, C6 

and C4 show higher d18Op variability (6.9‰, 7.2‰ and 5.6‰, 

respectively),  higher standard deviations (2.1‰,  2.1‰ and 1.8‰, 

respectively)  and  lower  medians  (18.2‰,   18.5‰  and  18.4‰, 

respectively). 

The low  to moderate d18Omw  intra-level ranges recorded in the 

Cova  dels  Xaragalls fossil  deposits, which vary  from 1.1  to 5.9‰ 
(Table  3), are lower than the current seasonal amplitude for d18Omw 

values at  Vimbodí-Poblet (8.5‰; OIPC data) and the average sea- 

sonal amplitude of d18Omw values for Iberia (8‰; OIPC data; Fig. 3a). 

These patterns suggest that small-mammal remains preferentially 

accumulated seasonally, which would have probably been during 

the spring-early summer months. Taphonomic  analyses suggest 

that the predator responsible for  the rodent accumulation 

throughout the Cova  dels   Xaragalls sequence  is  Athene   noctua 

(Lo'pez-García et al., 2012). This nocturnal bird of prey feeds mainly 

on  insects, but   also  on  small mammals, frogs   and birds. It  is  a 

sedentary  species  that  inhabits  restricted  territories  (around 

0.8 km2), and within the Iberian Peninsula it breeds from April  to 

May  in  tree holes or  rock  fissures (Andrews, 1990; Manzanares, 

2012; Mikkola, 1983; IUCN, 2018). At higher altitudes, this species 

is known to hunt small mammals preferentially during winter 

(Andrews, 1990; Delibes et al., 1983). Contrary,  in  Mediterranean 

areas some studies have quantified high rates of  small-mammal 

consumption during both spring and autumn (e.g.  Sekour et al., 

2011).  Furthermore,  despite the  low   d18O  variability  observed, 

this owl  tends to produce important digestion damage on  teeth 

(Andrews, 1990), so an  unknown influence in the oxygen isotopic 

signal produced by the digestive enzymes can  never be discarded. 

Considering Barham et al. (2017),  digestion inflicted by  Tyto alba 

supposed ~0.7‰ decreases from the original d18Op  values. 

The  high variation in  d18Op  values observed within the layers 

could be  related to  seasonal or  climatic fluctuations.  Combining 

median data with ranges and standard deviations and taking into 

account previous environmental data inferred from the small- 

vertebrate and charcoal studies of  the site   (Lo'pez-García  et  al., 

2012; Vallverdú et al., 2012), let  us  to consider that layers C6, C7 

and C4 show a degree of climatic variation in comparison to layers 

C8  and C5, which seem relatively more stable (Table   3; Fig.  5). 

Layers  C6 and C4 show very high d18Op values (>22‰),  which could 

be related to water 18O enrichment due to specially warm summer 

or arid  events (Jeffrey  et al., 2015; Royer et al., 2013b). By contrast, 

low  d18Op   values such as  those from layer C7  (<15‰)   could be 

related to  the predation of specimens in  the cold  season or  in  an 

exceptionally cold   spring.  The   different altitudes  at   which the 

predator may have been hunting or even different sources of water 

ingested by hunted rodents (e.g. stagnant waters or snow melting) 

may also  explain a  part of  these variations (Barham et al., 2017; 

Peneycad et al., 2019; Royer et al., 2013b). Indeed, Cova  dels  Xar- 

agalls is surrounded by  a mountainous environment with highly 

variable altitudes at  a  kilometre scale.  Lo'pez-García  et al.  (2012) 

indicate an  inverse relationship between the temperatures and 

the amount of  precipitation, with the warmest layers being the 

driest (C5 and C8) and the coldest layers being the wettest (C3-C4 

and C6). These pluviometric changes could have magnified the 

variability in the oxygen isotope composition of layers C4 and C6. 

However, the global picture of slight inter-level variation, both for 

means and medians, indicates rather  stable climatic conditions 

throughout the sequence, an  interpretation that supports results 

from previous studies based on  small-mammal assemblages and 

charcoal. 

For each sedimentary level,  mean annual temperatures (MAT) 

were calculated based on  median d18Op  values and following the 

protocol  previously  proposed  in   section  4.4   using  equations 

(1)e(3).   The   estimated  MATs   vary    between  11.2 ± 2.6 o C  and 

13.6 ± 2.7 o C (Table  3; Fig. 6). These temperatures are  slightly lower 

than  the  current  MAT  recorded  at   Vimbodí-Poblet  (13.6  o C; 

Climate-Data.org), with the difference ranging from -2.4 o C (C7) 

to  -1.5 o C (C8), except for  layer C5, which recorded air  tempera- 

tures comparable to present-day temperatures. The MAT temporal 

trend calculated from the d18Op record is reasonably similar to that 

obtained by  the mutual ecogeographic range (MER; Lo'pez-García 

et al., 2012) and bioclimatic model (BM) reconstruction methods 

(Fig. 6). However, an  offset of a few  degrees is observed between 

the  three  methods, remaining small enough to  fall  within the 

confidence intervals of the techniques employed. 

Previous anthracological studies performed at  Cova  dels  Xar- 

agalls have revealed low  taxa diversity,  which is  related to  the 

predominance of  Pinus-type sylvestris throughout  the  sequence 

(more than 75%).  This  is  a  common feature of  Late  Pleistocene 

vegetation formations in  northeastern  Iberia due to  the harsher 

climatic conditions, suggesting that  Cova   dels   Xaragalls had  a 

cooler climate than at present and a landscape dominated by open 

forests (Lo'pez-García  et al.,  2012). Nevertheless, relative abun- 

dances up  to 50% of the wood mouse, which is mainly associated 

with forests or forest margins, are  uncommon during cold  climate 

stages because species more associated with open landscapes are 

usually found. The  location of  Cova  dels  Xaragalls within Poblet 

Forest may have provided a suitable environment for species with 

generalist requirements, protected by  low-altitude woodland for- 

mations  and  buffered  climatic conditions.  Recent morphological 

and morphometric studies performed on M. agrestis and M. arvalis 

remains sampled from levels C4-C6 have pointed to a possible in- 

crease in humidity levels, which in a Mediterranean context can be 

related to an  extension of forest cover (Luzi,  2018). A correlation 

between layer C5 and interstadial phase IS13 or 14 (ca. 50e55 ka) 

was tentatively suggested by Lo'pez-García et al. (2012), despite the 

fact that the biodiversity recorded in this level  was not reliable due 

to the low  abundance of individuals. Nonetheless, oxygen isotope 

ratios of rodent teeth from layer C5 are  relatively enriched in  18O 

with a small standard deviation, reflecting a MAT comparable to the 

present (13.6  o C).  This  observation thus  confirms the  temporal 

trends inferred from the MER and BM models. It also  agrees with 

the documented faunal biodiversity in the interstadial context that 

prevailed during the deposition of layer C5. Even  though the cli- 

matic conditions recorded throughout the sedimentary sequence 

seem to be  slightly cooler than  nowadays, our   study raises the 

possibility that warm air  temperatures close  to Holocene condi- 

tions could have occurred during MIS 3 in the northeast of Iberia. 

 
5.  Conclusions 

 
Oxygen isotope compositions were measured in  rodent teeth 

accumulated in modern owl pellets from five different sites located 

in  northeastern Iberia and complemented with previously pub- 

lished d18O  results from rodent teeth from the Iberian Peninsula. 

The peculiar orography and climatic mode of the Iberian Peninsula 

http://climate-data.org/


 
 

 
 

Fig. 5.  Oxygen isotope composition of rodent incisor enamel (d18
Op; ‰ V-SMOW) from the Cova  dels Xaragalls samples. Above, distribution of d18

Op  values per layer, with mean 

(red) and median (black) curves. Red squares illustrate the Microtus arvalis (C4) and Eliomys  quercinus (C5) samples;  black points identify the Apodemus sylvaticus samples. Below, 

box  plots of the d18
Op  values per layer, with mean (red) and median (black) indicated; the bars cover the full range of the values; the boxes extend from the 1st  to 3rd quartile. (For 

interpretation of the references to color in  this figure legend, the reader is referred to the Web version of this article.) 
 

 
 

Table  3 

Minimum, maximum, mean, median, standard  deviation and  range  of   oxygen 
18

 

expected MarcheMay mean d18Omw value. The most likely  cause is 

a preferential accumulation of rodent remains during this period, 
isotope composition of  incisor enamel phosphate (d Op; ‰ V-SMOW) from fossil associated with enhanced predation activity. This interpretation  is 
rodents  recovered  from Cova dels Xaragalls; conversion to the  oxygen isotope 

composition of meteoric waters (d18
Omw; ‰ V-SMOW); and, mean annual  temper- 

ature estimations (MAT; o  C),  including seasonality and sea-level corrections of 

d18
Omw. 

 
Levels C4  C5  C6  C7  C8 

 

                    
n                                                    11       10       10       10          5 

d18
Op  Min 16.6     16.3     16.0     14.6     17.9 

Max 22.2     20.4     23.2     21.5     19.3 

Mean  19.0     18.7     18.6     18.4     18.5 

Median  18.4     19.3     18.5     18.2     18.6 

Range 5.6  4.1  7.2  6.9  1.4 

SD  1.8  1.4  2.1  2.1  0.5 

d18
Omw     Min  -6.8     -7.0     -7.3     -8.4     -5.6 

Max -2.1     -3.6     -1.3     -2.7     -4.5 

Mean -4.8     -5.0     -5.1     -5.3     -5.1
 

supported by ethological studies that suggest a higher probability 

of prey capture by owls from Iberia during the spring-early summer 

months as a consequence of the rising number of murid specimens. 

The  oxygen isotope compositions recorded in present-day rodent 

tooth samples correspond to d18
Omw values contemporaneous with 

the  two months prior to  the  deposition of  the  pellets by  the 

predator. This is consistent with histological studies of genus Apo- 

demus, which completes  the renewal  of its lower incisors in about 

two months. 

In fossil assemblages, where the phenomenon of the palimpsest 

is  common,  observed  d18O   variations  in   rodent  tooth  enamel 

samples can  be  related both to  intra-annual and to  inter-annual 

changes in  air  temperature. Whenever possible, it is necessary to 
 

Median 

Range
 

 

-5.3 
 

-4.5 
 

-5.2 
 

-5.5 
 

-5.1 ascertain whether d18Op  intra-level variations are  more related to 

the seasonality of samples or  to climatic fluctuations. In addition,
 

4.7  3.4  5.9  5.7  1.1 

MAT  d18
Omw  - seasonality correction    -6.3     -5.6     -6.2     -6.5     -6.2 
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for  Iberian palaeoenvironmental reconstructions based on  d18Op, 
d  Omw - sea level correction  -6.9     -6.2     -6.8     -7.1     -6.8 

MAT (o C)  11.7     13.6     12.0     11.2     12.1 

SD  1.3  1.4  1.3  1.3  1.8 

Error margin  2.5  2.7  2.6  2.6  3.5 

singular d18Omw  seasonal amplitudes and the preferential forma- 

tion of rodent accumulations in the warm season could lead to an 

overestimation of the annual d18Omw  values and consequently of 

the mean annual air  temperatures. This  work has  proposed two 

solutions for  calculating mean annual temperatures: the develop- 
18

 

are  emphasized by this study, which documents low  d18Op  values ment of a specific d Omw/Tair regression equation designed for the 

and a  large annual range of  d18Omw   in  comparison to  southern Iberian environmental context (2)  and a regression equation that 

France. On the basis of recent d18Omw  values extracted from IAEA/ relates the MarcheJune d18
 Omw to the mean annual d18

 Omw in order 

WMO  databases, the oxygen isotope composition of contempora- 

neous Iberian rodent tooth samples reflects spring and early sum- 

mer d18Omw   values.  Consequently,  the estimated mean d18Omw 

values are closer to the MarcheJune mean d18Omw value than to the 

to  correct the  seasonal bias   recorded  in   rodent  tooth  apatite 

resulting from the probable preferential accumulation of  rodent 

remains in the warm season (3). 

Finally,  rodent incisor enamel sampled from layers C8 to C4 in 



 
 

 
 

Fig. 6.  Mean annual temperature (MAT; o C) reconstructed for  the Cova  dels Xaragalls layers using the oxygen isotope composition (d18
O)  of rodent incisor enamel, the mutual 

ecogeographic range (MER) method and the bioclimatic model (BM). Dashed lines correspond to the current MAT at Vimbodí, and the shaded fringes to the error associated with 

each method. 

 
Cova dels  Xaragalls is characterized by low to moderate d18Op intra- 

level  variations never surpassing present-day annual d18Omw  vari- 

ability.  The  parsimonious hypothesis is  that the small-mammal 

remains were preferentially accumulated during equivalent sea- 

sons, most likely  during spring-early summer months. The  inter- 

level   variations observed in  C7,  C6  and C4  could be  related to 

high seasonal amplitude or  high-frequency  climatic fluctuations. 

However, the d18
Op  variations suggest rather steady-state climatic 

conditions throughout the sequence with mean annual tempera- 

tures lower than current ones (-2.4 o C to -1.5 o C), except for layer 

C5, which records similar mean annual temperatures  to  those at 

present (13.6 ± 2.7 o C). This  observation supports the correlation 

between layer C5 and interstadial phase IS13 or 14 (ca. 50e55 ka). 

Comparison with different models of  palaeotemperature  recon- 

struction for  the deposit at  Cova  dels  Xaragalls demonstrates ho- 

mogeneity in the climatic signal. 
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Appendix A 

 
Detailed data from localities in the Iberian Peninsula, southern 

France  and other higher-latitude  localities, with oxygen isotope 

compositions of  tooth enamel phosphate from modern rodent 

teeth (this work and Royer et al., 2013a). Included for each locality is 

altitude (m  a.s.l.);  number of  d18O  samples (n);  mean d18O  from 

phosphates (d18Op; ‰ V-SMOW); mean and median estimated d18O 

from meteoric waters (d18Omw; ‰ V-SMOW)  (following the Royer 

et  al.   (2013a)  oxygen  isotope  fractionation  equation);  mean, 

ranges and monthly values of d18Omw  (OIPC data; Bowen, 2017). In 

dark grey,  location of  estimated mean d18Omw  from present-day 

samples within present-day d18Omw  values throughout the year; 

in light grey,  location of all d18Omw estimated in a given locality; red 

square, time of pellet recovery. 
 
 
Appendix B 

 
Available dataset of  Iberian sites from the Global  Network  of 

Isotopes in  Precipitation created by  the International Atomic En- 

ergy Agency and the  World Meteorological Organization (IAEA/ 

WMO,  2018), employed to develop the linear regression model 

(OLS equation) relating the monthly mean d18
Omw  and monthly 

mean air  temperatures (Fig. 5A). Included for  each site/month  is 

latitude, longitude, altitude (m a.s.l.), number of samples (n), mean 

oxygen isotope  composition of  meteoric waters (d18Omw;  ‰ V- 

SMOW)  and mean air  temperatures (o C). 
 
 
Appendix C 

 
Current oxygen isotope compositions of meteoric waters 

(d18Omw;  ‰ V-SMOW)  from Iberian localities and Corsican local- 

ities: mean from March to June and annual mean. Data are provided 

by the Online Isotopes in Precipitation Calculator, derived from the 

International  Atomic Energy Agency/World Meteorological Orga- 

nization  Global   Network  for   Isotopes  in   Precipitation  (Bowen, 

2017). These data are  used to develop the linear regression model 

(OLS equation) between current mean annual d18Omw  and mean 

MarcheJune d18Omw  values (Fig. 5B). 
 

 
Appendix D 

 
Ecological data  for  the most common owls from the Iberian 

Peninsula: breeding season, reproduction and migration behaviour. 

Based  on  Manzanares (2012). 



 
 

Appendix E. Supplementary data 

 
Supplementary data  to  this  article can   be   found online at 

https://doi.org/10.1016/j.quascirev.2019.04.035. 
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