
ADVERTIMENT. Lʼaccés als continguts dʼaquesta tesi queda condicionat a lʼacceptació de les condicions dʼús
establertes per la següent llicència Creative Commons: http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptación de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set
by the following Creative Commons license: https://creativecommons.org/licenses/?lang=en



Landscape dynamics during the

last 17,550 years in Cantabria, 

northern Iberian Peninsula.

Approaches from

palaeoecology

PhD in Plant Biology and Biotechnology

2021

Marc Sánchez Morales

Supervisors

Ramon Pérez Obiol

Albert Pèlachs Mañosa



    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

 

 

 

 

 

 

 

 

 

 

 

 

Landscape dynamics during the last 17,550 years 

in Cantabria, northern Iberian Peninsula. 

Approaches from palaeoecology 

PhD Thesis 

PhD in Plant Biology and Biotechnology, line in Systematic Botany and 

Phylogenetics of Plants and Fungi 

Marc Sánchez Morales 

 

Supervisors 

Albert Pèlachs Mañosa       Ramon Pérez Obiol  

 

 

 

Academic tutor 

Llorenç Sáez Goñalons 

 

 
 

Cerdanyola del Vallès, 2021 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Agraïments 

“GRAMP (Grup de Recerca en Àrees de Muntanya i Paisatge) is the group I 

collaborated with, and consists of researchers mostly from the Geography Department, 

and also from the Department of Animal Biology, Plant Biology and Ecology, both at 

the UAB (Autonomous University of Barcelona). Mainly, the researchers with whom I 

worked were Ramon Pérez, Joan Manuel Soriano and Albert Pèlachs. They want to 

measure the importance of anthropic interaction on the territory in order to explain the 

current landscape, as well as to model its future evolution. This will help to develop 

proposals related to the environment management.” 

Amb aquestes paraules escrites el 2013 a la meva memòria de pràctiques de grau 

vaig descriure el grup de recerca amb el qual, sense saber-ho, anys més tard acabaria 

fent aquesta tesi doctoral. Jordi, Raquel, Joan Manuel, Albert i Ramon, ha estat una 

sort immensa compartir amb vosaltres tots aquests anys, tant dins del laboratori com 

allà on més ens agrada, a la muntanya. Han estat moltes les estones compartides 

buscant avets, punxant torberes, assistint a congressos, acompanyant-vos als cursos 

de Farrera i del Gerdar, preparant classes, fent forats a llocs perduts de Catalunya, 

sopant a qualsevol lloc que ens recomanés en Ramon... on he pogut gaudir amb tots 

vosaltres. No ha estat només tot el que he après al vostre costat, sinó lo bé que m’heu 

fet sentir des del primer dia. Qualsevol que us conegui sabrà que això no són paraules 

buides, sinó que formeu un grup humà excepcional. Espero haver estat a l’alçada del 

que esperàveu de mi quan em vau donar l’oportunitat de fer el doctorat, per mi heu 

estat com una segona família. 

Albert i Ramon, a vosaltres us ha tocat de més a prop haver-me hagut d’aguantar 

durant tots aquests anys i sou els principals responsables que m’hagi buidat fent 

aquesta tesi. Francament, ha estat un plaer treballar amb vosaltres. Us vull agrair totes 

les estones compartides, així com haver tingut sempre una estona per atendre els 

meus dubtes. Heu tingut una paciència infinita en tot moment, sobretot durant aquests 

últims mesos en el quals he estat molt absorbent. Val a dir que han sorgit moltes 

discussions estimulants que m’han fet créixer com a investigador, i acabo aquesta 

etapa amb la sensació d’haver aprofitat el temps al vostre costat. Moltes gràcies de tot 

cor, aquesta tesi ha estat un clam! 

La tesi també ha comptat amb el suport de la gent de la Universidad de Cantabria. 

Virgínia, Juan Carlos i Sara, ens heu rebut fantàsticament bé sempre que us hem 

visitat, i la tesi s’ha enriquit com no pot ser d’una altra manera amb totes les 



 

 

aportacions que m’heu fet durant aquest temps. Muchas gracias por todo. Sara, 

contigo hemos sufrido juntos esta etapa. Muchos ánimos en la recta final, ¡queda 

pendiente un partido de pádel con Ramon cuando terminemos!  

Als meus companys de grup també els haig d’agrair que l’encertessin quan em van 

recomanar anar a fer l’estada amb l’Ana Ejarque. Ana, moltes gràcies per tot, des del 

mar de tràmits que vas haver d’omplir perquè pogués realitzar l’estada fins a totes les 

hores que hem compartit al laboratori. Vaig poder aprendre molt al teu costat, i 

aquesta tesi s’ha enriquit gràcies en part a les teves observacions. A més de tot el que 

m’emporto, va ser bonic poder compartir amb algú de la terra tot el que estava passant 

a Catalunya aquella tardor calenta del 2019, així com també el viatge a Perpinyà. 

També m’agradaria agrair a tota la gent del Geolab lo bé que em van acollir des del 

primer dia, organitzant excursions pels volcans i a altres racons del Massif Central, 

anant a collir mores per fer una melmelada, portant-me a escalar... De totes les 

persones maques que vaig conèixer estic especialment agraït amb en Loïc, la Magali i 

l’Arthur per posar-me les coses tan fàcils i fer-me sentir un més. J'espère qu'on pourra 

se revoir un jour, peut-être cette fois de l'autre côté des Pyrénées :)  

Aaron, a tu m’agradaria agrair-te que destinessis part del teu temps en introduir-me 

en el món de les macrorestes, tot i que aquestes han quedat pendents d’identificació 

per més endavant. També gràcies pels comentaris que m’has anat fent quan t’he 

plantejat alguns dels meus dubtes. A en Jordi García Orellana agrair-te totes les 

vegades que ens ha rebut amb l’Albert per intentar desxifrar els diagrames dels metalls 

traça i relacions isotòpiques del plom, una part de la investigació que per mi ha estat 

totalment nova. 

No puc deixar de mencionar els meus companys de Geografia, especialment els 

investigadors predoctorals. M’agradaria agrair a en Rafa que estigués al nostre costat 

quan vaig començar a fer les primeres passes pel departament juntament amb en 

Mario i l’Azahara. Mario, vaig poder comptar amb tu quan et vaig necessitar durant els 

primers mesos del doctorat, llàstima que va durar poc compartir el pis. Azahara, amb 

tu hem compartit alts i baixos durant tot aquest procés. Ha estat una sort conèixer-te i 

un plaer haver-te pogut ensenyar algunes de les festes de la meva terra. Queda 

pendent alguna sortida a buscar bolets! Val a dir que tots vosaltres, juntament amb 

moltes altres predocs i tècnics com en Checa i la Vero, heu format part del meu camí 

compartint batalletes a l’hora del dinar i desvetllant-me les mil facetes que pot tenir la 

geografia. També heu format part d’aquest camí varis professors amb els qui he 

compartit moltes estones, com l’Ana Vera, l’Anna Badia, l’Àngel, en Joan Carles... 



 

 

També m’agradaria agrair a tota la gent de la unitat de Botànica amb la que he 

compartit passadís, dinars i postals durant aquests anys. Rut, David, Sílvia, Pau, 

Jordina, Miquel, Txell i Conchi, tan de bo poder veure com creixen de diferents indrets 

les parets del menjador de Botànica durant més anys :) Rut i David, a vosaltres 

m’agradaria agrair-vos especialment haver estat sempre disponibles quan us he 

necessitat per resoldre qualsevol dubte sobre la identificació pol·línica, així com també 

Rut haver-me ensenyat a fer els tractaments de les mostres. Unes paraules també per 

la Sònia, que en el seu dia em vas ensenyar a muntar les làmines pol·líniques i 

sempre he pogut comptar amb tu per lo que s’ha presentat al llarg d’aquests anys. 

M’agradaria també tenir unes paraules pels que també van confiar en mi durant el 

meu pas per l’UB. Tot i no tenir una implicació directa amb la tesi, amb ells vaig fer les 

primeres passes dins del món acadèmic. Francesc i Isabel, gràcies per l’oportunitat. 

També un record especial per tota la colla amb qui vaig compartir estones a les lupes i 

campanyes de camp al riu, en especial per l’Aida, l’Aina, la Vero, la Rebeca, en 

Daniel... Una abraçada a tots. 

Durant tots aquests últims anys, si bé he tingut la sort de tenir grans companys de 

feina també he comptat amb grans companys de lluita. Amb el Col·lectiu de 

Doctorands en Lluita i de la CGT-UAB hem viscut junts moltes jornades de vaga, 

assemblees i hem tensat la corda quan ha fet falta per defensar els nostres drets 

laborals. Realment em sento orgullós d’haver fet camí plegats i d’haver aportat el meu 

gra de sorra quan m’ha estat possible. Està clar que els col·lectius més precaritzats de 

la Universitat necessiten el múscul que hi ha darrera d’organitzacions com aquestes 

per sobreviure, mil gràcies per ser-hi i per tot l’aprenentatge que m’enduc. 

Finalment, hi ha hagut moltíssima gent que no heu contribuït directament amb la 

tesi, però que sempre heu estat allà donant-me suport o simplement escoltant-me 

quan us explicava qualsevol anècdota o dato curioso que havia après aquella setmana 

i volia compartir amb vosaltres. Molts amics i amigues de Zimbabwe heu estat víctimes 

de tot això, sobretot els que més heu anat al camp amb mi com en Nico, en Mercader i 

en Tanyà. Gràcies per no tirar-me per qualsevol barranc quan em començo a fer pesat 

i no me n’adono, espero que segueixi sent així durant molts anys. 

També volia destacar els meus amics d’IFT! amb els que hem viscut tota mena 

d’experiències des dels inicis de la carrera el 2010. Marc, Andreu i Sergi, va ser una 

sort coincidir amb vosaltres i compartir tantes nits d’estudi junts, empanadilles 

congelades, pavo, Snake arenas i la competència sana que hi havia entre nosaltres. 

Andreu, ha set bonic fer la tesi plegats i compartir l’experiència, qui sap si en el futur 



 

 

ens retrobarem en alguna col·laboració dins del món acadèmic o si la selva 

postdoctoral acabarà amb nosaltres. En qualsevol cas, qualsevol motiu serà bo per 

veure’ns i brindar pel que passi! 

Per acabar, la meva família es mereix un reconeixement especial. Es fa difícil no 

tirar de tòpics, però els meus pares sempre heu estat al meu costat i heu cregut en mi 

des que era un nen i fins ara. 

I Ari, tu has estat de les persones que més ha patit aquesta tesi. Juntament amb en 

Fredolic heu aconseguit que tot aquest procés fos més amè, especialment durant els 

dies més durs i les setmanes on semblava que la tesi s’acabava però sempre faltava 

una mica més. 

 

Moltes gràcies a tots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ja pare, mireu ací el cadàver despullat 

Me’n vaig a la muntanya, el testament signat 

Panxo, Cançó Pòstuma 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Abstract 

The Cantabrian region (northern Iberian Peninsula) is an area of great 

palaeoecological interest. It is one of the European regions with the most documented 

archaeological sites, with multiple evidences of human presence since the Palaeolithic. 

From a botanical point of view, the area is of particular interest since it is located in the 

Eurosiberian biogeographical region yet is influenced by the Mediterranean. This thesis 

studied the evolution of the Cantabrian landscape over the last c. 17,550 years, with 

special emphasis on discerning the source of landscape changes, determining the role 

of fire and examining the various phases of mining activities. 

A multiproxy approach was adopted in a sedimentary record from La Molina peat 

bog (43.26º N, 3.97º W, 484 m a. s. l.; Puente Viesgo, Cantabria) that covers the last c. 

17,550 years. Analyses were performed on organic matter content, sedimentary 

macrocharcoals (>150 µm), pollen and non-pollen palynomorphs for the whole period. 

Trace metal content (Cu, Ni, Zn, As, Cd and Pb) and Pb isotope ratios were analysed 

for the last c. 6740 years. For a better interpretation of the palynological record, 

calibration of the contemporary pollen rain of certain Cantabrian plant formations was 

performed based on the study of modern surface samples (mosses, n = 79). The fire 

regime was also explored in another Cantabrian peat bog, El Cueto de la Espina 

(43.06º N, 3.91º W, 1120 m a. s. l.; Corconte, Cantabria), through analysis of 

sedimentary macrocharcoals (>150 µm) over the last c. 5725 years. 

The results highlighted the importance of modern pollen rain calibration in 

interpreting palynological diagrams. In La Molina, there is no evidence of pine forests 

over the whole period. A steppe-like formation was revealed until the spread of Betula 

at c. 13,700 cal yr BP, which oscillated following climate variability until the onset of the 

Holocene. A mixed deciduous formation composed of Betula and deciduous Quercus 

was established in the region from that point onwards. In addition, a series of biomass 

pulses was detected during the early Holocene, probably linked to intervals of 

increased rainfall in the Cantabrian region. During the arid phases of the 9.3 and 8.2 ka 

events, the first significant fire episodes occurred which created open spaces and 

favoured the expansion of Corylus. Biomass pulses were no longer detected, revealing 

different behaviour from the Early Holocene. The charcoal record, however, rules out 

the use of fire to manage vegetation until the onset of the Neolithic. From that point 

onwards, cultural use of fire was deduced in La Molina with intervals of particular 

intensity during the arid phases of the Bond events 3 and 2 (c. 4200 and 2800 cal yr 

BP). The comparison between the two peat bogs allowed the identification of intervals 



 

 

with varying fire behaviour according to the degree of human pressure. Concerning the 

mining activities, trace metal contributions were identified from the Chalcolithic 

onwards, with intervals of particular relevance during the Iron Age, the Roman period, 

the Late Middle Ages and also related to the Cantabrian Zn-Pb deposit of Reocín, 

exploited during the 19th and 20th centuries CE. 

Overall, the composition of the Cantabrian landscape does not seem to have been 

repeated over the last c. 17,550 years. This kind of study provides insight into how the 

current landscape has been reached and helps to improve environmental 

management. 

 

Keywords: palaeolimnology, palaeoecology, biogeography, landscape dynamics, 

fire, mining activities, Last Glacial Period, Holocene, northern Iberian Peninsula, 

Cantabria, peat bog, organic matter, pollen, non-pollen palynomorphs (NPP), pollen 

rain calibration, sedimentary macrocharcoals, trace metals, Pb isotopic composition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Resum 

La regió cantàbrica (nord de la península Ibèrica) és una zona de gran interès 

paleoecològic. Es tracta d’una de les regions europees amb més jaciments 

arqueològics documentats, amb evidències de presència humana des del Paleolític. 

Des del punt de vista botànic, la zona és singular al trobar-se dins de la regió 

biogeogràfica Eurosiberiana tot i rebre influència Mediterrània. Aquesta tesi ha tractat 

l'evolució del paisatge cantàbric durant els darrers c. 17.550 anys, amb un èmfasi en 

identificar l'origen dels canvis paisatgístics, determinar el paper dels incendis i 

examinar les diferents fases de les activitats mineres. 

S’ha dut a terme un estudi multiproxy en un registre sedimentari de la torbera de La 

Molina (43,26º N, 3,97º O, 484 m s. n. m.; Puente Viesgo, Cantàbria) el qual comprèn 

els últims c. 17.550 anys. Per fer-ho s’ha analitzat el contingut de matèria orgànica, els 

macrocarbons sedimentaris (>150 µm), el pol·len i els palinomorfs no pol·línics per tot 

el període. El contingut de metalls traça (Cu, Ni, Zn, As, Cd i Pb) i les relacions 

isotòpiques de Pb s’han analitzat pels últims c. 6.740 anys. Per a una millor 

interpretació del registre palinològic s’ha calibrat la pluja pol·línica contemporània en 

determinades formacions vegetals de Cantàbria a partir de l'estudi de mostres de 

superfície (molses, n = 79). El règim d’incendis també s’ha estudiat en una altra 

torbera cantàbrica anomenada El Cueto de la Espina (43,06º N, 3,91º O, 1.120 m s. n. 

m.; Corconte, Cantàbria) mitjançant l'anàlisi de macrocarbons sedimentaris durant els 

darrers c. 5.725 anys. 

Els resultats destaquen la importància del calibratge de la pluja pol·línica actual en 

la interpretació dels diagrames palinològics. A La Molina no hi ha constància de 

boscos de pins en tot el període estudiat. S’ha identificat una formació estèpica des de 

l’inici de la seqüència fins a la propagació de Betula fa c. 13.700 anys, la qual es 

mostra sensible a la variabilitat del clima fins a l'inici de l'Holocè. A partir d'aquest 

moment, s’estableix a la regió un bosc mixt caducifoli dominat per Betula i Quercus 

caducifolis. Durant els primers mil·lennis de l'Holocè s’han detectat una sèrie de 

pulsacions de biomassa probablement vinculades a períodes d'augment de les pluges 

a la regió cantàbrica. És en dues fases àrides, els esdeveniments del 9,3 i 8,2 ka, quan 

es detecten els primers episodis d’incendis significatius, els quals van crear zones 

obertes i van afavorir l'expansió de Corylus. Les fluctuacions de biomassa ja no es 

registren a partir de l’esdeveniment del 8,2 ka en endavant, evidenciant un 

comportament diferent respecte a l’inici de l'Holocè. El registre del carbons 

sedimentaris, però, descarta l'ús del foc per a gestionar la vegetació fins a l'inici del 



 

 

Neolític. A partir d'aquesta època, s’evidencia un ús cultural del foc a La Molina amb 

intervals d’elevada intensitat durant les fases àrides dels esdeveniments de Bond 3 i 2 

(c. 4200 i 2800 anys cal BP). La comparació entre les dues torberes ha permès 

identificar intervals de temps amb comportament del foc variable segons el grau de 

pressió humana. En referència a les activitats mineres, s’han identificat restes de 

metalls traça vinculades a elles a partir del Calcolític, amb intervals d'especial 

rellevància durant l'Edat del Ferro, l'Època Romana i la Baixa Edat Mitjana. Més 

recentment també s’han pogut relacionar amb el jaciment cantàbric de Zn-Pb de 

Reocín, explotat durant els segles XIX i XX dC. 

En conjunt, la composició del paisatge cantàbric no sembla haver-se repetit durant 

els darrers c. 17.550 anys. Aquest tipus d'estudi permet conèixer com s'ha arribat al 

paisatge actual i ajuda a millorar-ne la gestió mediambiental. 

 

Paraules clau: paleolimnologia, paleoecologia, biogeografia, dinàmiques del 

paisatge, incendis, mineria, Últim Període Glacial, Holocè, nord de la península Ibèrica, 

Cantàbria, torbera, matèria orgànica, pol·len, palinomorfs no pol·línics (NPP), 

calibratge de la pluja pol·línica, macrocarbons sedimentaris, metalls traça, composició 

isotòpica de Pb. 
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1. INTRODUCTION 

 

 

1.1. Presentation 

This PhD thesis was part of a coordinated research project entitled Estudio 

biogeográfico histórico comparado (montaña Cantábrica, Sistema Central y Pirineos): 

18000 años de cambios climáticos y antrópicos sobre especies forestales indicadoras 

(CSO2015-65216-C2-1-P; Ministerio de Economia y Competitividad, Gobierno de 

España) and received support from the FPI programme (Formación de Personal 

Investigador, BES-2016-076641). The thesis was directed by Dr. Albert Pèlachs 

Mañosa and Dr. Ramon Pérez Obiol, two researchers in the Grup de Recerca en 

Àrees de Muntanya i Paisatge (GRAMP, Universitat Autònoma de Barcelona). 

Since its origins around 30 years ago, GRAMP has traditionally explored the role of 

both anthropic activities and also climate variability as landscape-shaping agents. The 

Pyrenees has been the most studied area alongside other Catalan mountain ranges 

and research has been carried out following palaeocological and geographical 

approaches. This research has given rise to multiple contributions in the form of PhD 

theses (Pèlachs, 2004; Cunill, 2011) and journal articles (e.g., Pèlachs et al., 2007, 

2011; Cunill et al., 2012, 2013, 2015; Bal et al., 2011; Pérez-Obiol et al., 2012; Garcés-

Pastor et al., 2017), some of which were produced in collaboration with other 

researchers. Especially significant is the collaboration with the GIMENA research group 

(Estudio y gestión del medio natural, Universidad de Cantabria) in the study of La 

Molina, El Sertal and El Cueto de la Avellanosa Cantabrian peat bogs, in which the 

dynamics of the Cantabrian landscape over the last 7000 years were addressed 

(Pérez-Obiol et al., 2016; Carracedo et al., 2018); this PhD thesis was conceived as a 

continuation of this work.  

Briefly, the investigation performed in the PhD research focused on a deeper 

exploration of La Molina’s sedimentary material, now with an older chronology (from c. 

17,550 cal yr BP to the present). Particular attention was paid to the study of the plant 

landscape evolution, the fire regime and the trace metals which may be related to the 

mining activities in the region. The interpretation of the palynological diagram of La 

Molina also drew on the pollen calibration of the main plant formations of Cantabria. 
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Finally, the exploration of the fire regime based on sedimentary macrocharcoals (>150 

µm) was also performed in another Cantabrian peat bog, El Cueto de la Espina.  

This PhD thesis has also been performed hand in hand with another PhD project 

carried out by Sara Rodríguez Coterón from the GIMENA research group (unfinished). 

She performed a multiproxy study over the last c. 6000 years in El Cueto de la Espina 

peat bog combining palynological analyses and the study of sedimentary 

microcharcoals (<150 µm) among other proxies. Thus, for a better interpretation of the 

results, some data obtained by Ms. Rodríguez-Coterón are shown in this thesis and her 

authorship is properly cited and acknowledged in each case. 
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1.2. Literature review 

1.2.1. Palaeoclimatology 

1.2.1.1. Glacial-Interglacial cycles and the Last Glacial Period 

The palaeoecological data studied in this thesis comprised the time between c. -66 

and 17,550 cal yr BP. In particular, this time period corresponds to the most recent part 

of the Quaternary, which extends over 2.58 Myr (Cohen et al., 2013).  

Climate during the Quaternary has been characterised by an alternation between 

cold and warm intervals. Such oscillations have been studied through several methods 

in fossil cores, and oxygen isotopes are one of the proxies most commonly used. 

Isotopes and isotopic compounds, such as oxygen in water molecules (H2
16O and 

H2
18O), behave differently within the water cycle due to thermodynamic differences 

(Urey, 1946), which makes it possible to detect climate variability. Depending on 

temperature, a variable proportion of 18O and 16O evaporates from oceanic water to the 

atmosphere. When water vapour condenses and precipitates, the 18O/16O ratio 

decreases in the remaining vapour since 18O is heavier than 16O and condenses more 

readily. Thus, water molecules precipitating at high latitudes, such as in polar ice in the 

form of snow, have a lower ratio than the initial evaporated water from oceans. As the 

volume of polar ice increases, the concentration of 16O in oceanic water decreases. 

However, although precipitation in polar ice has a low 18O/16O ratio, it is slightly more 

18O-enriched during warm periods, since a higher proportion of 18O is initially 

evaporated from oceans due to higher temperatures. The cycle ends in warmer 

periods, when polar ice melts to a greater or lesser extent resulting in the release of 

16O-enriched water into the oceans. In short, during cold periods the 18O/16O ratio 

increases in oceans and decreases in polar ice, whereas during warmer conditions the 

ratio decreases in the oceans and increases in polar ice (Martín-Chivelet & Muñoz-

García, 2015). The relationship between oxygen isotopes found in fossil records and 

both temperature and ice volume has been well documented (Epstein et al., 1951, 

1953; Shackleton, 1987; Lambeck et al., 2002). 

For ocean sediments, Lisiecki & Raymo (2005) presented a 5.3-Myr stack of 57 18O 

records for all over the world (Fig. 1). The sequences were globally well-distributed and 

covered the entire Quaternary period (Holocene and Pleistocene epochs) and the 

Pliocene epoch. In total, 104 Marine Isotopic Stages (MIS) were identified along the 

Quaternary. Some MIS were also subdivided into lettered substages considering 
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fluctuations from other environmental proxies (e.g., pollen and loess), from both 

oceanic and non-oceanic records (Railsback et al., 2015). According to that 

classification, the Holocene corresponds to MIS-1 (c. 0 – 11.7 ka BP) and the Last 

Glacial Period (LGP), also known as the Würm Glaciation, encompasses the MIS-2 (c. 

11.7 – 28 ka BP), MIS-3 (c. 28 – 60 ka BP), MIS-4 (c. 60 – 75 ka BP) and MIS-5a-d (c. 

75 – 117 ka BP). MIS-5e (c. 117 – 130 ka BP), which is the oldest substage of MIS-5, 

corresponds to the Eemian interglacial. 

Ice records have also registered detailed climate variability from the present to the 

Eemian interglacial. A climate classification was established from the study of oxygen 

isotopes into different periods, known as the Dansgaard – Oeschger (DO) events (Fig. 

2; Dansgaard et al., 1982; Johnsen et al., 1992). These episodes were divided into 

Stadials (cold conditions) and Interstadials (warm conditions), and as well as marine 

isotopic stages, some of them were also subdivided. More specifically, the DO events 

detected in Greenland ice cores are known as Greenland Stadials (GS) and Greenland 

Interstadials (GI). A common nomenclature was established by the synchronisation of 

the GRIP, GISP2 and NGRIP Greenland ice cores (Fig. 2; Rasmussen et al., 2014; 

Seierstad et al., 2014). In total, 26 GS and 25 GI, with their corresponding subdivisions, 

were identified along the LGP. Additionally, occasional events of massive ice-rafted 

debris (IRD) occurred during some Stadials as the result of North Atlantic glaciers 

melting, which are known as Heinrich events or Heinrich layers (Fig. 2; Heinrich, 1988; 

Bond et al., 1992; Hemming, 2004). 

Figure 1. Benthic δ
18

O from the LR 04 stack for the 500 ka BP. In red: the onset of Marine Isotopic 

Stages (MIS) and substages identified within them. Adapted from: Lisiecki & Raymo (2005) and Railsback 

et al. (2015). 
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Within the LGP, most ice sheets reached their maximum extent between c. 26.5 and 

19 ka BP, a cold period which is known as the Last Glacial Maximum (LGM, Clark et 

al., 2009). The harsh conditions led to the extension of the ice and permafrost cover in 

northern Europe (Fig. 3; Clark et al., 2002; Vandenberghe et al., 2014; Lindgren et al., 

2016). In the Cantabrian range a glacier advance has also been detected between c. 

22.5 to 18 ka BP, even though the greatest extension of glaciers (Local Last Glacial 

Maximum) occurred during the initial phases of the Würm glaciation (Frochoso et al., 

2013; Ruiz-Fernández et al., 2016). At all events, the sea level reached its maximum 

depth throughout the LGM, approximately 120 – 135 m deeper than nowadays 

(Lambeck et al., 2014). At a global scale, a stack of the sea level variations from the 

last 798 ka was reconstructed considering 12 ocean records (Fig. 2; Spratt & Lisiecki, 

2016).  

Environmental conditions became warmer after the LGM. The Bølling-Allerød 

chronozone, which corresponds to the DO-1, was a warm period between 14.6 – 12.9 

ka BP (Iversen, 1953). Within this episode, seven subevents were established within 

the GI-1, indicating climate variability over a brief period of time (Rasmussen et al., 

2014). Between the Bølling-Allerød chronozone and the onset of the Holocene lies the 

last Stadial of the Last Glacial Period, the Younger Dryas (Iversen, 1953). It was a cold 

period triggered by the discharge of meltwater into the oceans (Fairbanks, 1989; Teller 

& Leverington, 2004), affecting the North Atlantic thermohaline circulation and 

subsequently the atmospheric climate (Clark et al., 2001, 2002). Several studies have 

examined the impact that such climate variability had on the Cantabrian region through 

isotopic analyses of cave speleothems (Domínguez-Villar et al., 2008, 2009, 2017; 

Moreno et al., 2010a; Baldini et al., 2015, 2019; Smith et al., 2016; Rossi et al., 2018). 

The transition from the Bølling-Allerød chronozone to the Younger Dryas Stadial 

entailed a reduction in temperature ranging from 6 to 9 ºC on the Cantabrian littoral, a 

significant temperature relapse that was accompanied by winter aridity (Fig. 2; Baldini 

et al., 2015, 2019). 
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1.2.1.2. The Holocene 

The Holocene is the Interstadial that runs until today. The onset of this epoch is 

dated to 11.7 ka BP (Walker et al., 2009), when a strong climate shift occurred in a 

brief period of time. Climatologically, this event brought about alterations in 

atmospheric circulation (Steffensen et al., 2008) and air temperature, which was 

estimated to increase by about 10 ± 4 ºC (Severinghaus et al., 1998; Grachev & 

Severinghaus, 2005) in less than 50 years (Taylor et al., 1997; Alley, 2000). As a 

result, several environmental proxies such as the 18O/16O ratio, ice chemistry and the 

dust accumulation rate registered sharp variations (Johnsen et al., 2001; Steffensen et 

al., 2008). 

During the Holocene, glaciers have fluctuated in accordance with climate changes 

(Denton & Karlén, 1973; Thompson et al., 2009; Solomina et al., 2015). Similar to the 

Heinrich events, the coldest episodes were detected in North Atlantic sea records in 

Figure 3. Map of the extent of permafrost (including continuous, discontinuous and sporadic 

permafrost) on current land areas, permafrost on emerged sea shelves and ice sheets and glaciers around 

the Last Glacial Maximum. Retrieved from Lindgren et al. (2016). 



 8   

 

the form of ice-rafted debris increases known as Bond events or Bond cycles (Fig. 4; 

Bond et al. 1997, 2001; Mayewski et al., 2004; Wanner & Bütikofer, 2008; Isono et al., 

2009; Wanner et al., 2011). Two of these climate shifts, the 8.2 and the 4.2 ka events, 

were registered in a variety of fossil records from all over the world (Walker et al., 

2018) and provided time boundaries for the establishment of a new Holocene division 

into three new stages / ages (Fig. 4): the Greenlandian (11.7 – 8.2 cal ka BP), the 

Northgrippian (8.2 – 4.2 cal ka BP) and the Meghalayan (4.2 cal ka BP – present; 

Walker et al., 2018, 2019). The first millennia of the Holocene were characterised by 

upward temperature (Marcott et al., 2013) and humidity (Morellón et al., 2018) trends 

until approximately 9500 cal yr BP, coinciding with the greater Holocene values of 

summer insolation in the Northern Hemisphere (Fig. 4; Berger & Loutre, 1991). During 

that period, meltwater pulsations continued triggering episodes of cold conditions 

(Teller & Leverington, 2004), which were shorter than the Younger Dryas Stadial. Due 

to their magnitude, the 11.4, 9.3 and 8.2 ka events stand out above other pulsations 

(Alley et al., 1997; Alley & Ágústsdóttir, 2005; Teller & Leverington, 2004; Fleitmann et 

al., 2008; Rassmussen et al., 2007, 2014). In the Cantabrian region, the period around 

the 9.3 event had especially dry summers, leading to conditions similar to the 

Mediterranean climate (Baldini et al., 2019), while the 8.2 ka event was also a dry 

inverval (Domínguez-Villar et al., 2009; Smith et al., 2016; Rossi et al., 2018) with the 

coldest winters of the Greenlandian stage (Baldini et al., 2019).  

During the Northgrippian, temperature gradually decreased in southern Europe 

following the falling summer insolation trend in the Northern hemisphere (Berger & 

Loutre, 1991) and unlike the warm stable conditions exhibited at European high 

latitudes (Davis et al., 2003; Marcott et al., 2013). After that period, a series of cold 

pulsations occurred during the last millennia derived from multiple factors such as 

volcanic eruptions and solar irradiance fluctuations (Wanner et al., 2008). The 4.2 ka 

event is well detected in North Iberian records, yielding the lowest temperature of the 

Holocene and summer aridity (Smith et al., 2016; Baldini et al., 2019). Thereafter 

temperatures fluctuated giving rise to several climate episodes whose chronology is 

well-defined on both the southern (Martín-Chivelet et al., 2011) and northern slopes of 

the Cantabrian range (Baldini et al., 2019). A first warm stage from 4000 to 3000 cal yr 

BP, including short cold pulsations in 3950, 3550 and 3250 cal yr BP, was followed by 

the Iron Age cold period (c. 2850 – 2500 cal yr BP) and the Roman warm period (c. 

2500 – 1650 cal yr BP), both recording significant summer precipitations between 2800 

and 1800 cal yr BP (Baldini et al., 2019). Following that oscillating trend, climate shifted 

again from the Dark Ages cold period (c. 1650 – 1350 cal yr BP, with a cold peak 
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around 1500 cal yr BP), to the Medieval warm period (c. 1350 – 750 cal yr BP, with 

cold pulsations at 1250 and 850 cal yr BP) and to the last cold relapse, the Little Ice 

Age (LIA, 750 – 100 cal yr BP) (Martín-Chivelet et al., 2011). The 20th century started 

with ten of the Holocene’s coldest years in Northern hemisphere mid-latitudes (Marcott 

et al., 2013), but temperature suddenly reversed its decreasing trend as a 

consequence of the greenhouse gases released into the atmosphere (Joos & Spahni, 

2008), inducing the present global warming (Wanner et al., 2008; Marcott et al., 2013). 

 

 

 

 

 

 

Figure 4. At the top: Holocene chronology based on Walker et al. (2018, 2019). In blue: hand-drilled

δ18O from La Garma cave speleothem (GAR-01), adapted from Baldini et al. (2019). “YD” and “B-A” refers 

to the Younger Dryas and to the Bølling-Allerød chronozone, respectively. Numbers in red: Bond events 

identified in Bond et al. (2001). Black line: Ice-Rafted Debris (IRD) index. IRD (%): Stack of MC52-V29191 

+ MC21-GGC22 (Adapted from Bond et al., 2001). Green line: Solar insolation of July at 65º N, adapted 

from Berger & Loutre (1991). 
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1.2.2. Cultural dynamics in the Cantabrian region since the 

Palaeolithic 

1.2.2.1. Lower Palaeolithic 

The oldest fossil evidence of human occupation in the Cantabrian range dates from 

a much earlier period of time than the one covered by this doctoral thesis (Fig. 5). In 

the Sima del Elefante cave (Atapuerca cave-sites in the Atapuerca karst Mountains, 

southern slope of the Cantabrian range, Burgos), some of the oldest Eurasian hominid 

remains are documented, dating back between 1.2 and 1.1 Myr BP (Carbonell et al., 

Figure 5. Cultural stages in Cantabria from 40,000 cal yr BP to the present and the climate 

characterisation of the sequence. Boundaries for the cultural stages have been drawn according to 

González-Sainz (1994), Rasilla-Vives & Straus (2004), González-Sainz & González-Urquijo (2004), 

Marín-Arroyo et al. (2018a) and Straus (2018b) for the Palaeolithic; González-Sainz & González-Urquijo

(2004), Alday-Ruiz (2009), Fano et al. (2015) and Straus (2018a) for the Azilian, Mesolithic and Neolithic; 

Arias (1995), Ontañón (2003) and González-Rabanal et al. (2020) for the Chalcolithic; Marín-Suárez 

(2011) for the Bronze and Iron Ages; and Costa-García (2018) for the onset of the Roman Period. 

Climate: Heinrich events identified and discussed by Heinrich (1988), Bond et al. (1992) and Hemming

(2004). 
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2008). On the whole, the three main caves from the Atapuerca cave-sites, Sima del 

Elefante, Gran Dolina and Galería, contain hominid evidence within a range of at least 

1 Myr (from 1.2 Myr to 200 ka BP; Falguères et al., 1999; Berger et al., 2008; Carbonell 

et al., 2008; Rodríguez et al., 2011), providing proof of the ancient presence of Homo 

antecessor and Homo heidelbergensis in the region. In the area equivalent to the 

modern Cantabrian province (hereinafter “Cantabria”), the archaeological sites from the 

Lower Palaeolithic date to a more recent time, most of them outdoor sites located close 

to the coastline (e.g., Cúlebre, Oyambre, Ubiarco, Suances, Cuchía, Hondal, Usgo, 

Somocuevas, Rostrío and La Verde; Fig. 6; Solórzano et al., 1999). Nonetheless, the 

sites with the oldest hominid remains are caves. For example, El Monte Castillo, 

located in Puente Viesgo at about 3 – 4 km from La Molina peat bog, is a karst 

formation that hosts multiple cavities (El Castillo, La Pasiega, Las Monedas, Las 

Chimeneas and La Cantera caves). Up to now, El Castillo has been the site with the 

oldest human presence in Cantabria. A stratigraphic level, separating materials from 

the Acheulean and Mousterian industries, was dated at 89,000 yr BP (Bischoff et al., 

1992). However, two new dates from Abrigo Rojo (close to El Mirón cave, Ramales de 

la Victoria, Cantabria) have recently been analysed with an estimated age of 230 – 240 

ka BP, within a level that contains faunal and lithic industry remains (personal 

communication of Manuel R. González Morales, Universidad de Cantabria). 

1.2.2.2.  Middle Palaeolithic 

The colder conditions of the Last Glacial Period coincided with greater occupation of 

caves and rocky shelters in the region by both hominids and wild animals (Solórzano et 

al., 1999). These cavities host multiple fossil evidence of Neanderthals and Mousterian 

and Châtelperronian industries (such as bones, lithic materials, phytoliths and faunal 

remains) as well as of their coexistence with anatomically modern humans (AMH) and 

Aurignacian industry. AMH arrived in Eurasia at c. 45,000 cal yr BP, their presence 

overlapping with Neanderthals in western Europe for a period of between 2600 and 

5400 years (Higham et al., 2014). In the northern Cantabrian range, the end of the 

Châtelperronian is estimated at around 42.4 – 41.8 cal ka BP (Marín-Arroyo et al., 

2018a). In parallel, the Aurignacian spanned from 43.3 – 40.5 to 34.6 – 33.1 cal ka BP, 

followed by the onset of Gravettian industry at about 36.8 – 35 cal ka BP (Marín-Arroyo 

et al., 2018a). Several archaeological sites from Cantabria cover these transitional 

epochs (Fig. 6), although some of them are still poorly documented (Muñoz-Fernández 

& Llamosas, 1987; Solórzano et al., 1999). The principal stratigraphic sequences are 
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found in caves (Table 1; Fig. 6) and in the outdoor site of El Habario (Solórzano et al., 

1999). 

 

Table 1. Principal caves with stratigraphic sequences covering the Lower and the Middle Palaeolithic in 

Cantabria. 

Cave References 

Cobrante Cáceres, 2009; Fernández & Santamaría, 2009. 

Covalejos Maroto et al., 2012; Cáceres, 2013; Yravedra, 2013; Yravedra 
et al., 2016; Marín-Arroyo et al., 2018a; Jones et al., 2019; 
Sánchez-Hernández et al., 2019. 

El Castillo Straus, 1975; Cabrera-Valdés, 1984, 1996; Cabrera-Valdés & 
Bischoff, 1989; Rink et al., 1996, 1997; Cabrera-Valdés et al., 
2000, 2002; Bernaldo de Quirós et al., 2006, 2010, 2015; 
Sánchez-Fernández & Bernaldo de Quirós, 2008; Wood et al., 
2018; Jones et al., 2019; Garralda et al., 2019; Luret et al., 
2020. 

El Cuco Muñoz-Fernández et al., 2007; del Río et al., 2011; Gutiérrez-
Zugasti et al., 2013, 2018. 

El Esquilleu Baena et al., 2005, 2019; Yravedra, 2006, 2013; Manzano-
Espinosa et al., 2006; Jordá-Pardo et al., 2008; Cabanes et al. 
2010; Baena et al., 2012; Maroto et al., 2012; Uzquiano et al. 
2012; Yravedra & Castanedo, 2014; Yravedra et al., 2014; 
Cuartero et al., 2015. 

El Mirón Cuenca-Bescós et al., 2008, 2009; Straus & González-Morales, 
2007, 2012a, 2012b, 2016; Marín-Arroyo et al., 2018b, 2020. 

El Ruso Muñoz-Fernández, 1991; Muñoz-Fernández & Serna, 1994, 
1999; Yravedra et al., 2010. 

El Pendo Carballo, 1960; Echegaray, 1980; Hoyos-Gómez & Laville, 
1982; Ortega-Mateos, 1982; Pike-Tay et al., 1999. 

Hornos de la Peña Ríos-Garaizar et al., 2020. 

La Garma Ontañón, 2003; Álvarez-Fernández, 2007. 

Morín Altuna, 1973; Echegaray et al., 1973; Freeman, 1978, 1983; 
Pike-Tay et al., 1999; Maillo-Fernández, 2001; Maillo-
Fernández et al., 2001, 2014; Yravedra & Gómez-Castanedo, 
2010; Maroto et al., 2012; Yravedra, 2013; Bradtmöller, 2015; 
Bradtmöller et al., 2016. 
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Figure 6. Top: main archaeological sites covering the Lower and the Middle Palaeolithic in Cantabria. 

Adapted from Solórzano et al. (1999) and completed with the sites mentioned in the text. The location of 

La Molina and El Cueto de la Espina peat bogs, both studied in this thesis, is included. Bottom: 

archaeological sites from El Monte Castillo, Puente Viesgo (Cantabria), adapted from Carta arqueológica 

municipal (2012). 
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Furthermore, many of these cavities presented various artistic paintings ranging 

from the Middle to Upper Palaeolithic (Bicho et al., 2007), such as the decorated bone 

discs in the caves of El Linar and Las Aguas (de las Heras et al., 2008) and varied rock 

art representations in Altamira (García-Diez et al., 2013; Cuenca-Solana et al., 2016), 

La Garma archaeological complex (Arias et al., 2000, 2011; Gay et al., 2012; Arias & 

Ontañón, 2014; Pettitt et al., 2014) and the caves of El Castillo, Las Monedas, Las 

Chimeneas and La Pasiega (Fig. 6; Alcalde del Rio, 1906; Alcalde del Rio et al., 1912; 

Valladas et al., 1992; Pike et al., 2012; García-Diez et al., 2015; Pettitt et al., 2014; 

d’Errico et al., 2016). In particular, a U-Th dating from a carbonate crust overlying a 

cave painting at La Pasiega indicated a minimum age of 64.8 ka BP, which would 

attribute the origin of cave paintings to Neanderthals (Hoffman et al., 2018a). However, 

this statement has generated controversy among the scientific community and the 

discussion about the chronological data’s reliability and their archaeological meaning is 

still ongoing nowadays (Slimak et al., 2018; Hoffman et al., 2018b, 2020; White et al., 

2019).  

The faunal remains documented in the caves suggest that Middle-Palaeolithic 

Cantabrian society was mainly hunter-gatherer. Broadly, no major differences have 

been detected between the diet of Neanderthals and the first Homo sapiens (Yravedra 

et al., 2016). In the case of the northern Cantabrian range, hunting bison, deer and 

horses seems to have been common between the Mousterian and the Gravettian, 

which was later joined by hunting smaller-sized ungulates such as caprids (Solórzano 

et al., 1999; Rasilla-Vives & Straus, 2004; Yravedra, 2013). Also, shellfish exploitation 

has been documented since Mousterian / Aurignacian times (Gutiérrez-Zugasti et al., 

2013, 2018) and continued through the Gravettian (Álvarez-Fernández, 2007). 

1.2.2.3. Upper Palaeolithic 

During the Last Glacial Maximum (c. from 26.5 to 19 ka BP), the increment of the ice 

and permafrost cover in northern Europe (Clark et al., 2002; Vandenberghe et al., 

2014; Lindgren et al., 2016) triggered massive human migrations towards southern 

regions (Banks et al., 2008). The Iberian Peninsula, for example, became a climate 

refuge (Banks et al., 2008) and Solutrean settlements increased, most of them located 

in coastal areas (Aura et al., 2012). More precisely, there is human evidence in regions 

rich in indoor sites such as caves and shelters, especially those close to watercourses 

to facilitate the collection of water and wood from riparian vegetation (Straus, 2015). 

Outdoor sites have been poorly documented (Solórzano et al., 1999), while most 

cavities occupied during the Gravettian continued to host human groups during 
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Solutrean industry (Corchón-Rodríguez, 1999; Rasilla-Vives & Straus, 2004; Straus et 

al., 2012; Maíllo-Fernández et al., 2014; Straus, 2015; Ríos-Garaizar et al., 2020). 

Although the weather was cold, subsistence activities remained diversified with prey 

such as birds, shellfish and fish from rivers and estuaries (Rasilla-Vives & Straus, 

2004; Álvarez-Fernández & Fernández-García, 2013). 

During the Magdalenian, the development of lithic tools, such as harpoons in the 

Upper stages, was facilitated through the use of flint and derivatives which led to a 

further intensification of hunting (González-Sainz & González-Urquijo, 2004). In this 

respect, some large carnivores disappeared from the Cantabrian region due to hunting 

pressure (Castaños, 1992). The Red deer (Cervus elaphus) was the main prey during 

the first millennia (González-Sainz & González-Urquijo, 2004; Portero et al., 2019), 

especially documented in archaeological sites close to the current shoreline (<9 km) 

and below 200 m from the current sea level. By contrast, the Iberian ibex (Capra 

pyrenaica) was dominant at higher altitudes (Portero et al., 2019). Other food sources 

such as shellfish were also exploited (Álvarez-Fernández, 2010). Additionally, 

important developments were made in terms of meat treatment and conservation, 

representing key factors in understanding the population growth (González-Sainz & 

González-Urquijo, 2004). Together with the warmer climate conditions, especially 

during the Bølling-Allerød chronozone (GI-1), communities grew up across the 

Cantabrian region and new cavities were occupied (Fig. 7; González-Sainz, 1989; 

González-Sainz & González-Urquijo, 2004; Chauvin, 2007; Chauvin et al., 2018; Fano 

et al., 2020). In particular, human groups expanded towards mid-mountain areas (0 – 

700 m a. s. l.) along the Upper Magdalenian and the first stages of the Azilian, 

achieving increasing control of landscape with important migration rates among sites 

(Fernández-Tresguerres, 2004; González-Sainz & González-Urquijo, 2004). Economic 

activities between the Cantabrian region, the Pyrenees and south-western France 

became frequent, as evidenced by the exchange of art pieces, tools and several 

valuable objects (Sauvet et al., 2008; Straus & Langlais, 2020; Lefebvre et al., 2021). 

Cave art was also particularly relevant during the Magdalenian (González-Sainz, 2007, 

2012), especially because the paintings with the most recent radiocarbon dates belong 

to that period (three radiocarbon dates of paintings between 14,000 and 13,600 cal yr 

BP in Las Monedas cave: González-Sainz, 2005). 
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1.2.2.4. Azilian and Mesolithic 

The Azilian refers to the Epipalaeolithic culture developed in several eastern sites in 

the northern Cantabrian range among other European regions. It encompassed the 

second half of the Bølling-Allerød chronozone (≈ since the Greenland Interstadial 1c), 

the Younger Dryas Stadial (GS-1) and the first stages of The Holocene. 

Technologically, the decrease in tool size and variety represented an important shift 

with respect to the Magdalenian (Fernández-Tresguerres, 2006), and the reduction in 

artefacts made of bones is especially significant (Fernández-Tresguerres, 2004). 

However, small-size stone tools, also known as microliths, started to spread during that 

time. The diagnostic tool of the period was a flat harpoon instead of the circular 

harpoon characteristic of the Upper Magdalenian. Thus, human populations still based 

their economies on hunter-gatherer activities (Fernández-Tresguerres, 2004). Human 

presence was detected at high altitudes of the northern Cantabrian range, for example 

in the Portugain rock shelter (920 / 940 m a. s. l., Navarra) and the Urratxa III cave 

(1015 m a. s. l., Vizcaya; Barandiarán et al., 2006). However, there are no documented 

Figure 7. Main archaeological sites covering the Solutrean and Magdalenian cultural stages in 

Cantabria. Adapted from Solórzano et al. (1999) and completed with sites described in Rasilla-Vives &

Straus (2004) for the Solutrean and González-Sainz & González-Urquijo (2004) for the Magdalenian. The 

location of La Molina and El Cueto de la Espina peat bogs, both studied in this thesis, is included. 
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sites within this altitude range in Cantabria. Moreover, similar to the decrease in tool 

variety, artistic expression was also drastically reduced with only a limited number of 

art pieces in comparison to earlier ages (Fernández-Tresguerres, 2006). Altogether, 

however, all these changes seem to have come about progressively, while the Younger 

Dryas Stadial does not appear to have marked a clear boundary in cultural progression 

(Straus, 2011, 2018a). 

The microlith industry continued to grow on the eastern side of the northern 

Cantabrian range during the Mesolithic (Alday-Ruíz & Cava, 2009; Soto et al., 2015), 

while a new cultural phase, the Asturian, was settled on the most westerly side (there 

are only a few Asturian sites on the most westerly side of Cantabria). In Cantabria, 256 

non-Asturian sites have been documented, 30 of which are in the Pas Valley, the same 

as for La Molina peat bog (Pérez-Bartolomé, 2019). The largest concentration of sites 

was found close to the coastline and along the littoral plain, although some interior 

valleys were also frequented. The maximum altitude was achieved by three sites at 

between 650 and 750 m a. s. l., while the documented sites from the Pas Valley were 

all found at below 250 m a. s. l. (Pérez-Bartolomé, 2019).  

In terms of climate, temperature followed an upward trend during these millennia 

(Marcott et al., 2013). Accordingly, the sea level continued rising as it had done since 

the Last Glacial Maximum (Spratt & Lisiecki, 2016), which would have progressively 

affected some ancient migratory routes between Cantabria, the Basque country and 

France (Straus, 2018b). Also, the 9.3 and 8.2 ka climate events occurred during the 

Mesolithic, both shorter than the Younger Dryas Stadial. As a reminder, the 9.3 ka 

event brought very dry summers in Cantabria while during the 8.2 ka event winters 

were especially harsh (Baldini et al., 2019). Considering the archaeological records, 

however, these events do not seem to have led to significant social changes in the 

region (Straus, 2018a), contrary to what happened in dryer areas in the Mediterranean 

basin (Berger & Guilaine, 2009). In the Iberian Peninsula, for example, human 

populations migrated from the Lower Aragón to more humid northern areas during the 

centuries after the 8.2 ka event, leaving an archaeological silence with no known 

human evidence until the Neolithic period (González-Sampériz et al., 2009).  

1.2.2.5. Neolithic 

One of the most striking aspects of the Neolithic period was the transition from 

hunter-gatherer to farmer societies (Arias, 1991) which took place along the Cantabrian 

range at between 7700 – 6800 cal yr BP (Fano et al., 2015). There seems to be 
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evidence that these activities were introduced by foreign human groups, although it 

remains unclear whether the migrations came from the Pyrenees (Zapata, 2000; 

Zapata & Peña-Chocarro, 2005) or the Ebro Valley (Arias, 2007). In this respect, 

radiocarbon dates place the oldest cereal remains from the northern Cantabrian range 

at between c. 7000 and 6000 cal yr BP (Table 2), some centuries after the first 

documented evidence in Iberian Mediterranean sites (Alday-Ruiz, 2009; Pérez-Obiol et 

al., 2011). In particular, up to four different cereals have been identified in the region, 

namely einkorn, emmer, barley and wheat (Zapata et al., 2004), while their 

concentration was lower than in other Iberian sites (Straus, 2018a). Likewise, the 

domestication of animals for human consumption went hand in hand with the onset of 

agriculture. The oldest domesticated fauna remains date approximately from 6900 to 

6500 cal yr BP (Cubas & Fano, 2011). Among other species, cows, pigs and ovicaprid 

fauna have been identified as part of the diet composition of Cantabrian Neolithic and 

Chalcolithic human groups (Arias, 2005; Aranburu-Mendizabal et al., 2018; Sarasketa-

Gartzia et al., 2018; Jones et al., 2019; González-Rabanal et al., 2020). However, 

ancient activities such as animal hunting and gathering of marine resources and wild 

plants persisted significantly after the introduction of agricultural practices in many 

settlements (Cubas et al., 2016). Thus, it is believed that both traditional and farmer 

human groups lived together for at least 500 years in the Cantabrian region before the 

establishment of more developed agricultural societies (Fano et al., 2015). Additionally 

and also related to the latter developments, ceramic utensils spread during the 

Neolithic (Alday-Ruiz, 2009). Their origin is probably linked to farming activities as they 

may have been used as storage for surplus food or as containers to facilitate trading 

among human groups (Orton et al., 1997). 

As a whole, the Neolithic archaeological record may seem limited in Cantabria with 

only a few documented sites, such as the caves of El Mirón (Straus & González-

Morales, 2012a, b), Los Gitanos (Ontañón et al., 2013) and La Calvera Hut (Diez-

Castillo, 1996). However, a funerary ritual introduced in the form of megaliths reveals 

intense anthropic occupation. In particular, approximately 1250 megaliths have been 

documented in the northern Cantabrian range, distributed from sea level to more than 

1800 m a. s. l. (Arias et al., 2005). The propagation of these funerary monuments 

occurred rapidly after their introduction, which is dated at around 6550 – 6200 cal yr BP 

(Fano et al., 2015). 

To conclude, all these socioeconomic breakthroughs triggered changes in food 

resource exploitation and yielded more cohesive human communities, resulting in the 

appearance of prominent settlements around Europe (Sherratt, 1995). 
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Table 2. Documented cereal evidence from the modern provinces of the Northern Cantabrian range 

(Asturias, Cantabria and the Basque Country). 

Region Site 
Type of 
evidence 

Oldest 
documented 
age (cal yr BP) 

Reference 

Basque 

Country 

Lumentxa Seed 6178 – 5747 Zapata (2002) 

Kobaederra Seed 6658 – 6219 Zapata (2002) 

  Seed 6308 – 5938 Zapata (2002) 

 Pico Ramos Seed 6280 – 6004 Zapata et al. (2004) 

 Herriko Barra Pollen 7156 – 6661 Iriarte et al. (2005) 

 Pollen 7153 – 6539 Iriarte et al. (2005) 

 Los Husos Pollen - Seed 7172 – 6849 Iriarte (2009) 

Cantabria El Mirón Seed 6484 – 6016 Peña-Chocarro et al. (2005) 

  Seed 6821 – 6357 Peña-Chocarro et al. (2005) 

  Seed 6406 – 6287 Peña-Chocarro et al. (2005) 

 La Molina Pollen 6735 – 6495  Pérez-Obiol et al. (2016) 

Asturias Monte Areo Pollen 6736 – 6495 López-Merino et al. (2010) 

 

1.2.2.6. Chalcolithic, Bronze and Iron Ages 

As noted by Blanco-González et al. (2018), later Prehistory has been less studied 

than the Palaeolithic period in the Cantabrian range, which also started after it did in 

the Mediterranean basin. However, several significant new factors are worth 

emphasising.  

During the Chalcolithic, human presence spread over the entire Cantabrian region, 

with a geographical level of organisation comprising a similar extension to the modern 

Spanish comarcas (Ontañón, 2015). Economic activities continued to be based on 

agricultural and farming practices (Ontañón, 2015), thus solidifying the model 

introduced during the Neolithic with increasing anthropic pressure on the landscape. 

Evidence of domestic animals increased during this period (Ontañón, 2003; Altuna & 

Mariezkurrena, 2009), in particular cattle and pigs, as documented in sites such as El 

Mirón cave (Altuna & Mariezkurrena, 2012) and La Castañera rocky shelter (Vega-

Maeso et al., 2016). Although hunting of wild animals decreased significantly (Ontañón, 

2000), traditional activities did not disappear. Thus, Cantabrian Chalcolithic industry 
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produced a great quantity of lithic projectile points. Their function varied since they 

could well be used to hunt, forming part of the arrows of the remaining hunter groups, 

or also employed as offerings in funerary rituals (Ontañón, 2002). These artefacts have 

been found around megaliths, which continued to be important funerary elements, but 

also in caves (Ontañón, 2002). This is due to the fact that caves and shelters started to 

be used as burial sites, which in turn went hand in hand with the progressive decrease 

in human occupation (Ontañón & Armendáriz, 2005). Along with many other sites, the 

Los Avellanos I and II caves (Cantabria) are examples of these funerary rituals 

(González-Rabanal et al., 2020). 

As a whole, all changes mentioned above should be framed within the scenario of 

climate stability. The most relevant oscillation took place during the 4.2 ka event, which 

did not significantly affect anthropic activity (Balsera et al., 2015; Blanco-González et 

al., 2018). 

By the end of the Chalcolithic, industry shifted as metal pieces started to be 

developed. Although copper (Cu) deposits were irregular and scarce in Cantabria 

(Mantecón, 2000), metal exploitation was particularly important on the westernmost 

side of the Cantabrian range. For example, the Aramo range (Asturias) provided great 

quantities of copper (Blas-Cortina, 2014). Thus, the first metal utensils consisted of this 

element, which was alloyed with arsenic (As) by the first half of the second millennium 

BCE (Early Bronze Age). After that, copper was alloyed with other materials in the 

Bronze Age, first with tin (Sn) to obtain Bronze, and thereafter with tin and lead (Pb), 

albeit ternary alloys seem to have been poorly developed in Cantabria (Arias et al., 

2005). In parallel, the first fortified structures of the Iberian Peninsula, which are in 

some cases referred to as Castros, were built during the Chalcolithic. However, it was 

not until the Late Bronze Age when the first fortifications were erected in the 

Cantabrian region (e.g., Castro de la Garma dates from 1400 BCE: Obregón-

Goyarrola, 2010). 

Contrary to the case of copper, Cantabria hosted several iron mines, especially in its 

central and eastern sectors (Mantecón, 2000). The development of iron metallurgy led 

to a diversification of weapons and warlike equipment (Torres-Martínez, 2010). Also, 

fortified structures became more numerous during the Iron Age and the Roman period 

when wars and battles started to take place between peoples. In this respect, most 

fortifications were placed at high altitudes to have good visibility over and control of the 

surrounding territories. Thus, settlement distribution shifted until the Middle Ages, when 

they were again placed along interior valleys. The modern comarca of Campoo, with an 
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average altitude above 1000 m a. s. l., is the Cantabrian area with more documented 

Castros (Obregón-Goyarrola, 2010). El Cueto de la Espina peat bog (1120 m a. s. l.), 

which has been studied as part of this thesis, is located in Campoo. 

1.2.2.7. From the Roman period to the present 

In Cantabria, the end of the Iron Age is delimited by the invasion of the Roman 

Empire, which took place after a series of battles between 29 and 19 BCE known as 

the Cantabrian Wars (Costa-García, 2018). The Roman troops entered the Cantabrian 

region from the southern slope of the Cantabrian range divided into two main 

battlefronts with the aim of taking control of Noega (Gijón, Asturias) and Portus 

Victoriae (Santander, Cantabria). In both cases, mountain areas became the battlefield 

of the wars where a great number of roads were also built to facilitate the advance of 

troops (Peralta-Labrador et al., 2019). The Cantabrian front, in particular, moved along 

the Pas-Besaya water divide, leaving as testimonies several camps around La Molina 

and El Cueto de la Espina peat bogs (Fig. 8). For example, within the municipality of La 

Molina (Puente Viesgo) lies the roman settlement of Campo Las Cercas covering an 

area of 18 hectares. Also, an inscription and an altar from El Alto de la Capía are 

documented in Puente Viesgo as Roman vestiges (Carta arqueológica municipal, 

2012). 

The process of Romanisation was a culture shock in Cantabria as it brought a new 

hierarchical social system and gender inequality which has not been detected in 

previous ages (Marín-Suárez & González-Álvarez, 2011). Otherwise, traditional mining 

works continued to be important during that time, with a total of 10 Roman mines 

located along the central sector of the littoral plain (Fig. 9). The extractions were 

principally of iron (hematite and goethite ores), lead (galena and cerussite, also 

containing a variable proportion of silver which was difficult to separate), calamine and 

probably some salt mines which were exploited as well (Mantecón, 2000). Gold mines, 

by contrast, were more abundant in Asturias and Galicia (Lewis & Jones, 1970; 

Spiering et al., 2000). 
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Figure 8. Reconstruction of the more easterly Bellum Cantabricum according to the archaeological 

evidence: castra aestiva, attacked oppida, and penetration routes (E. Peralta). Retrieved from Peralta-

Labrador et al. (2019). 
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The Roman Empire began to lose its power in the early 400s CE. Two Germanic 

groups, the Sueves and the Vandals, together with the Alans, a people from further 

east (probably Iranian), crossed the Pyrenees in 409 CE and took control of some 

Iberian points. The Visigoths, a Germanic group allied to the Romans, regained 

territory after fierce battles during the 5th and 6th centuries and established the Visigoth 

Kingdom in the Iberian Peninsula (Collins, 2004). Afterwards, the Middle Ages brought 

a Christian monarchy to Cantabria for the first time, the Kingdom of Asturias, which 

encompassed the north-western part of the Iberian Peninsula. The most prominent 

buildings of the Middle Ages were castles that were deployed around various areas of 

Cantabrian territory depending on the period. The oldest were constructed on mid-

mountain areas, while between the 8th and 11th centuries CE the fortifications returned 

to high altitudes, similar to the Iron Age distribution. Around the 14th and 15th centuries, 

however, castles were mostly sited in low valleys, close to villages or in them (Martínez 

& Mantecón, 2012).  

In terms of economic activities, maritime industry gained importance in Cantabria 

during the Middle Ages, which led to a greater need for iron and wood. The importance 

of this industry was such that the Crown of Castile gave preferential treatment to 

operations in the Cantabrian Mountains in 1335 CE (Corbera, 1999). Here major 

breakthroughs were made by using charcoal as fuel instead of freshly-cut wood during 

the 12th-13th centuries CE, resulting in a calorific power increase (García-Alonso, 1999). 

In Europe, the first hydraulic finery forges date from the 12th century CE. Although it is 

estimated that they were introduced into the Iberian Peninsula during the 13th century 

Figure 9. Location of Cantabrian mines exploited during the Roman period. Retrieved from Mantecón 

(2000). 
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CE it was not until the 14th century CE that they are documented in Cantabria closely 

linked to the shipbuilding industry, and increased significantly during the 15th century 

CE (Corbera, 1999; Cuerno, 2001). The time of maximum charcoal demand, however, 

is documented as from 1622 CE, when a cannon industry was constructed in the towns 

of Liérganes and La Cavada, 20 km from La Molina peat bog (García-Alonso, 1999). 

Charcoal kilns were widely scatted across the territory by that time, resulting in 

significant levels of deforestation (García-Alonso, 1999).  

During the 17th century CE, a socioeconomic crisis hit Spain and also Europe on a 

larger scale. The iron industry withstood the crisis owing to its importance until 1850 – 

1870 CE, when iron production decreased in Cantabria due to the depletion of forest 

resources and the boom in foreign sources of supply (Corbera, 1999). In accordance, 

the use of charcoal kilns progressively decreased during the middle of the 19th century 

CE (García-Alonso, 1999). 
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1.2.3. The study of the Cantabrian landscape’s evolution based on 

paleolimnology 

 Paleolimnology is a fairly recent discipline interconnected with ecology, 

archaeology, climatology and biogeography which has been defined as the field of 

science that uses sediments from inland waters to reconstruct past environmental 

conditions (Douglas, 2013). Sediments contain a lot of information stored in the form of 

environmental indicators that reflect the state of the landscape at a particular moment 

in time. They are deposited stratigraphically at the bottom of aquatic systems, such as 

lakes or peat bogs, where they can be well preserved under anoxic conditions over 

centuries or millennia (e.g., Bennett & Willis, 2001; Van Geel, 2001; Barber et al., 2003; 

Roig & Roig, 2004). The environmental proxies may be biological, chemical or physical 

in origin and are quite diverse (e.g., organic matter content, pollen, non-pollen 

palynomorphs, sedimentary charcoals, vegetal and animal remains, trace metals and 

isotope composition). Depending on their type, they may come from either an 

allochthonous or autochthonous source (Fig. 10; Smol et al., 2001).  

 

Figure 10. Schematic diagram showing the accumulation of allochthonous and autochthonous 

indicators used by paleolimnologists to track long-term environmental changes. Retrieved and modified 

from Smol et al. (2001), previously modified from Charles et al. (1994). 
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Due to the great variety of data, multiproxy paleolimnological studies have become 

more numerous in recent times, emerging as useful tools to better characterise past 

environmental dynamics (Birks & Birks, 2006; Michelutti & Smol, 2013). The number of 

studies in the north-western Iberian Peninsula has steadily increased over the last 

century, both in the Atlantic and Mediterranean biogeographical regions (Fig. 12; Table 

3). This has been possible owing to the large number of glacial lakes (Jiménez & 

Farias, 2005) and peat deposits (Martínez-Cortizas et al., 2000, 2009; Ramil-Rego et 

al., 2018) in the area. The sequences with the longest chronology in the Iberian north-

west, however, are the ones obtained from two marine records (MD03-2697 and 

MD99-2331) which were sampled in the Atlantic Ocean and have a bottom age of 340 

ka BP (Gouzy et al., 2004; Sánchez-Goñi et al., 2005, 2008; Naughton et al., 2007; 

Desprat et al., 2009). 

In the Cantabrian range, the reconstruction of plant dynamics has been enabled by 

the large number of palynological records studied (Fig. 12; Table 3). Characterisation 

of the LGP has otherwise only been possible above 1000 m a. s. l. From west to east, 

the sequences of Laguna de Lucenza (Aira-Rodríguez, 1986; Santos-Fidalgo et al., 

1997; Muñoz-Sobrino et al., 2001), Villaseca de Laciana (Jalut et al., 2010), La Mata 

(Jalut et al., 2010), Lago de Ajo (Allen et al., 1996), Puerto de Tarna (Ruíz-Zapata et 

al., 2000) and Puertos de Ríofrio (Menéndez-Amor & Florschütz, 1963) revealed an 

open area with a large presence of xerophytes during some intervals of the LGP. A few 

more records from Burgos (north-eastern Castile and León), such as La Piedra (Ramil-

Rego et al., 1998) and San Mamés de Abar (Iriarte-Chiapusso et al., 2001), 

documented a higher presence of pines and birches, while the dominance of pines 

becomes more evident in the northern Iberian System as indicated by the papers on 

Hoyos de Iregua (Gil-García et al., 2002), Laguna del Hornillo (Gómez-Lobo et al., 

1996), Laguna Negra (Von EngerIbrechten, 1998), Lago Las Pardillas (Sánchez-Goñi 

& Hannon, 1999), Quintanar de la Sierra (Peñalba, 1994; Peñalba et al., 1997) and 

Laguna Grande (Ruiz-Zapata et al., 2002a). 

On the northern slope of the Cantabrian range, plant dynamics have only been 

characterised throughout the Holocene and have revealed a generalised dominance of 

mixed deciduous formations over the whole period. In Asturias, the papers on El Alto 

de la Espina (López-Merino, 2009), Las Dueñas (López-Merino et al., 2006), El Monte 

Areo peat bogs (López-Merino, 2009; López-Merino et al., 2010) and Lake Enol 

(López-Merino, 2009) are the most relevant. In Cantabria, located in the eastern sector 

of the mountain system, the main sequences are those obtained from the peat bogs of 

Culazón (González-Pellejero et al., 2014), Pico Sertal (Mariscal, 1986; Carracedo et 
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al., 2018), El Cueto de la Avellanosa (Mariscal, 1983; Núñez, 2018), Pico Ano (Salas, 

1993), Alsa (Mariscal, 1993), Puerto del Escudo (Muñoz-Sobrino, 2001), Estacas de 

Trueba (Mariscal, 1987, 1989), Sotombo (Pérez-Díaz et al., 2016a), Los Tornos 

(Peñalba, 1994; Muñoz-Sobrino et al., 2005), La Nava (Menéndez-Amor, 1968) and La 

Molina (Pérez-Obiol et al., 2016). Some syntheses containing most of these 

paleobotanical records and also archaeological sites from the northern Iberian 

Peninsula were provided by Iriarte (2009) and Pérez-Obiol et al. (2011). Other 

paleobotanical syntheses have also been performed for the Western Pyrenees region 

(Pérez-Díaz et al., 2015) and for the Iberian Peninsula and Balearic Islands (Carrion, 

2012). 

Among all the mentioned sites, however, only a few studies considered the role of 

fire in the reconstruction of the Cantabrian landscape. This may lead to partial 

interpretations since fire is an important factor in the complex scenario between 

vegetation, climate and anthropic pressure (Harrison et al., 2010; Whitlock et al., 2010; 

Krawchuk & Moritz, 2011). The fire regime can be characterised by analysis of 

sedimentary charcoals. Charcoals are plant remains resulting from incomplete 

combustion (Whitlock & Larsen, 2001) that can be transported by wind over long 

distances (Radtke et al., 1991; Andreae, 1991). Some studies estimate that the 

smallest particles (<100 µm) can travel more than 100 km through the atmosphere 

(Conedera et al., 2009), while charcoal particles larger than 125 µm are mainly 

deposited within a 7-km radius (Whitlock & Millspaugh, 1996). Therefore, the study of 

sedimentary micro and macrocharcoals can provide insight into the fire regime on both 

a regional and local scale respectively. In Europe, analysis of multiple charcoal 

sequences allowed the determination of fire episodes that occurred simultaneously in 

different regions during some glacial and postglacial intervals and therefore might have 

been strongly influenced by climate conditions (Power et al., 2008; Daniau et al., 2010, 

2012; Marlon et al., 2016). In the Cantabrian Range, however, the available 

sedimentary macrocharcoal records only covered the last 7000 years (Fig. 11). The 

sequences obtained from El Sertal, El Cueto de la Avellanosa (Carracedo et al., 2018) 

and La Molina (Pérez-Obiol et al., 2016), all located in the eastern sector of the 

Cantabrian range, indicated intense use of fire from the Neolithic onwards coinciding 

with the onset of agricultural practices and the need to create forest openings, thus 

revealing an anthropic origin. In La Molina, which is the study site located at the lowest 

altitude (484 m a. s. l.), important fire events were detected from 5800 to 3500 cal yr 

BP (Late Neolithic, Chalcolithic and Bronze Age) in the form of intense and frequent 

charcoal peaks and increases in charcoal content. The beginning of these fire events 
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was accompanied by the appearance of Calluna and other Ericaceae (Pérez-Obiol et 

al., 2016) whose germination is stimulated by high temperatures (Reyes & Casal, 

2000). Fire intensity was lower at a higher altitude range, especially in El Sertal (940 m 

a. s. l.) where sedimentary macrocharcoals were not continuously recorded until the 

Middle Ages, increasing sharply during the last 400 years. By contrast, in El Cueto de 

la Avellanosa (1320 m a. s. l.) the fire signals were constant from the beginning of the 

sequence, registering a rise at around 3600 cal yr BP. Nevertheless, it is difficult to 

determine how long fire activity has been present in the Cantabrian region and leading 

to significant changes because of the lack of research on the role of fire. 

Paleolimnology has also been applied in the Cantabrian region to determine the 

beginning and the main phases of former mining activities. This has been possible 

since the atmospheric pollution resulting from mining or metallurgy, as well as from 

other anthropic sources such as the combustion of coal or petrol and waste 

incineration, can result in trace metal (e.g., Pb, Hg, Fe, Zn) release and subsequent 

dumping in sedimentary deposits (Boyle, 2001). However, some caution is needed in 

Figure 11. Comparison of the charcoal accumulation rate (CHAR) with rescaled and smoothed values 

from La Molina (a), El Sertal (b) and El Cueto de la Avellanosa (c). Over the past 7000 years, the intensity 

and chronology of fire events were unequal at the three sites studied, which can be interpreted as the 

result of asynchronous human activity in the high versus low mountain areas and also of the type of fuel 

involved in each zone. Retrieved from Carracedo et al. (2018). 
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the interpretation of trace metals since they may also come from other sources such as 

erosional processes and can be remobilised within the sedimentary layers due to redox 

conditions (Boyle, 2001). In this respect, it is interesting to look at the isotopic 

composition of Pb. This is a toxic element found in multiple anthropic emissions whose 

composition of stable isotopes varies depending on the primordial Pb, U and Th 

concentrations of the source and the lengths of the decay processes (Komárek et al., 

2008). 204Pb is a primordial lead isotope whose concentration on Earth does not vary 

over time, whereas 206Pb, 207Pb and 208Pb isotopes are products of the radioactive 

decay of 238U, 235U and 232Th respectively (Long, 1999). Therefore, each material 

containing Pb has a different isotopic signature and thus its exploration in sediments 

can provide a fine-tuned view of the sources of metal inputs. 

In Asturias (north-western Cantabrian range), the study of a sedimentary sequence 

from La Molina mire detected evidence of mining activities from the beginning of the 

Chalcolithic (c. 4980 cal yr BP) in the form of important concentrations of trace metals 

and changes in lead isotopic composition (Martínez-Cortizas et al., 2013, 2016). La 

Molina mire (Asturias) should not be confused with La Molina peat bog (Cantabria), 

which has been studied in this thesis. As explained in chapter 1.2.2., in Cantabria 

(north-eastern Cantabrian range) former exploitations of iron and zinc ore deposits 

have also been documented, but to date there are no paleolimnological studies that 

have explored the sources and scale of the mining phases. 
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1.2.4. Pollen rain calibration as a tool for reinterpreting palynological 

records 

Analysis of pollen records has proved to be the main technique for studying the 

evolution of plant landscapes over time. Results are often expressed in the form of 

pollen diagrams in which the pollen percentages of each taxon vary though the studied 

sequences. However, the interpretation of these percentages can sometimes be 

complex since the amount of pollen that ends up in sedimentary deposits and is 

reflected in the pollen diagrams depends on many factors, and if they are not taken into 

consideration this may result in the over- or under-representation of some taxa. For 

example, pollen production can vary greatly between species (Piotrowska, 2008) as 

can be seen in Table 4. 

Table 4. Average number of estimated pollen grains of the studied 

species in Piotrowska (2008). 

Species 
 Number of pollen grains produced by:  

Stamen Flower Inflorescence 

Secale cereale 22,360 67,080 4,024,800 

Betula verrucosa 11,160 22,320 10,044,000 

Artemisia vulgaris 9850 49,250 640,250 

Rumex acetosella 10,850 65,100 4,557,000 

Plantago major 5870 23,480 6,339,600 

 

Plants that disperse pollen via the wind, also known as anemophily, are the most 

pollen-producing group of plants and are generally the best represented in the pollen 

spectra. The pollen grains of anemophilous taxa are usually adapted to travel long 

distances and some groups have even developed air sacks to cover even greater 

ranges, for example Pinus and Abies (Bresinsky et al., 2013). However, in this respect 

there are also inter-taxonomic differences in the size, density and other physical 

particularities of pollen grains that can affect the time each pollen type remains 

suspended in the air (Jackson & Lyford, 1999). Figure 13 shows the pollen 

sedimentation velocities of some anemogamous taxa in which it can be seen that this 

sedimentation velocity can vary from less than 2 cm s-1 to more than 12 cm s-1. The 

higher the sedimentation velocity, the shorter the distance they can be dispersed. 

Examples of anemophilous taxa are most gymnosperms, most deciduous trees such 

as Quercus, Corylus, Fagus, Alnus, Betula, Olea, Populus and Ulmus and some 
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shrubs and herbs such as Amarathaceae, Rumex, Artemisia, Urticaceae, Plantago and 

many Poaceae including cereals (Lara-Ruiz, 2019). Some Poaceae, however, such as 

some species of the genera Festuca, have autogamous pollination (self-pollination) 

instead under certain environmental conditions (Connor, 1998), and consequently their 

pollen may be poorly dispersed through the atmosphere. 

Figure 13. Retrieved from Jackson & Lyford (1999). Top: Range of measured 

sedimentation velocities of 25 pollen types. All plotted values are means except those for 

Bodmer (1922), which are minimum and maximum values. Jackson & Lyford (1999) did not 

plot two outliers: Bodmer's (1922) value of 22 cm/sec for Larix and Dyakowska & Zurzycki 

(1959) value of 38.71 cm/sec for Abies alba. Bottom: Sedimentation velocities for 15 genera, 

as measured by Eisenhut (1961). Multiple values for a genus represent different species. 
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Most angiosperms, by contrast, have pollen dispersion by animals (zoophily). 

Pollen of these species is produced in smaller quantities than that of anemophilous 

plants, and in this case the pollen is not adapted to travel by air but rather to be 

attached to animals (Bresinsky et al., 2013). Therefore this group is much less 

represented in pollen records than anemophilous species and in most cases is in fact 

under-represented. Some examples of zoophilous taxa are Fabaceae, Rosaceae, 

Liliaceae, Salix, Eucalyptus, Laurus, Gentiana, Anemone and Papaver (Lara-Ruiz, 

2019). Finally, there is a small number of angiosperms which have pollen dispersal 

through water (hydrophily). These are mostly aquatic plants such as Potamogeton 

(Bresinsky et al., 2013) and can have pollen representation in the pollen spectra if they 

are present in the aquatic systems where the sedimentary deposits lie, although they 

are not generally representative of landscape configuration at a regional scale. 

Apart from the biotic factors, pollen transport is also affected by physical barriers, 

for example in the plant community structure and geomorphology of the region. Some 

authors have found that in dense forests, pollen from surrounding plant communities 

has difficulties in penetrating, whereas in open areas with less forest cover pollen can 

be dispersed more easily (e.g., Pérez-Obiol & Roure, 1985; Sugita et al., 1999). In 

forested environments, moreover, there are differences between coniferous or 

evergreen forests and deciduous forests since the latter provide a lower canopy area 

for intercepting pollen in springtime which may result in an increased contribution of 

pollen from outside the formation (Jackson & Lyford, 1999). On a separate but related 

issue, the chemical treatments performed to prepare the pollen samples may also 

affect those pollen grains with a thinner wall and lead to the under-representation of 

certain taxa such as Populus, Laurus and Taxus (Havinga, 1967; Campbell, 1999; 

Connor et al., 2012a). 

Thus, all these factors entail complex relationships between vegetation and pollen 

percentages. With the aim of introducing objective weightings in the interpretation of 

palynological records, pollen calibration studies have proved to be very useful tools and 

have been carried out in Europe since the 1930s (e.g., Pohl, 1930, 1933, 1937; Heim, 

1963, 1970). These kinds of studies are based on the fact that contemporary pollen 

rain is recorded in modern surface samples (mosses) in a similar way as in lakes and 

peat bogs (e.g., Wilmshurst & McGlone, 2005) and therefore makes it possible to 

determine the pollen percentages of different plant communities and to assess which 

taxa may be over- and under-represented. In the Iberian Peninsula there is a 

considerable body of literature especially in mountain areas, for example in the 

Pyrenees (Pérez-Obiol & Roure, 1985; Mazier, 2001; Mazier et al., 2006, 2009; 
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Cañellas-Boltà et al., 2009; Cugny et al., 2010; Ejarque et al., 2011; López-Vila et al., 

2014; Pérez-Obiol et al., 2018, 2021; Leunda, 2019), in the Iberian and Central 

Systems (Vázquez-Gómez & Peinado-Lorca, 1993; Sánchez-Goñi & Hannon, 1999; 

López-Sáez et al., 2010, 2013; Aranbarri, 2016; Broothaerts et al., 2018), in the Sierra 

Morena (Díaz-Fernández, 1994) and in mountain chains in northern Galicia in the 

north-western Iberian Peninsula (Cartrufo-Ferreño & Aira-Rodríguez, 1990; González-

Porto, 1993). The pollen signal has also been characterised in some littoral 

environments such as in the south-eastern Iberian Peninsula (Carrión, 2002a) and in 

Galicia (García-Moreiras et al., 2015). However, overall less attention has been paid to 

the Cantabrian range even though it is a region where much palaeoecological research 

has been carried out. In this respect, exploration of the pollen signal of the northern 

slope of the Cantabrian range would also be very interesting from a botanical point of 

view as it hosts Atlantic communities including mixed deciduous forests, Mediterranean 

communities such as the Lauro nobilis-Quercetum ilicis association and open 

landscapes with grazed meadows and tree stands of variable composition. 
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1.3. Objectives 

The overall objective of this thesis is to provide insight into the vegetation dynamics, 

fire regime and principal phases of mining activities in the north-eastern Cantabrian 

range during the last c. 17,550 years. To address this objective, a multiproxy approach 

was performed in a sedimentary record from La Molina peat bog (43.26º N, 3.97º W, 

484 m a. s. l.; Puente Viesgo, Cantabria) that covers the last c. 17,550 years. Analyses 

were performed on the organic matter content, sedimentary macrocharcoals (>150 

µm), pollen and non-pollen palynomorphs for the whole period. Trace metal content 

(Cu, Ni, Zn, As, Cd and Pb) and Pb isotope composition were analysed for the last c. 

6740 years. For a better interpretation of the palynological record, calibration of the 

contemporary pollen rain of certain Cantabrian plant formations was performed based 

on the study of modern surface samples. The fire regime was also explored in another 

Cantabrian peat bog, El Cueto de la Espina (43.06º N, 3.91º W, 1120 m a. s. l.; 

Corconte, Cantabria), through analysis of sedimentary macrocharcoals (>150 µm) over 

the last c. 5725 years. Specifically, the following specific goals were pursued: 

 

Calibrate the modern pollen rain of Cantabrian plant formations  

 Characterise the pollen signal of the principal landscape units in Cantabria. 

 Find out the quantitative representation that certain plant species may have and to 

explore what kind of relationship there is between the pollen signal of the main 

plant species in Cantabria and their estimated vegetation cover. 

 Evaluate to what extent the present landscape might be analogous to past plant 

communities. 

 

Characterise the plant landscape over the last c. 17,550 cal yr BP 

 Explore how vegetation has changed during the climate and cultural phases since 

the Last Glacial Period. 

 Discern the source of environmental changes by interpreting whether they were 

linked to climatic features, anthropic pressure or a combination of both. 

 Identify whether the northern slope of the Cantabrian range was a glacial refuge for 

certain arboreal species. 

 Determine from when there have been fires in the study area and from what point 

they have played a significant role in the configuration of the plant landscape. 
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Compare the fire regime between different Cantabrian sites since the Neolithic 

 Ascertain whether there has been any common pattern affecting the fire regime 

since the Neolithic period in sites with different altitudes and human pressure while 

also exploring the potential causes. 

 

Assess the principal phases of mining activities 

 Determine the onset of mining activities, the principal phases of ore exploitation 

and the possible sources of metal inputs. 

 Identify any other metal-related activity such as the signal of iron metallurgy and the 

introduction of leaded petrol. 
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2. STUDY AREA 

 

 

The geographical scope of this research encompasses an area on the northern 

slope of the Cantabrian range located in the northern Iberian Peninsula (Figure 14). 

The Cantabrian range is a mountain system approximately 400 km long that runs 

parallel to the Cantabrian sea. It came about as the result of the Iberian and Eurasian 

plates’ collision during the Alpine orogeny (Late Mesozoic), coinciding with the 

formation of the Pyrenees and the Basque mountains (Barnolas & Pujalte, 2004). The 

highest area is located in the central part, with peaks higher than 2600 m a. s. l. in the 

Picos de Europa National Park. Progressively, the Cantabrian range loses altitude to 

the west, and is delimited on its western side by the Galician massif (Martín-González 

& Heredia, 2008). In the South it is delimited by the upper part of the Ebro basin and 

Figure 14. Top: map of the northern Iberian Peninsula with the main geographical features and the 

administrative regions. Bottom: zoom into the study area with the location of La Molina and El Cueto de 

la Espina peat bogs. 
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the Northern Iberian Plateau, an extensive plain with an average of 750 - 800 m a. s. l. 

Administratively, it is a political boundary between the regions of Castilla y León to the 

south and Asturias and Cantabria to the north. Both La Molina and el Cueto de la 

Espina peat bogs are located in Cantabria as well as most of the plant communities 

selected for the pollen rain calibration, except for one section in northern Castilla y 

León.  

2.1. Geology 

Geologically, the Alpine orogeny led to the ascent of Mesozoic limestone materials, 

which emerged mainly in the eastern sector of the Cantabrian range (Fig. 15). The 

Picos de Europa area stands out as a large karst formation that houses multiple 

underground cavities and karstic relief. The western flank is by contrast made up of 

siliceous Palaeozoic materials such as slates, sandstones and conglomerates 

(Barnolas & Pujalte, 2004). At the highest levels there is evidence of glacial 

phenomena, such as U valleys, cirques, till deposits and glacial lakes (Jiménez & 

Farias, 2005). In particular, a total of 173 rocky glaciers have been identified in the 

Cantabrian range, most of them running N, NNE and NE (Gómez-Villar et al., 2011). 

The northern slope is made up of a series of steep valleys resulting from the great 

height difference between the mountain range and sea level, only separated by a gap 

of a few dozens kilometres. These valleys have undergone differential stream erosion 

due to the diversity of materials, especially on the easternmost side (Alonso et al., 

2007). In contrast, the valleys are flatter on the southern slope due to the presence of 

the Northern Plateau.  

 

 

 

 

 

 

 

 

 

Figure 15. Geological units of the northern Iberian Peninsula. Retrieved and modified from Barnolas & 

Pujalte (2004). 
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2.2. Climate and current fire activity 

The orography of the Cantabrian range has important implications for the climate 

configuration of the northern Iberian Peninsula. Moisture-laden oceanic winds usually 

condense on the northern slope leading to annual precipitations ranging from 1000 to 

1800 mm (Fig. 17; climate Cfb, according to the Köppen-Geiger classification: Beck et 

al., 2018). At the highest altitudes (central and western sector of the Cantabrian range), 

the average minimum temperature can be lower than 0 ºC during the coldest month 

(Fig. 16; climate Dfc/Dsb/Dsc) and annual precipitations may exceed 2200 mm (Ancell 

& Célis-Díaz, 2012). Accordingly, snow precipitations are more common in this area 

(from 50 to 65 days per year) than on the eastern flank (from 20 to 40). Temperatures 

can also be harsh in some deep inland valleys due to both thermal inversion and also 

the lack of hours with direct sunlight (Ortega-Villazán & Morales-Rodríguez, 2015). On 

the other hand, the continental slope receives dry wind from the North and exhibits 

inland Mediterranean traits, with colder winters due to a greater distance from the sea, 

water deficit in summer and less than 800 mm of annual precipitation (climate Csb). It 

is worth noting, however, the existence of a recurring phenomenon that brings inverse 

climate features when the wind comes from the South. Viento Sur, Surada, Tiempo del 

Sur or Ábrego, as this event is known in the region, mostly occurs during autumn or 

winter, especially in the eastern sector of the Cantabrian range. It brings about heavy 

precipitations on the southern slope in just a few hours, while conditions turn notably 

drier in the Atlantic area with temperatures that can rise by about 1 ºC per hour 

(Fernández-García & Rasilla, 1992). These dry conditions are recurrently harnessed by 

herders to light fires to create and maintain grazing areas. In fact, anthropic fires 

represent the highest proportion of fires registered in Cantabria, which can also be 

generated in the absence of the Viento Sur (Carracedo, 2015). Shrublands of mid-

mountain areas, especially those located in the headwaters of the Pas and Miera 

valleys, are the most affected formations and in some cases are burnt annually (Fig. 

17). 
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Figure 16. From top to bottom: January minimum mean temperature, mean temperature and July 

maximum mean temperature from 1981 to 2010, respectively. Modified from the Instituto Geográfico 

Nacional (IGN), with data compiled from the Agencia Estatal de Meteorologia (AEMET). 
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Figure 17. Top and centre: mean spring precipitation and mean annual precipitation from 1981 to 

2010, respectively. Maps were modified from the Instituto Geográfico Nacional (IGN), with data compiled 

from the Agencia Estatal de Meteorologia (AEMET). Bottom: fire occurrence in Cantabria from 2009 to 

2014. Retrieved and modified from Plan estratégico de prevención y lucha contra incendios forestales

2017-2020 (PEPLIF). 
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2.3. Vegetation 

The climate and geographic features of the Cantabrian range determine a clear 

differentiation in vegetation cover and land uses between the northern and southern 

slopes of the Cantabrian range (Fig. 18). On the continental plateau there is a large 

extension devoted to agriculture, while the plant landscape along the littoral area is 

mainly composed of grasslands, shrublands and forestry systems of varying 

composition. On the eastern flank (the Basque Country) there is a significant extension 

of evergreen formations, very different to the mosaic of pastures, shrublands and 

mixed and deciduous forests growing in the Cantabria area. The large extension 

occupied by open-structured communities is in most cases related to the use of fire, 

which is designed to foster pasturing (Carracedo, 2015) and does not give the tree 

cover a chance to develop in certain mid-mountain and littoral regions.  

 

 

 

Figure 18. Summarised land cover map based on the CORINE project (Coordination of Information 

on the Environment), updated in 2018. 
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The distribution patterns of vegetation species are also strongly influenced by abiotic 

factors along the Cantabrian range, which is a natural border between the Eurosiberian 

and Mediterranean biogeographical regions (Fig. 19; Rivas-Martínez et al., 2017). 

Within the Eurosiberian region, the highest altitudes of the Cantabrian range are in the 

Orocantabrian subprovince (Ibb), while the oceanic façade lies within the Cantabrian 

Atlantic subprovince (Iba). The southern slope by contrast is divided from west to east 

into the Mediterranean subprovinces of Carpetania and León (IIca), Castilia (IIbc) and 

Low Aragón (IIba). In particular, the study area of this thesis is located in the 

Cantabrian Atlantic subprovince (Iba). 

These environmental differences were already apparent in the classification drawn 

up by Rivas-Goday (1966), which according to Sainz-Ollero et al. (2010) was probably 

the first phytosociological map of the Iberian Peninsula (Fig. 20). The figure reveals a 

Cantabrian littoral dominated by the Quercion pyrenaicae and Fraxino-carpinion 

associations, while on the southern slope of the Cantabrian range there is a significant 

distribution of Quercion valentinae. Between these two major formations the map also 

reflects some spots of the Quercion robori-petraea and Quercion occidentale 

associations. 

 

Figure 19. North Iberian biogeographical subprovinces, based on Rivas-Martínez et al. (2017) and 

modified from Instituto Geográfico Nacional, Atlas Nacional de España. Legend: Iaa: East Pyrenean Iab:

Central Pyrenean Iac: Aragón Prepyrenean Iba: Cantabrian Atlantic Ibb: Orocantabrian Ibc: Atlantic 

Orolusitania IIaa: Catalonian and Provençe IIab: Valenci; IIba: Low Aragón and High Ebro IIbb: 

Oroiberian IIbc: Castilian IIca: Carpetania and León IIcb: Lusitania and Extremadura IIfa: Divisorio 

Portuguese. 
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More recently, the dissimilarities between the northern and southern slopes have 

continued to be emphasised at a more detailed level by many researchers. It is worth 

highlighting, on the one hand, the works of Rivas-Martínez and colleagues, who 

conducted the climatophilous vegetation series in Spain (Rivas-Martínez et al., 1987, 

Fig. 21) and updated them in Rivas-Martínez (2007, 2011). The concept of vegetation 

series came from Clements (1916) and Rivas-Martínez (2002) described these units as 

the geobotanic notions that seek to express all the plant communities, or collection of 

stages, that can be found in similar tessellar places as a result of succession 

processes. In total, Rivas-Martínez and colleagues identified more than 450 series in 

Spain with their corresponding subdivisions. On the other hand, Sainz-Ollero et al. 

(2010) presented two alternative landscape classifications that are, in the words of the 

authors, less interpretative and more adjusted to reality than the vegetation series 

presented in Rivas-Martínez et al. (1987). These classifications were expressed in two 

maps: the map of forestry systems based on existing cartography, and the map of 

potential vegetation landscapes (Fig. 22), which aimed to classify them as mosaics or 

combinations of vegetation communities. 

 

Figure 20. Phytosociological representation of the Iberian Peninsula, adapted from Rivas-Goday 

(1966). 
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Both Rivas-Martínez et al. (1987) and Sainz-Ollero et al. (2010) illustrated large 

extensions of mixed eutrophic deciduous forests along the Cantabrian low valleys and 

mid-mountain areas. In particular, Fagus sylvatica, Quercus robur and Quercus 

petraea, all of them with a Eurosiberian distribution, are the forest species with the 

largest presence on the northern slope of the Cantabrian range. These trees can be 

found as part of mixed deciduous forest as well as setting up monospecific 

communities. Fagus sylvatica is well adapted to both siliceous (Saxifrago hirsutae-

Fagetum sylvaticae association) and calcareous lithology (Carici sylvaticae-Fagetum 

sylvaticae association) and has a greater presence on the eastern side of the 

Cantabrian range. In terms of oak trees, the Hyperico pulchri-Quercetum roboris 

association is the most common formation of Quercus robur in the Cantabrian sector 

(Amigo et al., 2017) and is dominant on the siliceous basal plains (Blanco et al., 1997).  

Figure 21. Vegetation series of the study area based on Rivas-Martínez et al. (1987). 
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Figure 22. Potential vegetal map, modified from Sainz-Ollero et al. (2010). Legend: 1: Pyrenean-

Cantabrian alpine "tasca" 2: oro-Mediterranean mosaic: acidophilic variant 3: subalpine Pinus uncinata 

forests 4: forests of P. sylvestris, beech, birch and fir 5: Central and Iberian System P. sylvestris forests 

on siliceous substrates 6: forests of P. sylvestris and P. nigra of the southern Iberian and Betic systems 

on carbonate substrates 6.1: oro-Mediterranean variant with a predominance of Pinus sylvestris 6.2: 

supra-Mediterranean variant with a predominance of Pinus nigra 7: beech forests of the Cantabrian 

montane region, western Pyrenees, northern Iberian System and Central System 7.1: southern 

Cantabrian variant with a Mediterranean influence 8: birch, oak and Ilex aquifolium forests with Sorbus sp. 

and Quercus pyrenaica 9: Galician Q. robur montane forests with birch, Q. pyrenaica and Castanea sativa 

9.1: Mediterranean variant from the Miño and Sil valleys 10: Galaico-Asturian Q. robur forests with P. 

pinaster var. maritima on acidic Palaeozoic substrates 11: mixed eutrophic deciduous forests, Q. robur, Q. 

ilex subsp. ilex and Laurus nobilis forests in the Cantabrian-Asturian and Euskaldun hills 11.1: paleo-

Mediterranean variant of Q. ilex subsp. ilex and L. nobilis formations and coastal and inland Quercus ilex 

subsp. rotundifolia forests 12: sub-Atlantic or supra-Mediterranean Q. pyrenaica formations in the foothills 

of the Hercynian arc, usually on Plio-Quaternary rocks. 13: supra-Mediterranean Q. pyrenaica of the 

Central System and northern Iberian Mountain Range 14: sub-Mediterranean pubescent oak forests (Q. 

pubescens) or Q. subpyrenaica, Q. faginea, Q. ilex subsp. rotundifolia and pre-Pyrenean P. sylvestris or 

P. nigra forests with Buxus sempervirens. 16: Juniperus thurifera of the Iberian System 17.1: P. nigra, Q. 

suber and/or Q. pyrenaica formations on sandstones 17.2: P. nigra mixed formations or dominated by P. 

pinea on granitic batholiths or metamorphic rocks 17.5: P. pinaster and P. pinea forests on sandbanks of 

the plateaus 18.2: P. pinea forest of the Catalan Costa Brava on littoral granites alternating with 

termophilous maquis shrubland 19: mixed or mosaic forests of Mediterranean sclerophyllous or sub-

sclerophyllous Quercus spp. on Luso-Extremaduran mountains 20: Luso-Extremaduran and Salmantino-

Duriensean mixed or mosaic forests of Q. ilex subsp. ilex and Q. suber 21: inland Q. ilex subsp. 

rotundifolia and Q. faginea formations with J. thurifera in the supra-Mediterranean environment of the 

Iberian páramos 22: inland Q. ilex subsp. rotundifolia, Q. coccifera and P. halepensis meso-

Mediterranean formations in Tertiary or Quaternary plains on basic substrates 22.1: transitional 

thermophilic variant, P. halepensis dominance 23.1: Q. ilex subsp. ilex formations with Viburnum tinus, 

Arbutus unedo, Pistacia lentiscus, Phillyrea angustifolia and Rhamnus alaternus in mosaic with P. 

halepensis and P. pinea 23.2: Q. suber formations mixed with Q. ilex subsp. ilex in the bottom of Catalan 

valleys. Presence of Q. pubescens, Q. canariensis, P. pinea, P. pinaster and P. halepensis 25: 

termophilous Mediterranean maquis shrublands and Q. coccifera with P. lentiscus, Chamaerops humilis, 

Olea europaea var. sylvestris and Ceratonia siliqua, with or without P. halepensis, in Levantine, Betic and 

Balearic infra-Lithuanian environments 26: inland maquis shrublands with Q. coccifera and Rhamnus 

lycioides, Juniperus phoenicea and P. halepensis formations 26.1: variant of the Ebro valley 26.2: variant 

of gypsiferous or halophilic endorheic areas of the interior tertiary depressions of the Iberian plateaus 32:

coastal wetland vegetation. 
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Quercus petraea, however, is less resistant to cold winters and is therefore found 

within the Pulmonario longifoliae-Quercion roboris association at a higher altitude 

range to avoid thermal inversion and also on some points of the southern mountain 

slope (Blanco et al., 1997). When found as part of mixed deciduous forests, these 

species are accompanied by other trees such as Fraxinus excelsior, Fraxinus 

angustifolia, Corylus avellana, Acer pseudoplatanus, Acer campestre, Alnus glutinosa 

and Ulmus minor, while small formations of Ilex aquifolium and Taxus baccata can 

develop in the surrounding areas (Amigo et al., 2017). On the other hand, although the 

presence of spontaneous Pinaceae is not documented on the northern slope, recent 

plantations of Pinus radiata, P. sylvestris, P. pinaster and P. nigra (and species from 

other groups, such as Eucalyptus spp.) constitute important components of the current 

landscape composition. 

Particularly noteworthy are also the Mediterranean thermophilous species that, 

either favoured by microclimatology or lithology features, appear on the Cantabrian 

oceanic slope. These taxa bring added value to the region, setting up a plant mosaic 

different from the large deciduous formations widespread at higher latitudes. Some 

individuals of evergreen species are found as part of the mixed forests, but important 

pure communities can arise in the xeric areas of the region too. For example, Quercus 

ilex subsp. ilex usually appears in carbonated soils close to the sea littoral and 

populations of Quercus ilex subsp. rotundifolia (= Quercus rotundifolia) develop at 

higher stages on poorly developed mountain soils as they are also resistant to windy 

conditions. Both are part of rich communities that host Eurosiberian and Mediterranean 

taxa, such as Laurus nobilis, Olea europaea var. sylvestris, Phillyrea angustifolia, 

Phillyrea latifolia, Hypericum androsaemum, Rhamnus alaternus, Viburnum tinus, 

Osyris alba, Jasminum fruticans, Prunus lusitanica, Ruscus aculeatus, Ligustrum 

vulgare, Cornus sanguinea, Pistacia lentiscus, Pistacia terebinthus, Clematis vitalba, 

Tamus communis, Rubia peregrina, Smilax aspera, Hedera helix, Hedera hibernica, 

Lonicera implexa, Lonicera periclymenum, Lonicera etrusca, Lonicera nigra, Rubus 

spp. and also a wide variety of ferns and herbs. In particular, the communities 

dominated by Quercus ilex subsp. ilex and Laurus nobilis, the Lauro nobilis-Quercetum 

ilicis vegetation series, are a common formation on the Cantabrian littoral (Blanco et 

al., 1997; Sainz-Ollero et al., 2010; Amigo et al., 2017). 

Brushwood groves also develop and cover large extensions in mid-mountain areas. 

They are favoured by openings generated by anthropic activities such as grazing or 

recurring fires, which can be replicated over centuries or millennia (Pérez-Obiol et al., 

2016; Carracedo et al., 2018). The most recurrent vegetation class is the Rhamno 
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catharticae-Prunetea spinosae in calcareous soils, with a prevalence of Prunus 

spinosa, Cornus sanguinea, Crataegus monogyna, Ligustrum vulgare, Euonymus 

europaeus and Rosa sp. In siliceous soils, the Cytesetea scopario-striati is the most 

recurrent class with dominance of Fabaceae species, such as Cytisus commutatus, 

Cytisus scoparius, Cytisus cantabricus, Cytisus grandiflorus, Adenocarpus lainzii and 

Genista florida subsp. polygaliphylla. Besides, heathlands can also cover large areas, 

mainly made up of Calluna vulgaris, Daboecia cantabrica, Erica vagans, Erica 

mackaiana, Erica ciliaris, Ulex europaeus and Ulex gallii (Amigo et al., 2017). 

In the Orocantabrian subprovince, where precipitations may exceed 2000 mm 

(Ancell & Célis-Díaz, 2012), birchwoods of Betula pubescens (= Betula alba) are the 

potential tree formations up to 2100 m a. s. l., appearing on nutrient-poor siliceous soils 

and steep slopes. These communities also host a scattered presence of Sorbus aria, 

Sorbus aucuparia and taxa from lower altitude ranges, such as Quercus petraea, 

Fagus sylvatica, Taxus baccata and Ilex aquifolium. Subalpine shrubs, mostly 

represented by Erica arborea, Vaccinium spp. and Calluna vulgaris, complete the 

woody species either mixed with the tree layer or developing shrublands of significant 

extensions. Also, there is a great variety of grasslands in cryorotemperate and supra-

orotemperate environments, most of them dominated by Festuca eskia, Nardus stricta 

and Brachypodium rupestre and accompanied by herbs from several families, such as 

Carex brevicollis, Potentilla tabernaemontani, Helianthemum nummularium and 

Plantago media (Díaz-González & Penas, 2017).  

In contrast to the Atlantic façade, the tree layer of the continental slope is mainly 

composed of marcescent and evergreen species (Figs. 21 and 22). Quercus pyrenaica 

is found as part of various associations on the siliceous soils from the north-western 

Castilla y León, such as the Genisto falcatae-Querco pyrenaicae, Pulmonario 

longifoliae-Querco pyrenaicae, Pyro bourgaeanae-Querco pyrenaicae and Querco 

pyrenaicae-Fraxino angustifoliae. On the carbonated soils of the north-eastern plateau, 

by contrast, Quercus faginea and Quercus ilex subsp. rotundifolia are the most 

frequent woody species, which are in some cases mixed with Juniperus thurifera and 

other basophile taxa. Juniperus thurifera is the dominant species in areas where soil is 

less developed and environmental conditions exhibit more continental traits 

(Juniperetum hemisphaerico-thurifera). These open-structured formations may include 

several individuals of Juniperus communis subsp. hemisphaerica, Juniperus sabina, 

Berberis vulgaris subsp. seroi, Rosa agrestis and Rhamnus infectoria (Penas et al., 

2017).  
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2.4. La Molina peat bog 

La Molina (Fig. 24) is an acidic peat bog in the municipality of Puente Viesgo 

(Cantabria), approximately 25 km south of Santander (Latitude: 43.26º N; Longitude: 

3.97º W; Altitude: 484 m a. s. l.). The site is in the northern foothills of the Cantabrian 

range in the Pas-Besaya water divide. The surrounding terrain consists of sandstones, 

silts and clays, and there are some other minerotrophic peat bogs nearby which are 

smaller than La Molina (Fig. 25).  

Pérez-Obiol et al. (2016) described the vegetation of the peat bog. They identified 

Molinia caerulea, Rhynchospora alba, Erica tetralix, Drosera rotundifolia and 

Eriophorum angustifolium among other hygrophilous taxa and peat mosses of the 

genus Sphagnum. Besides, there are a few individuals of Betula pubescens and Salix 

spp. on the edge of the peat bog, while in the surrounding area the potential landscape 

formations are the Tamo communis-Querceto roboris and the Polysticho setiferi-

Fraxineto excelsiores climatophilous series according to Rivas-Martínez et al. (1987). 

Although there are some patches of deciduous communities, the vegetation is 

frequently burnt by anthropic fires and consequently heathlands are the principal 

formations, mainly composed of Erica spp., Ulex spp. and Pteridium aquilinum and 

accompanied by several plantations of Pinus sylvestris, Pinus radiata and Eucalyptus 

spp. (Fig. 26).  

Approximately 3 km north of the peat bog, El Monte Castillo (355 m a. s. l.) stands 

out as a limestone formation that hosts an open forest of Quercus ilex subsp. ilex on 

the southern slope, while there is a plantation of Eucalyptus globulus in the northern 

area. As indicated in the Introduction, El Monte Castillo hosts multiple prehistoric caves 

that have borne testament to intense anthropic occupation from the Lower Palaeolithic 

to the present (Fig. 6). 
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Figure 23. Top: La Molina peat bog and the surrounding area. Middle: La Molina peat bog 

Bottom: detail of the burnt area around La Molina.  
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Figure 25. Vegetation formations of La Molina peat bog surroundings. Modified from Mapa forestal de 

España 1:25,000 (MFE25). 

Figure 24. Geological map of La Molina peat bog and its surroundings, adapted from Mapa Geológico 

de Cantabria 1:25,000 (Instituto Geológico y Minero de España, IGME). The most representative 

geological units are described following the numbering system of the original source. Legend: 1:

Carboniferous limestones, locally dolomites 10: Jurassic limestones, marly-calcareous and marls 11:

Jurassic conglomerates and marls 13: Jurassic conglomerates and sandstones 14: Cretaceous lutites, 

limestones and sandstones 15: Cretaceous quartzitic sandstones and clays 23: Quaternary limes and 

clays with abundant organic matter. Peat bogs 24: Quaternary sandstones, silts and clays 27: Quaternary 

blocks and edges. Blocky hill slope 28: Quaternary edges and silts in sandy matrix. Colluvium deposit. 
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2.5. El Cueto de la Espina 

El Cueto de la Espina (Fig. 26) is an acidic peat bog located in an open area on the 

northern slope of the Cantabrian range in the municipality of Corconte (Latitude: 43.06º 

N; Longitude: 3.91º W; Altitude: 1120 m a. s. l.). Sandstones and lutites are the 

principal lithological materials of the region, which also hosts a few glacial deposits and 

peat bogs (Fig. 27). The potential vegetation formations are the Luzulo henriquesii-

Fageto and Tamo communis-Querceto roboris series (Rivas-Martínez et al. 1987). 

However, as can be seen in the pictures (Fig. 26), grasslands are the principal 

formations of the surrounding areas, where the presence of livestock can be 

appreciated. Close to the peat bog there are a few formations of Fagus sylvatica, 

Betula pubescens, deciduous Quercus spp., Pinus nigra and also some plantations of 

Pinus radiata and Pinus sylvestris (Fig. 28). As for human occupation throughout the 

course of history, there are no known anthropic signs of Palaeolithic occupation in the 

surrounding area, contrary to what is the case close to La Molina peat bog. However, 

this mountain landscape was certainly anthropised during the Iron Age and Roman 

Period. 
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Figure 26. Top: El Cueto de la Espina peat bog and the surrounding area. Bottom: detail of El Cueto 

de la Espina peat bog and the location of the sedimentary record sampling. 
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Figure 27. Geological map of El Cueto de la Espina peat bog and its surroundings, adapted from Mapa 

Geológico de Cantabria 1:25,000 (Instituto Geológico y Minero de España, IGME). The most representative 

geological units are described following the numbering system of the original source. Legend: 15: Jurassic 

yellow, ocher and red sandstones and lutites 16: Jurassic gray lutites with ostracods and red sandstones 

17: Cretaceous gray and black sandstones and lutites 18: Cretaceous siliceous sandstones and 

conglomerates, with gray and red lutites 19: Cretaceous silica sandstones with intercalations of 

conglomerates and gray and red shales 25: Quaternary edges and blocks. Landslides 26: Quaternary 

limes, sands and clays with edges and blocks of variable lithology 27: Quaternary blocks and edges of 

sandstones. Glacial deposits 31: Quaternary clays and silts with abundant organic matter. Peat bogs. 

Figure 28. Vegetation formations of El Cueto de la Espina peat bog surroundings. Modified from 

Mapa forestal de España 1:25,000 (MFE25) and 1:50,000 (MFE50). 
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3. METHODOLOGY 

 

 

3.1. Field campaigns 

3.1.1. Pollen rain calibration 

The sampling campaign was designed to characterise the pollen rain composition 

of various Cantabrian plant formations. During April 2019, a total of 79 surface pollen 

samples (mosses) were collected along six transects of varying lengths (from less than 

0.5 km to more than 55 km) that ran across the plant formations (Fig. 29). The surface 

sample of La Molina peat bog was also included within one transect. Sampling was 

done in mixed deciduous forest dominated by Quercus robur, Quercus petraea and 

Corylus avellana (n = 8), in forests with great dominance of Fagus sylvatica (n = 2), in 

forests of Quercus ilex subsp. ilex and Laurus nobilis: Lauro nobilis-Quercetum ilicis 

association (n = 6), in an open Quercus ilex subsp. ilex forest (n = 2), in Pinus spp. (n = 

2) and Eucalyptus globulus (n = 2) plantations and in open landscapes with grazed 

meadows and shrubs, mainly Erica spp., Daboecia cantabrica, Vaccinium myrtillus, 

Rubus spp. and Ulex spp. (n = 8). Nonetheless, the landscape in Cantabria is highly 

anthropised and accordingly the most sampled formations were grazed meadows 

surrounded by tree stands of variable composition. In particular, a distinction was made 

between grazed meadows, mixed deciduous stands and Pinus spp. plantations (n = 

15) and grazed meadows, Lauro nobilis-Quercetum ilicis stands and Eucalyptus spp. 

plantations (n = 34). Most of the fieldwork was carried out on the northern slope of the 

Cantabrian range, mainly in Cantabria province, although some samples were 

collected on the southern slope too, reaching as far as Espinosa de los Monteros, 

Burgos, Castile and León (Fig. 29). The samples were located at an altitude range 

between 3 and 1154 m a. s. l., with 32 samples collected between 0 and 250 m a. s. l., 

16 samples between 250 and 500 m a. s. l., 11 samples between 500 and 750 m a. s. 

l., 17 samples between 750 and 1000 m a. s. l. and 3 samples above 1000 m a. s. l. All 

the sampling points were at a distance of 0.5 to 3 km from each other depending on the 

plant composition and moss availability. At each sampling point, a field sheet was filled 

in indicating the plant species observed nearby and describing the main plant 

formations of the surrounding area (Annex 3, Tables 9-14). In addition, the geographic 



 62   

 

coordinates, the altitude above sea level and the moss habit and mode of branching 

were also recorded. In terms of the latter point, it was thought that morphological 

differences between the two main groups of mosses, acrocarpous and pleurocarpous 

(Fig. 30), might affect the ability to store and preserve pollen. Due to its spongy 

morphology, it was considered that acrocarpous mosses could trap and preserve 

pollen better than pleurocarpous mosses, whose morphology is like a creeping mat 

(Fig. 30). Thus, acrocarpous mosses were sampled when it was possible (n = 37), 

although pleurocarpous mosses were sampled when there were no acrocarpous 

mosses nearby (n = 29). A combination of acrocarpous and pleurocarpous mosses 

was sampled when there were not enough acrocarpous mosses at the sampling point 

(n = 13). At each sampling point, at least two mosses were taken and mixed to get 

average values. In all cases, mosses located on a rocky and horizontal surface were 

chosen to avoid possible contamination of ancient pollen from soil and to reduce pollen 

loss by leaching, respectively.  

 

 

Figure 29. Map of the study area showing the location of modern pollen samples by the transects. 
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3.1.1.1. Transect A - Altitudinal gradient in the Cantabrian range 

This transect started in Corconte, Cantabria, and continued closely bordering the 

peat bog of El Cueto de la Espina to reach a maximum altitude of 1003 m a. s. l. (Fig. 

31). The area was characterised by grazed meadows dominated by Poaceae and 

Ericaceae shrubs. Afterwards, the route ran in the direction of Entrambasmestas 

following an open area composed of grazed meadows, mixed deciduous forest stands 

and plantations of Pinus radiata and P. sylvestris. At the end of the transect there was 

a mosaic of grazed meadows, Lauro nobilis-Quercetum ilicis stands and plantations 

mainly of Eucalyptus spp. along the coastal plain, which gradually gained ground over 

the mixed deciduous forest stands and Pinus spp. plantations. The last sample was 

collected on a littoral dune at the edge of a Pinus spp. plantation. 

Figure 30. Examples of acrocarpous mosses, on the left, and pleurocarpous mosses, on the right. Pictures 

provided by members of the GRAMP research group. 
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3.1.1.2. Transect B - Northern and southern slopes of the Cantabrian 

range 

This section began in Espinosa de los Monteros (Burgos) in a mosaic landscape 

with grazed meadows, small populations of Pinus sylvestris and mixed deciduous 

forest stands (Fig. 32). It continued in the direction of a mountain pass (1166 m a. s. l.) 

with increasing presence of Fagus sylvatica to reach an open area dominated by 

Poaceae (mainly of the genus Festuca), Ulex europaeus, Erica spp., Daboecia 

cantabrica and scattered individuals of Corylus avellana and Betula pubescens. The 

transect then went along the northern slope of the mountain range and ended in 

Entrambasmestas (Cantabria) after crossing a mosaic of grazed meadows and mixed 

deciduous forest stands composed of Quercus robur, Q. petraea¸ Corylus avellana, 

Fagus sylvatica and riparian species such as Fraxinus excelsior and Salix sp. 

3.1.1.3. Transect C - Fagus sylvatica forest and mixed deciduous 

forest 

This transect started at the head of the Pas river valley in a pure formation of Fagus 

sylvatica and ran about 7 km along the valley to reach Vega de Pas, where beeches 

gradually lost their dominance in a mixed deciduous forest by sharing the habitat with 

other deciduous species such as Quercus robur, Q. petraea and Corylus avellana. 

There was also riparian vegetation along the transect such as Fraxinus excelsior, Alnus 

glutinosa and Salix sp. (Fig. 33). 

3.1.1.4. Transect D - Grazed meadows and Lauro nobilis-Quercetum 

ilicis  

This transect ran through a littoral area of grazed meadows in mosaic with 

Eucalyptus spp. plantations, continued through an open area with an increasing 

presence of Quercus ilex subsp. ilex with Laurus nobilis forest stands (Lauro nobilis-

Quercetum ilicis association) and ended in dense formations of Lauro nobilis-

Quercetum ilicis (Fig. 34). 

3.1.1.5. Transect E - La Molina’s surroundings 

In this section, sampling was carried out from a dense plantation of Pinus sylvestris 

and towards a dense mixed deciduous forest dominated by Quercus robur and Q. 

petraea. Between both formations there was an open field composed of grazed 
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meadows and shrubs, mainly Ulex europaeus, Rubus sp., Vaccinium myrtillus and 

Erica spp. These samples were of particular interest since they were very close to La 

Molina peat bog whose surface sample was also included in the transect (Fig. 35). 

3.1.1.6. Transect F - Monte Castillo: Eucalyptus globulus plantation 

and open Quercus ilex forest 

El Monte Castillo is a 335 m-high karst mountain system of 335 m high that hosts a 

dense plantation of Eucalyptus globulus on its northern slope and an open holm oak 

forest (Quercus ilex subsp. ilex) with scattered presence of Laurus nobilis and 

deciduous trees on its southern slope. The transect ran through the two plant 

formations (Fig. 36). 
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Figure 31. Top: modern pollen surface samples of transect A - Altitudinal gradient in the Cantabrian 

range. Plant formations are coloured according to the reclassification done in Mapa forestal de España 

1:25,000 (MFE25). Bottom: altitudinal profile of transect A and its plant representation. 
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Figure 32. Top: modern pollen surface samples of transect B - Northern and southern slopes of 

the Cantabrian range. Plant formations are coloured according to the reclassification done in Mapa 

forestal de España 1:25,000 (MFE25). Bottom: altitudinal profile of transect B and its plant 

representation. 
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Figure 33. Top: modern pollen surface samples of transect C - Fagus sylvatica forest and mixed 

deciduous forest. Plant formations are coloured according to the reclassification done in Mapa forestal 

de España 1:25,000 (MFE25). Bottom: altitudinal profile of transect C and its plant representation. 
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Figure 34. Top: modern pollen surface samples of transect D - Grazed meadows and Lauro nobilis-

Quercetum ilicis. Plant formations are coloured according to the reclassification done in Mapa forestal 

de España 1:25,000 (MFE25). Bottom: altitudinal profile of transect D and its plant representation. 
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Figure 35. Top: modern pollen surface samples of transect E - La Molina’s surroundings. Plant 

formations are coloured according to the reclassification done in Mapa forestal de España 1:25,000 

(MFE25). Bottom: altitudinal profile of transect E and its plant representation. 
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Figure 36. Top: modern pollen surface samples of transect F - Monte Castillo: Eucalyptus globulus

plantation and open Quercus ilex forest. Plant formations are coloured according to the reclassification 

done in Mapa forestal de España 1:25,000 (MFE25). Bottom: altitudinal profile of transect F and its

plant representation. 
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3.1.2. Sampling of the sedimentary records 

The extractions of the MOL2, MOL4 m1, MOL6 records from La Molina peat bog 

and the CdE2 record from El Cueto de la Espina peat bog were conducted before the 

beginning of the thesis by some members of the GRAMP (UAB) and GIMENA (UC) 

research groups. In any case, sampling procedures are described for all the 

sedimentary sequences object of study. 

3.1.2.1. La Molina peat bog 

In 2013, a sampling campaign was conducted in La Molina peat bog. A metal rod 

was inserted in different points of the sediment to measure the maximum depth of the 

natural deposit, which was estimated at approximately 5 m. A sedimentary core 

(MOL2) was retrieved from the top to 260 cm depth by using a PVC tube, 11 cm in 

diameter (Fig. 37a). The bottom of MOL2 was 14C dated at 6740 cal yr BP. Analyses on 

organic matter, sedimentary charcoals (>150 µm), pollen and metals of lithogenic origin 

(titanium and aluminium) enabled the reconstruction of the environmental geohistory of 

the region for that period (Pérez-Obiol et al., 2016). However, the bottom of the peat 

bog could not be sampled with the PVC tube because it was not long enough. To get a 

sample from the bottom and date the deepest part, another record from 367 to 467 cm 

depth (MOL4 m1) was extracted using a mechanical sampler and a percussion 

hammer, with a diameter of 5 cm (Fig. 37b). The bottom of MOL4 m1 was 14C dated at 

18,840 cal yr BP.  

Due to the long chronology and optimum preservation of the sediment, a second 

sampling campaign was performed in 2016 with the aim of sampling the oldest 

sediments from La Molina. A Russian peat corer was used and 9 sedimentary records 

of 0.5 m long (from MOL6 m1 to MOL6 m9) and 1 sedimentary record of 0.49 m long 

(the deepest one, MOL6 m10) were sampled, with a total length of 499 cm (Figs. 37c 

and 38).  

 In 2019, the measurement of density from the 22 cm most superficial part of La 

Molina was required to adjust the 210Pb chronological model. Therefore, another 

sampling campaign was conducted and a 50x50x30 cm sedimentary record (MOL7, 

Fig. 41a), 30 cm in depth, was extracted by using a shovel. 
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Figure 37. Sampling procedures to extract the sedimentary records. A: extraction using a PVC tube. 

The picture was taken in La Molina while sampling the MOL2 record in 2013. It was the same procedure 

performed to extract the CdE2 record from El Cueto de la Espina in 2016. B: sampling using an Eijkelkamp 

percussion hammer to extract the MOL4 m1 record from La Molina peat bog in 2013. C: Russian peat 

corer with a 0.5 m core from the MOL6 record. The picture was taken in 2016. 

Figure 38. The sedimentary record of MOL6 m10 (450 – 499 cm depth) from La Molina peat bog. 
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3.1.2.2. El Cueto de la Espina peat bog 

El Cueto de la Espina peat bog was prospected in 2016. Similar to what was 

performed in La Molina, a metal rod was inserted in different points of the sedimentary 

deposit to determine the maximum depth (Fig. 39), which was estimated at 

approximately 3.8 m. A sedimentary record (CdE2) was extracted from the top to 255 

cm depth using a PVC tube, 110 mm in diameter (Fig. 39). A hard layer of material, 

possibly the bedrock or another material deposited as a result of an erosion episode, 

did not enable the sampling of deeper sediment. 

Figure 39. Top: The insertion of the metal rod into El Cueto de la Espina peat bog to estimate the 

depth of the sedimentary deposit. Bottom: CdE2 record (0 – 255 cm depth) from El Cueto de la Espina 

peat bog. 
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3.2. Laboratory treatments and data handling 

3.2.1. Sampling of the sedimentary records 

Under laboratory conditions, the colour of the sediment was determined with a 

Munsell colour chart. A colored representation of the sedimentary records is presented 

in Annex 1 (Fig. 81). The MOL2, MOL6 and CdE2 records were kept in the fridge (4ºC) 

until they were cut into different samples below the centimetre (Fig.40). A total of 302 

samples were obtained from the MOL2 record, 654 samples from MOL6 records and 

315 samples from the CdE2 record (Table 5). The MOL7 record, otherwise, was iced to 

facilitate the cut of samples by a mechanic saw. Firstly, the record was cut into a 

20x20x30 cm rectangle, and then the top 22 cm were cut into 22 samples of 20x20x1 

cm (Fig. 41). 

 

Table 5. Sampling year, code, depth and number of samples of each record from La Molina and El 

Cueto de la Espina peat bogs. 

Sampling year Peat bog Core's code Depth (cm) Samples 

2013 La Molina MOL2 0 - 260 302 

2013 La Molina MOL4 m1 367 - 467 - 

2016 La Molina MOL6 m1 0 - 50 48 

  
MOL6 m2 50 - 100 50 

  
MOL6 m3 100 - 150 56 

  
MOL6 m4 150 - 200 55 

  
MOL6 m5 200 - 250 62 

  
MOL6 m6 250 - 300 61 

  
MOL6 m7 300 - 350 63 

  
MOL6 m8 350 - 400 64 

  
MOL6 m9 400 - 450 92 

  
MOL6 m10 450 - 499 103 

2016 El Cueto de la Espina CdE2 0 - 255 315 

2019 La Molina MOL7 0 - 30 22 
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Figure 41. The sampling of MOL7 record from La Molina peat bog using a mechanical saw A: The 

mechanical saw used to cut the MOL7 core B: MOL7 already cut into a rectangle C: MOL7 samples 

(20x20x1 cm) obtained from the rectangle of sediment. 

Figure 40. Sampling of the CdE2 record, obtained from El Cueto de la Espina peat bog. The picture 

was taken in the Laboratori de Geografia Física from the Geography Department of the Universitat 

Autònoma de Barcelona. The sampling was being performed by Marc Sánchez and Virgínia Carracedo 

(Universidad de Cantabria). 
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3.2.2. Chronology 

Pérez-Obiol et al. (2016) established an age-depth chronological model for the 

MOL2 record of La Molina peat bog using radiocarbon dates (n = 5) and one 

documental datum related to Pinus sp. and Eucalyptus sp. plantations that occurred at 

1950 yr CE (at 14 cm depth). For the chronological model used in this work, ten 14C 

AMS dates (Beta Analytic Inc.) from the MOL6 record were added to the initial model. 

Both the 14C ages from MOL2 and MOL6 were calibrated using the IntCal20 Northern 

Hemisphere radiocarbon age calibration curve (Reimer et al., 2020). In addition, the 

chronology of the most superficial sediments of MOL2 was established by measuring 

the 210Pb specific activity of ten samples from 0 to 20 cm depth. Measurements of 210Pb 

were performed by the Dr. Jordi García Orellana at the Laboratori de Radioactivitat 

Ambiental of the Universitat Autònoma de Barcelona. The models of Constant Flux 

Constant Sedimentation (CFCS, Krishnaswamy et al., 1971) and Constant Rate of 

Supply (CRS, Appleby & Oldfield, 1978) were firstly considered, as both are commonly 

applied for dating sediments (Appleby, 2001; Tylmann et al., 2016). The density of the 

most superficial 22 cm from La Molina peat bog was required to calibrate de CFCS 

model. However, density values from MOL2 and MOL6 were not available due to the 

lack of material in MOL2 and the compression of mosses in the most superficial stages 

of MOL6. Accordingly, density of the top 20 cm from La Molina was measured from the 

MOL7 record (Fig. 41), a record specifically sampled for that purpose. Samples were 

cut so they occupied the same volume (20x20x1 cm; Fig. 41c) and weighed. After 

being put in an oven for 24 h at 60 ºC, samples were weighed again and the wet and 

dry densities were calculated by dividing the wet and dry weight, respectively, by the 

volume (Fig. 42).  
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Differences between the CRS and CFCS models were low (Fig. 43), and the CRS 

model was selected as it coincided better with the documental datum (Pérez-Obiol et 

al., 2016). Within the new chronological model, the documental datum included in the 

chronological model used in Pérez-Obiol et al. (2016) was not considered since it 

overlapped the new 210Pb-based surface age model. A 14C date from MOL2 was also 

rejected because it did not fit into the 95% confidence interval of the chronological 

model. 

In summary, the new age-depth model (Fig. 59) included a MOL2 surface data, ten 

210Pb data for the top section of MOL2 (0 – 20 cm depth), four 14C dates from MOL2 

and ten 14C dates from MOL6 (Table 7).  

As regards El Cueto de la Espina, Sara Rodríguez Coteron (Universidad de 

Cantabria, unfinished PhD) established an age-depth chronological model for the CdE2 

record using 4 14C AMS samples (Table 8).  

Both La Molina and El Cueto de la Espina age-depth models were performed using 

the open-source environment RStudio for R (RStudio, 2020), the Clam package 

Figure 42. Wet and dry density from the MOL7 record (La Molina). 
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(Blaauw, 2010) and smoothing spline interpolation. The sedimentary accumulation rate 

(cm yr-1) of La Molina peat bog was obtained with the Clam package. 

 

3.2.3. Density and organic matter 

Density measurements were carried out on 654 samples from MOL6 using 

approximately one gram of wet sample. Samples were weighed and then inserted into 

a graduated test tube with a resolution of 0.05 ml, which had been previously filled with 

water up to the half. The sample volume corresponded to the water-displacement 

produced by the insertion of samples into the test tube. Afterwards, samples were put 

in an oven for 24 h at 60 ºC and after this process the dry weigh was measured. The 

wet and dry densities were calculated by dividing the weight of wet and dry samples, 

respectively, by their volume. 

Figure 43. Chronological models of Constant Flux Constant 

Sedimentation (CFCS, Krishnaswamy et al., 1971) and Constant Rate of 

Supply (CRS, Appleby & Oldfield, 1978). 
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The organic content was determined on the same MOL6 samples by the weight loss 

after ignition, according to standard procedures (4 h, 550 ºC; modified from Dean, 

1974; Heiri et al., 2001). To compare the organic matter values between the MOL6 and 

the MOL2 records from La Molina peat bog, the chronology of the MOL2 organic matter 

record (Pérez-Obiol et al., 2016) was updated to the new chronological model. Since 

the MOL6 organic matter record presented sand traces from 69 to 74 cm and a worse 

chronological resolution of the acrotelm phase than MOL2, a single organic matter 

sequence (MOL2/MOL6) was obtained by the combination of 287 samples from the top 

250 cm of MOL2, analysed in Pérez-Obiol et al. (2016), and 383 samples of the interval 

from 250 to 499 cm of MOL6, obtaining a mean annual resolution of 26.19 years per 

sample. 

3.2.4. Pollen and non-pollen palynomorphs 

Pollen and non-pollen palynomorphs were analysed in 251 sedimentary samples of 

the MOL6 record (499 – 250 cm depth; c. 17,550 - 6190 cal yr BP) and in 79 samples 

for the pollen rain calibration following standard chemical procedures (Faegri & Iversen, 

1989; Moore et al., 1991; Bennett & Willis, 2001). One gram of sediment for the 

sedimentary samples and 3 g of mosses for the pollen rain calibration were weighed 

and sieved through a 300 µm mesh. A tablet of Lycopodium spores was added to each 

sample to estimate the pollen concentration (Stockmarr, 1971). The chemical 

procedure included two washes with HCl (10%), one wash with HF (70%, 12 h), 

acetolysis (5 minutes at 65ºC with SO3, with a pre and post wash with glacial acetic 

acid) and one wash with KOH (10%, 15 minutes at 65 ºC). At each step, the samples 

were centrifuged for 5 minutes at 4000 revolutions per minute. The pollen slides were 

mounted with glycerol and the slide covers were sealed with a thin line of histolacquer 

on their edges. 

The counting and identification were carried out under an optical microscope 

(Olympus BX40) using reference collections from the Universitat Autònoma de 

Barcelona and the Université Clermont Auvergne, atlas (e.g., Ellis, 1971; Reille, 1992, 

1998; van Geel & Aptroot, 2006) and morphological identification keys (e.g., Faegri & 

Iversen, 1989; Moore et al., 1991). Non-pollen palynomorphs were named following 

standard guidelines, whereby each NPP type is designated with a number and the 

acronym of the laboratory where it was identified and described for the first time (e.g., 

“HdV” indicates Hugo de Vries Laboratory, University of Amsterdam; “UG” indicates 

Universiteit Gent). Taxonomical names of the NPPs were also provided when known. 
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Pictures of selected pollen and non-pollen palynomorphs were taken with a Zeiss Axio 

Imager.A1 and are presented in Annexes 4 and 5.  

Initial counts revealed that in the deepest samples of MOL6, which turned out to be 

the most inorganic, the pollen and NPP concentration was much lower than in samples 

with higher organic content. In order to determine a minimum counting sum of 

terrestrial pollen per sample in each lithology, a counting test was performed in two 

sedimentary samples: one with high organic content at 292 cm depth, and one with 

high inorganic content at 474 cm depth. A total of 1000 palynomorphs including 

terrestrial taxa, aquatic taxa and NPPs were counted in each sample. Within them, 738 

terrestrial pollens were counted in the organic sample and 230 in the less organic 

sample. Figure 44 shows the stabilisation curves for the relative abundance of the five 

most abundant taxa and their rarefaction curves. In both samples pollen percentages 

were stabilised between 100 and 150 terrestrial pollen counts. Thus, over 150 

terrestrial pollen grains were counted in samples with high inorganic content 

Figure 44. Pollen percentage stabilisation and rarefaction curves (top and bottom, respectively) from 

two samples with different lithologies of the MOL6 record (La Molina peat bog): the organic matter content 

is indicated for each sample. The vertical red lines indicate the minimum number of terrestrial pollen grains 

counted in samples from each lithology. 
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(approximately those from 499 to 400 cm depth) and over 400 terrestrial pollen grains 

in samples with high organic content and also in modern pollen samples. After 

counting, a general review was carried out on the pollen samples to detect the 

presence of less abundant taxa. 

As regards the interval from 250 to 0 cm depth (c. 6130 – 0 cal yr BP), Pérez-Obiol 

et al. (2016) counted 144 pollen samples on the MOL2 record, but many NPPs were 

not identified on that occasion. In this thesis, the NPPs of these samples were counted 

and added to the diagrams. These samples did not require additional chemical 

treatments as their state of preservation was sufficient. A single palynological 

sequence (MOL2/MOL6) was derived by joining the 144 samples from MOL2 (0 – 250 

cm depth) and the 251 samples from MOL6 (250 – 499 cm depth), obtaining a mean 

annual resolution of 44.4 years per sample.  

Results were expressed as relative percentages, excluding aquatic plant pollen and 

NPPs, as concentrations and as influxes, also known as pollen and non-pollen 

palynomorph accumulation rates (PAR and NPPAR). These parameters were 

calculated as follows (Bennett & Willis, 2001; Birks, 2007): 

Palynomorph concentration (grain cm
-3

) = 
Lycopodium added × Palynomorph counted

Lycopodium counted
 × sample volume (cm

3
) 

Palynomorph accumulation rate (grain cm-2 year-1) = 
Palynomorph concentration (grain cm-3)

Accumulation rate (year cm-1)
  

Palynological diagrams were constructed using Tilia and Tiliagraph software 

(Grimm, 1991). For the La Molina sequence, pollen assemblage zones (PAZs) were 

determined through constrained cluster analysis by the method of incremental sum of 

squares and using square root transformation with a dissimilarity coefficient (CONISS, 

Grimm, 1987). PAZs were identified with the La Molina acronym (MOL) followed by an 

identification number and a letter in the case of the subzones (e.g., MOL/1a).  

Two principal component analyses (PCA) were performed to examine the 

distribution of the most abundant taxa in modern surface samples both with and without 

the pollen assemblage zones of La Molina’s MOL2/MOL6 pollen record. Data was 

standardised and normality assumptions were assumed since all variables had the 

same units. Unconstrained cluster analysis was performed on modern surface samples 

and La Molina’s surface sample using square root transformation with a dissimilarity 

coefficient and Tilia and Tiliagraph software (Grimm, 1991). 

Vegetation maps (Mapa forestal de España, 1:25,000) were used to extract 

information about the estimated vegetation cover to be compared with the pollen 
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percentages of modern surface samples. The vegetation maps contained multiple 

categories which were reclassified into the following: shrublands and grasslands, 

deciduous Quercus, Fagus, Pinus, Eucalyptus, riparian forest and other (Table 6). 

Certain formations of interest with Quercus ilex, Corylus avellana and Betula 

pubescens could not be reclassified due to limitations of the vegetation maps. The 

information about reclassified categories was extracted within buffers of a 100 m, 1 km 

and 5 km radius around each sample (Fig. 45). These dimensions were used in a 

similar study (Li et al., 2015) and it was considered appropriate to employ them in this 

research as well to characterise the pollen signal concerning the estimated vegetation 

cover from a local to a more regional level. Scatter plots and linear regressions were 

performed to explore relationships between pollen and estimated vegetation cover in 

the reclassified categories and considering the information about the three types of 

buffers. 

In respect of samples from the modern pollen rain calibration, the pollen 

concentration between acrocarpous (n = 37) and pleurocarpous (n = 29) mosses was 

statistically compared to test whether there were any differences in their ability to trap 

and preserve pollen. Normality assumptions were assumed, but since the sample size 

and variance were unequal between categories an unpaired Welch’s t-test was 

performed (Welch, 1947) with a significance level of p ≤ 0.05. 
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Table 6. Categories reclassification performed in the Mapa forestal de España 

1:25,000 vegetation maps.  

MFE 1:25,000 plant categories Plant categories reclassification 

Quercus pyrenaica forest Deciduous Quercus 

Quercus faginea forest 

Quercus rubra forest 

Quercus robur / Q. petraea forest 

Pinus sylvestris forest Pinus 

Pinus halepensis forest 

Pinus uncinata forest 

Pinus pinea forest 

Pinus nigra forest 

Pinus radiata forest 

Mediterranean Pinus pinaster forest 

Atlantic Pinus pinaster forest 

Riparian forest Riparian forest 

Eucalyptus spp. formations Eucalyptus 

Fagus sylvatica forest Fagus 

Non-forested Grasslands and shrublands 

 

Figure 45. Example of the three types of buffers (100 m, 1 km and 5 km radius) used to obtain 

information about the vegetation cover around the modern pollen samples. The moss in the example is 

indicated as a yellow dot. 
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3.2.5. Sedimentary macrocharcoals 

Sedimentary macrocharcoals (>150 µm) were analysed for La Molina (MOL6) and 

El Cueto de la Espina (CdE2) peat bogs. A total of 327 samples were treated for MOL6 

(0 – 499 cm) and 158 samples for CdE2 (0 – 255 cm). For the sequence of La Molina, 

however, the interval from 69 to 74 cm of MOL6 presented sand traces. Thus, in a 

similar way to the organic matter and palynological sequences, a single charcoal 

sequence (MOL2/MOL6) was obtained by joining 288 charcoal samples analysed in 

Pérez-Obiol et al. (2016) from the MOL2 record (from 0 to 250 cm depth) and 193 

charcoal samples analysed from the MOL6 record (from 250 to 499 cm depth). The 

MOL2/MOL6 sedimentary macrocharcoal sequence had a mean annual resolution of 

36.5 years per sample. The MOL6 sedimentary macrocharcoal sequence is presented 

in Annex 2 (Fig. 82). 

The chemical procedure broadly followed the Carcaillet protocol (Carcaillet et al., 

2001, 2007). One cm3 of sample was introduced into a beaker with a solution of NaClO 

(15%) to bleach organic matter, and KOH (5%) as a deflocculating agent (Finsinger et 

al., 2014). Samples were heated at 70 ºC during 90 minutes with a magnet inside the 

beaker, that moved following an electromagnetic field facilitating the reaction. When 

cooled, samples were sieved through a 150 µm mesh under a water jet. 

The remaining charcoal particles (>150 µm) were count using a stereomicroscope 

(Nikon, SMZ1500) at a magnification of 40x. The surface area of each charcoal was 

measured with an ocular grid of 100 squares, each 0.0625 mm2 (Carcaillet et al., 

2001). 

Charcoal counts were divided by the sample volume and the sedimentation rate to 

obtain the charcoal concentration (CHAC, particles cm-3) and the charcoal 

accumulation rate (CHAR, particles cm-2 yr-1), respectively. Also, charcoal peaks were 

determined by a gaussian mixture model for each window of 1000 years, with a 

threshold of the 95% of modelled noise distribution. A peak analysis was performed to 

identify the main charcoal peaks and the peak’s magnitude (pieces cm-2 peak-1). All the 

analyses were performed using the software CharAnalysis v1.1 (Higuera et al., 2009).  

The fire regime interpreted from the charcoal record must have had a local origin 

(within the watershed), since charcoal particles larger than 150 µm are known to be 

deposited in an area close from their source (Patterson et al., 1987; Whitlock and 

Larsen, 2001). Additionally, the CHAR of sedimentary charcoals larger than 0.25 mm2 

of the MOL2/MOL6 sequence was also plotted to better distinguish the local fire signal 
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(Whitlock & Larsen, 2001; Finsinger et al., 2014), as was previously performed in 

Pérez-Obiol et al. (2016). This variable was not plotted for Cueto de la Espina (CdE2) 

due to the scarce number of samples with particles larger than 0.25 mm2. 

3.2.6. Trace metals and Pb isotope ratios 

Trace elements (Cr, Ni, Zn, As, Cd, Au and Pb) and Pb isotope ratios (204Pb, 206Pb, 

207Pb and 208Pb) were determined, respectively, in 100 and 60 samples of the MOL2 

record (c. -63 – 6740 cal yr BP) by the Servei d’Anàlisi Química at the Universitat 

Autònoma de Barcelona. For both treatments, 0.25 g of sample was digested in a 

microwave oven with a solution of HNO3, HCl and HF. The supernatant was analysed 

via inductively coupled plasma mass spectrometry (ICP-MS) with an Agilent 7500ce 

mass spectrometer. The Pb isotope ratios were determined from a 1:10 dilution. 

Correction for mass discrimination effect was performed following the Pb isotope 

standard NIST 981. Trace elements were measured as concentrations and the trace 

metal flux was calculated by multiplying the concentration by the sedimentary 

accumulation rate of the MOL2 record.  

In order to discriminate geogenic from atmospheric inputs of trace metals, their 

concentration was normalised by elements of lithogenic origin. Geochemical 

normalisation is important to discern the effects of grain-size distribution and 

provenance on natural metal variability (Loring, 1991) and has become a common 

practice in metal dust studies (e.g., Martínez-Cortizas et al., 2002, 2016; Dai et al., 

2007; Felix-Guimarães et al., 2021). Thus, the trace metal concentration was 

normalised by aluminium and titanium, two elements previously analysed in Pérez-

Obiol et al. (2016). Their choice is justified by the fact that they are among the most 

abundant metals in the Earth’s crust (Haldar, 2017) and are therefore good indicators 

of erosion processes. Additionally, aluminium may also be indicative of atmospheric 

dust inputs as it is rich in aluminosilicates. Boës et al. (2011) noted the convenience of 

normalising for more than one lithogenic metal to obtain more robust data, as was done 

in this research.  

The trace metal results and Pb isotopic ratios were presented in vertical profiles. A 

value of aluminium, located at 25 cm depth, was considered an outlier due to its 

abnormal measurement and was indicated as such in the vertical profiles. The values 

before and after the outlier were joined with a dashed line. Values below the detection 

threshold were also represented with a dashed line. The Au content was not 

represented since all Au values were below the detection threshold (<0.2 µg g-1). 
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Additionally, scatter plots combining the Pb relationships were drawn up to explore 

their dynamics during the various cultural epochs and their possible connection with 

regional metal ore deposits and other sources. The Pb isotopic composition of the 

Saharan dust (Abouchami & Zabel, 2003) was also plotted in the scatter plot to 

examine any possible input of Saharan dust, which in the end was not identified. 
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4. RESULTS 

 

 

4.1. Pollen rain calibration 

Pollen diagrams for each transect are shown in Figures 46 – 51. In Quercus ilex 

forests with Laurus nobilis (Lauro nobilis-Quercetum ilicis association), arboreal pollen 

ranged between 80 and 93% and was mostly represented by evergreen Quercus (59 – 

76%), Pinus (<10%) and Eucalyptus (<5%), the latter two found as plantations in the 

vicinity. The pollen of Pinus was even dominant (52%) in a sample 70 m from a Pinus 

radiata plantation (SAN-07). Phillyrea latifolia exhibited maximum pollen values close to 

7% and Laurus nobilis, by contrast, was only detected in one sample and below 1%. 

The values of evergreen Quercus were lower in the open holm oak forest at El Monte 

Castillo (14 – 33%) and in mosaics of grazed meadows, Quercus ilex stands and 

Eucalyptus spp. plantations, reaching a maximum of around 25%.  

In mixed deciduous forests the best represented pollen types were Corylus and 

deciduous Quercus whose sum ranged between 46 and 73%, except in a sample close 

to an urban area (PAS-25) where their sum only reached 19%. Fagus sylvatica was 

found sparsely and its pollen representation did not exceed 8%. A higher 

representation of Fagus was recorded within the beech forest up to 42%, although its 

signal was significantly lower at the edge of the formation (12%). Furthermore, among 

the mixed deciduous forests it was common to find riparian vegetation. For example, 

Fraxinus excelsior reached values up to 16% and in one sample even recorded 31% 

(PAS-12), probably due to a very local contribution. Similarly, the signal of Alnus 

glutinosa ranged between 10% and 20%. 

The pollen signal of Corylus and deciduous Quercus was weaker in mosaics of 

grazed meadows, mixed deciduous forest stands and Pinus spp. plantations, never 

reaching more than 48% together. In this respect, the principal pollen types registered 

in grazed meadows largely depended on the plant composition of the surrounding 

areas. Poaceae was always recorded with average values in grazed meadows of 24 ± 

12%, a minimum of 5% and a maximum of 54%. Poaceae was not always the principal 

non-arboreal taxon in open landscapes. In La Molina’s surroundings, for example, the 

landscape was composed of grasslands, shrubs of variable composition, Pinus spp. 
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plantations and mixed deciduous forest stands, and Ericaceae pollen ranged between 

4 and 22%. Ericaceae achieved an even higher representation at the highest altitudinal 

boundaries analysed in the Cantabrian range, up to 33%. This was not the case of 

other shrubs such as Ulex gallii or Rubus sp., whose pollen signal was almost not 

detected in the pollen spectra. At a slightly lower altitude there were scattered 

individuals of Betula pubescens among other tree species and its pollen signal ranged 

between 8 and 16%, the highest values recorded for Betula in all the studied 

communities by far. 

As regards tree plantations, Eucalyptus pollen values were 27% and 23% in a 

Eucalyptus globulus plantation (CAS-01 and CAS-02, respectively). The maximum 

values of Eucalyptus (41%) were achieved in grazed meadows close to a Eucalyptus 

sp. plantation (SAN-04). With regard to pine plantations, Pinus pollen reached 58% in a 

mixed plantation of Pinus pinaster and P. pinea (PUE-09) and 66% in a Pinus sylvestris 

plantation (MOL-01). The Pinus pollen signal was also recorded in the whole set of 

samples with mean values of 15 ± 12%. 
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4.1.1. Ordination of modern pollen samples 

According to the PCA (the first two components accounted for 20.1% of the total 

variation, Fig. 52), the first axis was positively correlated with deciduous Quercus and 

Corylus and negatively correlated with Cichorioideae, Cerealia, Poaceae, 

Amaranthaceae, Caryophyllaceae, Plantago, Juniperus and Salix. The mosaics with 

grazed meadows and different tree stands were widely distributed along this axis while 

mixed deciduous forests were well differentiated from them, especially from those 

mosaics without mixed deciduous forest stands. The second axis was positively 

correlated with Gentiana, Eucalyptus, evergreen Quercus, Castanea and Pinus. In this 

respect, plant formations such as Lauro nobilis-Quercetum ilicis, open Quercus ilex 

forests and Eucalyptus spp. and Pinus spp. plantations were positively correlated with 

this axis. 

The unconstrained cluster analysis provided a different approach than the PCA 

(Fig. 53). A first level of division separated most samples of the Lauro nobilis-

Quercetum ilicis community (group 1) from the other plant formations (group 2). Group 

2 separated on the one side (group 2.1) most samples of mixed deciduous forests, 

Fagus sylvatica forests, some samples of grazed meadows and shrubs and some 

samples of grazed meadows, mixed deciduous stands and Pinus plantations. On the 

other side of the division (group 2.2) there were grazed meadows of varying 

composition, open Quercus ilex forests, one sample of the Lauro nobilis-Quercetum 

ilicis community, one sample of mixed deciduous forest, Eucalyptus globulus 

plantations and Pinus plantations. In particular, Pinus plantations were closely 

associated with the surface sample of La Molina peat bog, which is surrounded by 

grazed meadows, stands of mixed deciduous forests and Pinus spp. plantations. 
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0 

Figure 52. Principal component analysis of the plant communities analysed within the pollen rain 

calibration. Explained variance: 20.1%. 
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Figure 53. Unconstrained cluster analysis of the 79 modern pollen samples from the plant formations of

Cantabria. The surface sample of La Molina peat bog (indicated as La Molina) is also included. 
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4.1.2. Relationships between pollen percentages and estimated 

vegetation cover 

Pollen percentages of deciduous Quercus, Fagus, Pinus, Eucalyptus, Alnus and 

Poaceae were compared to the estimated vegetation cover of deciduous Quercus, 

Fagus, Pinus, Eucalyptus, riparian forest and grasslands and shrublands, respectively, 

in buffers of 100 m (Fig. 54), 1 km (Fig. 55) and 5 km (Fig. 56) radius around the 

samples. Pollen and estimated vegetation cover mainly showed positive relationships, 

although no linear correlations were observed in any case. The highest correlations 

were recorded for Eucalyptus (R2 = 0.54) and Pinus (R2 = 0.49) considering the 

vegetation cover within buffers of a 100 m radius around the samples (Fig. 54). The 

lowest level of correlation was detected between Poaceae pollen and the cover of 

grasslands and shrublands (R2 = 0.01) in a 5 km radius around the samples (Fig. 56). 

Grasslands and shrublands were the only category with cover values ranging from 

0 to 100% within buffers of 100 m and 1 km radius around the samples. Poaceae 

exhibited the greatest pollen percentages (> 50%) coinciding with the greatest cover of 

grasslands and shrublands, although there were samples with more than 95% of cover 

and less than 10% of pollen representation too, revealing significant variability. By 

contrast, the vast majority of samples were surrounded by between 40 and 80% of 

grasslands and shrublands considering buffers of 5 km radius around the samples, by 

far the landscape unit with the greatest representation at the regional level.  

As regards the Pinus and deciduous Quercus representation, there was a 

significant amount of samples with 0% of vegetation cover at a local scale (vegetation 

buffers of 100 m and 1 km radius) where Pinus and deciduous Quercus displayed 

important pollen percentages with maxima above 40%. By contrast, Fagus, Eucalyptus 

and Alnus pollen percentages were always below 10% when the vegetation cover of 

Fagus, Eucalyptus and riparian vegetation was non-existent at a local scale, 

respectively. The pollen signal of these taxa increased in some samples where the 

plant cover was larger, although most samples exhibited pollen values below 15% even 

with higher plant cover. In particular, there were two samples with more than 95% 

Fagus cover whose pollen signal was below 3%. 

Analyses considering the vegetation cover at a broader scale (5 km around the 

samples, Fig. 56) revealed maximum cover of Eucalyptus, Fagus, deciduous Quercus, 

Pinus and riparian vegetation at around 50, 25, 20, 15 and 2.5%, respectively. In this 

type of buffers no positive relationships were observed between the vegetation cover 
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and their corresponding pollen signal. Interestingly, a few samples with less than 6% of 

Pinus cover displayed a pollen signal above 50%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54. Scatter plots between selected pollen taxon percentages of pollen rain analogues and 

vegetation cover within a 100 m radius according to the reclassification performed on the Mapa Forestal 

de España 1:25,000 vegetation maps. A different scale is used on the axes of the different plots. 

Figure 55. Scatter plots between selected pollen taxon percentages of pollen rain analogues and 

vegetation cover within a 1 km radius according to the reclassification performed on the Mapa Forestal de 

España 1:25,000 vegetation maps. A different scale is used on the axes of the different plots. 
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4.1.3. Pollen concentration between acrocaropus and pleurocarpous 

mosses 

The maximum concentration values recorded for acrocarpous mosses were 

531,079 pollen g-1 and for pleurocarpus mosses 3,341,400 pollen g-1, with average 

concentrations of 170,489 and 371,134 pollen g-1, respectively. The pollen 

concentration was not significantly different between both types of mosses (Welch’s t-

test, p = 0.16). 

 

 

 

 

 

 

Figure 56. Scatter plots between selected pollen taxon percentages of pollen rain analogues and 

vegetation cover within a 5 km radius according to the reclassification performed on the Mapa Forestal de 

España 1:25,000 vegetation maps. A different scale is used on the axes of the different plots. 
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4.2. La Molina peat bog 

4.2.1. Sedimentary description 

Density and organic matter sequences presented a similar pattern along MOL6, 

even though some pulses were better distinguished in the organic matter sequence 

(Fig. 57). From 0 to 260 cm depth MOL6 broadly followed the same lithological 

dynamics of MOL2, which was described by Pérez-Obiol et al. (2016) also considering 

variations on the titanium and aluminium content. However, some significant 

differences can be appreciated between the MOL2 and MOL6 record due to local 

particularities (Fig. 58). Tacking this into account, three stratigraphic phases were 

distinguished in MOL2 (0 – 260 cm) and an additional one in MOL6 (0 – 499 cm). 

Figure 57. Lithological structure, organic matter content and wet and dry densities of the MOL6 

record. 
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The shallowest part of the records corresponded to the acrotelm, a hydromorphic 

soil reaching a deeper limit in MOL2 (0 – 40 cm) than in MOL6 (0 – 22 cm). This light 

brown layer (10YR - 3/6, according to the Munsell colour chart) was very fibrous and 

not very consistent. It contained living Sphagnum spp. in the upper 5 cm and the 

maximum organic values moved around 90%. In both records, a mineral pulsation was 

detected, yielding lower organic values in MOL2 (55%) than in MOL6 (75%). 

A high organic phase, identified as the catotelm, was detected from 40 to 250 cm in 

MOL2 and from 22 to 245 cm in MOL6. The material was composed of dark brown 

gyttja (10YR – 2/2 and 10YR – 2/1), yielding high organic values ranging from 78 to 

95% in MOL2 and from 85 to 99% in MOL6. However, traces of grey sand (10YR – 4/2) 

were detected in MOL6 between 69 to 74 cm depth, leading to a mineral discontinuity 

with a minimum of 6% of organic content. 

Within the deepest part of MOL2 (250 – 260 cm), a progressive decrease in organic 

matter was detected with a greater presence of silts, followed by an organic pulse. This 

oscillation was also captured by the MOL6 record, which was followed by a series of 

pulses until 373 cm depth. Peaks of inorganic material were detected at 6230, 7070, 

8210 and 9350 cal yr BP. In particular, from 342 to 369.5 cm depth (from 10,130 to 

11,760 cal yr BP) the organic content was notably lower and ranged between 76 and 

55%. An organic increase was detected from 369.5 to 373 cm (from 11,760 to 12,010 

cal yr BP), prior to the transition towards a lacustrine material. Along this deepest 

phase, the colour progressively changed from dark brown (10YR – 2/1) to grey (10YR 

– 4/1) tones. 

At 373 cm depth (12,010 cal yr BP) an abrupt lithological change in a short period of 

time was detected. The organic content sharply decreased and remained at low values 

until the bottom of the core, even though some organic pulses were registered with 

values ranging from 4 to 36%. The organic peaks were detected at 13,410, 14,870, 

16,320 and 16,650 cal yr BP. The material was essentially made up of lacustrine grey 

clays (10YR – 4/1) until the end of the record, exhibiting a more flexible and plastic 

structure than the peat material from shallower layers. 
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Figure 58. Left: organic matter values from the MOL2 sequence (Pérez-Obiol et al., 2016) updated to 

the new chronological model of La Molina. Centre: organic matter values from MOL6. Right:

MOL2/MOL6 organic matter sequence. It was performed with the organic matter data from the top 250 cm 

of the updated version of MOL2 and with the organic matter values from 250 to 499 cm depth of MOL6. 



 103   

 

4.2.2. Chronological model 

The age-depth chronological model spans the last c. 17,550 cal yr BP and supports 

continuous sedimentation (Fig. 59; Table 7). The 210Pb profile indicated that the top 20 

cm of the peat bog was not altered. The sedimentary accumulation rate, with a mean 

value of 0.028 cm yr-1, revealed two sectors with the highest chronological resolution 

(the 20th century and the period comprised between the Neolithic and the Chalcolithic, 

the latter registering a maximum at 4590 cal yr BP), with peaks of 0.5 and 0.15 cm yr-1, 

respectively. 

 

 

 

 

Figure 59. Dates, smoothed age-depth chronological model and sedimentary accumulation rate of La Molina 

peat bog. 



 104   

 

Table 7. Chronological data and calibrated ages for La Molina cores (MOL2 and MOL6). Radiocarbon 

dates were calibrated using the IntCal20 Northern Hemisphere radiocarbon age calibration curve (Reimer 

et al., 2020). 

Core Laboratory 

code 

Depth 

(cm) 

Material 

dated 

Dating 

technique 

13
C/

12
C 

(‰) 

Conventional 

radiocarbon 

age (yr BP) 

Calibrated age 

(2σ)(cal yr BP) 

Median 

probability 

age, used for 

chronological 

model (cal yr 

BP) 

MOL2 Surface 0 peat - - - - -63 

MOL2 - 1.02 peat 
210

Pb - - - -63 

MOL2 - 3.07 peat 
210

Pb - - - -61 

MOL2 - 5.11 peat 
210

Pb - - - -55 

MOL2 - 7.16 peat 
210

Pb - - - -47 

MOL2 - 9.2 peat 
210

Pb - - - -38 

MOL2 - 11.25 peat 
210

Pb - - - -30 

MOL2 - 13.29 peat 
210

Pb - - - -23 

MOL2 - 15.34 peat 
210

Pb - - - -19 

MOL2 - 17.38 peat 
210

Pb - - - -6 

MOL2 - 20.71 peat 
210

Pb - - - 22 

MOL2 Beta-371859 40 peat 
14

C -27.5 650 ± 30 555 - 605 600 

MOL2 Beta-385973 68 peat 
14

C
 

-27.3 3340 ± 30 - Rejected 

MOL2 Beta-371860 113 peat 
14

C -25.9 3480 ± 30 3687 - 3836 3757 

MOL2 Beta-371861 186 peat 
14

C -26.6 4130 ± 30 4567 - 4729 4676 

MOL6 Beta-490941 252 peat 
14

C -27.4 5280 ± 30 5988 - 6122 6079 

MOL2 Beta-360118 260 peat 
14

C -27.7 5910 ± 30 6661 - 6795 6726 

MOL6 Beta-490942 299 peat 
14

C -28.1 8060 ± 40 8846 - 9032 8972 

MOL6 Beta-480943 302 peat 
14

C -27.8 7840 ± 30 8543 - 8656 8616 

MOL6 Beta-480942 348 peat 
14

C -29 9180 ± 30 10,244 - 10,420 10,329 

MOL6 Beta-475549 352 peat 
14

C -29.8 9380 ± 30 10,510 - 10,691 10,611 

MOL6 Beta-475548 399 peat 
14

C -28.5 11,940 ± 30 13,751 - 13,871 13,806 

MOL6 Beta-475547 401 peat 
14

C -28.2 12,270 ± 30 14,076 - 14,324 14,178 

MOL6 Beta-475546 449 peat 
14

C -27.3 13,800 ± 30 16,581 - 16,929 16,749 

MOL6 Beta-468818 450 peat 
14

C -29.5 12,830 ± 60 15,137 - 15,552 15,323 

MOL6 Beta-468819 499 peat 
14

C -27.1 14,400 ± 40 17,368 - 17,802 17,552 
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4.2.3. Pollen and non-pollen palynomorphs (NPPs) 

The pollen and non-pollen palynomorfph diagrams obtained from the MOL2/MOL6 

sequence of La Molina peat bog (Figs. 60 – 63) permitted the landscape reconstruction 

of the area for the last 17,550 cal yr BP. According to the CONISS, four pollen 

assemblage zones (PAZ) and seven subzones were identified. 

From 17,550 to 16,070 cal yr BP (MOL/1a), non-arboreal pollen values moved 

around 85 – 90% (Fig. 60), while the PAR were minimal (Figs. 61 and 63). Poaceae 

clearly dominated the landscape, registering a PAR between 300 and 700 grains cm-2 

yr-1 and percentages around 50%. There was also presence of xerophytes such as 

Artemisia (7 – 18%), Amaranthaceae (<5%) and Ephedra (<5%), while other herbs and 

shrubs registered low values: Calluna vulgaris, Asteroideae, Cichorioideae, Plantago, 

Rubiaceae, Helianthemum and Centaurea. Pinus (5 – 10%), Ericaceae (<5%) and 

Juniperus (<5%) stood out over the woody species which appeared interruptedly. 

Concerning the local plant community, there was a great presence of hydrophytes and 

hygrophytes (Myriophyllum alterniflorum, Potamogeton, Ranunculaceae, Cyperaceae, 

Apiaceae, Potentilla-type and Typha / Sparganium), algae (Spirogyra - HdV-315, 

Botryococcus cf. braunii and Pediastrum boryanum), aquatic animal microremains 

(Copepoda spermatophores and Turbellaria oocytes) and Assulina, a testate amoeba. 

Ranunculaceae, probably an aquatic buttercup, were the best represented among the 

excluded taxa, with a 50 – 70% over the total taxa until 16,250 cal yr BP, when its PAR 

sharply decreased to be surpassed by Cyperaceae percentages. 

The period from 16,070 to 13,700 cal yr BP (MOL/1b) started with a progressive 

Poaceae increase reaching a PAR greater than 1000 grains cm-2 yr-1 at 14,900 cal yr 

BP, representing 85% of the terrestrial pollen. Following the opposite trend, Artemisia 

decreased from 20 – 15% to less than 5% and Juniperus values became minimal. After 

14,900 cal yr BP, a series of pollen fluctuations was detected. Poaceae oscillated in 

accordance with organic matter pulses while Juniperus recovered its minimal presence 

between 14,700 and 13,960 cal yr BP. In addition, particularly noteworthy were also the 

peaks of Sanguisorba officinalis at 14,550 cal yr BP (23%) and Ericaceae at 13,900 cal 

yr BP (51%). Overall, the arboreal pollen was still low (10%), with similar values of 

Pinus and a slight increase in deciduous Quercus. At a local scale, a Sordaria pulsation 

(25%) was registered between 16,070 and 14,600 cal yr BP. Aquatic taxa such as 

Potamogeton, Myriophyllum alterniflorum, Thypa / Sparganium, Pediastrum boryanum, 

Spirogyra (HdV-315) and Turbellaria oocytes decreased during MOL/1b. 
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Between 13,700 and 11,900 cal yr BP (MOL/2a), corresponding to the end of the 

Würm glaciation, Betula percentages sharply increased and represent 81% of pollen at 

13,400 cal yr BP. It is also worth stressing the increase of the Pinus influx up to 1050 

grains cm-2 yr-1, even though its percentage did not vary due to the great quantity of 

Betula’s pollen. In this line, Betula’s signal represented the greatest portion of the 

arboreal pollen percentages, which revealed an interval of sharp fluctuations along the 

Bølling-Allerød chronozone (GI-1) and the Younger Dryas (GS-1). The great quantity of 

Betula also triggered the first significant peak of pollen influx, detected at 13,260 cal yr 

BP (Fig. 61 and 65). After this period, Betula progressively decreased down to 12% 

during the last stages of the LGP (13,370 – 11,900 cal yr BP), resulting in an increase 

of Pinus (20%) and non-arboreal percentages (65%). Also particularly significant were 

the short-duration pulses of Poaceae (39%), Cichorioideae (28%), Asteroideae (10%), 

Centaurea (8%) and Filipendula cf. F. ulmaria (10%) registered prior to the onset of the 

Holocene. 

During the first millennia of the Holocene (MOL/2b), peaks of terrestrial PAR were 

detected at 11,600, 11,200, 10,130 and 9600 cal yr BP (Fig. 65), the latter being the 

greatest of all the sequence (up to 60,000 grains cm-2 yr-1). The pollen influx of Pinus, 

Betula, evergreen Quercus, deciduous Quercus and Salix increased, and the values of 

Betula (>32,000 grains cm-2 yr-1) and deciduous Quercus (>14,000 grains cm-2 yr-1) 

were significantly relevant. Betula registered mean percentages between 50 and 70%, 

deciduous Quercus between 20 and 40% and Pinus around 5%, yielding arboreal 

pollen percentages above 90%. The terrestrial pollen concentration was also the 

greatest detected in all the sequence, with peaks up to 2 · 106 grains cm-3. Pteridium-

type also stood out during the first stages of the Holocene, with values around 56% at 

11,900 cal yr BP. Later on, the beginning of the Corylus continuous signal was 

detected at 10,680 cal yr BP, which increased progressively to reach more than 10% at 

9720 cal yr BP. A decrease of Betula percentages in favour of deciduous Quercus was 

identified between 10,100 and 9850 cal yr BP. 

PAZ MOL/3 (9300 – 4860 cal yr BP) started with a sharp decrease of Betula at 9300 

cal yr BP. Apart from a pulsation of 25% at 9100 cal yr BP, Betula stood at around 10% 

throughout the period. In parallel, a significant peak of Cyanobacteria heterocysts (cf. 

Rivularia, HdV-170) was detected from 9400 to 9200 cal yr BP. Immmediately after this 

very localised event, Tilletia cf. sphagni (HdV-27) and Asterospora (HdV-496) sharply 

increased, exhibiting important values throughout this PAZ. Deciduous Quercus also 

registered a lower PAR than in MOL/2b, despite not being reflected in the percentage 

diagram mainly due to Betula’s significant decline. Both decreases, however, led to the 
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greatest percentages of Corylus along all the sequence, varying between 35 and 45%. 

Between 8330 and 8180 cal yr BP, an important decrease in the Corylus and 

deciduous Quercus influx led to a Pinus increase up to 27%. Also, the beginning of the 

Ulmus, Alnus and Fraxinus continuous curves was found at 8800, 7200 and 5000 cal yr 

BP, respectively. A low pulsation of Vitis was detected between 8180 and 8040 cal yr 

BP and the first appearance of Cerealia and Olea was estimated at around 6660 cal yr 

BP. Especially significant is the detection of a single instance Fagus pollen at 8620 cal 

yr BP and another of Carpinus at 8840 cal yr BP. Equally, the non-arboreal spectra 

expanded due to the Poaceae increase (25 - 35%) as the main taxon of the local 

openings. Pteridium-type and Gentiana pneumonanthe signal also increased mainly 

within this PAZ.  

Between 5270 and 4100 cal yr BP, corresponding to the late stages of MOL/3 and 

the first centuries of MOL/4a, the greatest values of arboreal pollen influx were 

registered, particularly for Pinus, Betula, evergreen Quercus, deciduous Quercus, 

Corylus, Ulmus, Alnus, Fraxinus and Salix. As indicated by Pérez-Obiol et al. (2016), 

during the time period encompassed by MOL/4a (4860 – 1900 cal yr BP), Corylus and 

deciduous Quercus continued to express high values. However, the non-arboreal 

composition shifted as Poaceae decreased in benefit of Ericaceae. At the same time, 

the signal of Pteridium-type also became minimal. The NPP spectra, in addition, 

revealed important values of Phragmoconidies (HdV-10), Didymoascospores (HdV-18) 

and Byssothecium circinans (HdV-16). Meliola (HdV-14) registered a continuous curve 

starting at 4380 cal yr BP. Low values of Assulina, a testate amoeba, were registered 

from 4560 cal yr BP together with an intermittent but continuous signal of coprophilous 

fungi, mainly Sordaria and Sporormiella. 

The most recent period (MOL/4b, from 1900 to -63 cal yr BP) was marked by a 

falling arboreal pollen trend until the onset of the 20th century. Alnus and Fagus stood 

out among the tree species, coinciding with the decrease of Corylus and deciduous 

Quercus percentages. According to the updated chronological model, Alnus reached 

the highest percentages at 1820 cal yr BP, and the onset of the continuous signal of 

Fagus is estimated at 1680 cal yr BP. 

The decline of Corylus and deciduous Quercus coincided with high values of 

Poaceae and Ericaceae PAR, leading to increased non-arboreal pollen percentages. 

An important peak of Pteridium-type was also recorded coinciding with the greatest 

non-arboreal percentages. During the 20th century, however, the decreasing arboreal 

trend shifted as a result of a significant Pinus influx increase. In addition, Olea, 
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Platanus, Eucalyptus and Castanea reached a continuous signal, yielding lower 

percentages of deciduous Quercus, Corylus, Fagus and Alnus while maintaining a 

similar pollen influx. The coprophilous signal was similar to the preceding PAZ, now 

with pulsations of Sordaria and Podospora instead of Sporormiella. An increase of 

Botryococcus cf. braunii and Assulina was detected among the aquatic taxa from 500 

cal yr BP onwards, and Copepoda spermatophores shortly afterwards. 



 109   

 

 

F
ig

u
re

 6
0

. 
D

ia
g

ra
m

 o
f 

a
rb

o
re

a
l 
a

n
d
 n

o
n

-a
rb

o
re

a
l 
p

o
lle

n
 p

e
rc

e
n

ta
g
e

s
 o

f 
L

a
 M

o
lin

a
. 



 110   

 

 

 

F
ig

u
re

 6
1

. 
D

ia
g

ra
m

 o
f 

a
rb

o
re

a
l 
a

n
d
 n

o
n

-a
rb

o
re

a
l 
p

o
lle

n
 a

c
c
u
m

u
la

ti
o

n
 r

a
te

s
 (

P
A

R
) 

o
f 
L

a
 M

o
lin

a
. 



 111   

 

 

 

 

 

F
ig

u
re

 6
2

. 
D

ia
g

ra
m

 o
f 

a
q

u
a

ti
c
 p

o
lle

n
 a

n
d

 n
o

n
-p

o
lle

n
 p

a
ly

n
o
m

o
rp

h
s
 p

e
rc

e
n

ta
g
e

s
 o

f 
L
a

 M
o

lin
a

. 



 112   

 

 

 

 

 

 

F
ig

u
re

 6
3

. 
D

ia
g

ra
m

 o
f 

a
q

u
a

ti
c
 p

o
lle

n
 a

n
d

 n
o

n
-p

o
lle

n
 p

a
ly

n
o
m

o
rp

h
s
 a

c
c
u

m
u
la

ti
o

n
 r

a
te

s
 (

P
A

R
) 

o
f 

L
a

 M
o

lin
a
. 



 113   

 

4.2.4. Relationships between La Molina’s pollen record and modern 

pollen rain 

According to the PCA (Fig. 64) which analysed data from La Molina’s MOL2/MOL6 

pollen record and modern surface samples, 27.92% of the total variation was explained 

by the first two components. The first axis was positively correlated with Corylus and 

deciduous Quercus and in a more moderate way with Alnus, Ericaceae, Calluna and 

Betula. By contrast, it was negatively correlated with Amaranthaceae, Cichorioideae, 

Juniperus, Poaceae, Caryophyllaceae, Artemisia, Asteroideae, Helianthemum and 

Geranium. The second axis was positively correlated with Rubiaceae, Rumex, 

Plantago, Salix, Juglans, Cerealia, Platanus, Pinus, Olea, Castanea, Fraxinus, 

Eucalyptus and Fagus and in a more moderate way with evergreen Quercus, 

Lamiaceae, Acer and Gentiana. Therefore, the first axis spotlighted the distribution of 

plant communities along a gradient from non-forested communities to an environment 

with more Ericaceae, Calluna and Betula and ending in mixed deciduous forests. All 

PAZs in the MOL2/MOL6 pollen record were distributed along this axis excepting 

MOL/4b (from 1900 cal yr BP to present). A certain degree of similarity was observed 

between the pollen signal of modern surface samples PAS-04 and COR-06 (grazed 

meadows close to mixed deciduous taxa) and the PAZ MOL/2a (13,700 – 11,900 cal yr 

BP). The pollen signals of the modern samples HAY-03, HAY-04 and MOL-03 (mixed 

deciduous forests) were also similar to those for PAZs MOL/3 (9300 – 4860 cal yr BP) 

and MOL/4a (4860 – 1900 cal yr BP). The second axis reflected the recent plantations 

of Platanus sp., Pinus spp. and Eucalyptus spp. and also the increase of certain taxa 

such as Fagus over the last two millennia. Pollen values of PAZ MOL/4b (1900 cal yr 

BP - present) and most modern surface samples were distributed along the second 

axis.  
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Figure 64. Principal component analysis of the plant formations analysed within the pollen rain 

calibration (in triangles) and the pollen assemblage zones of the MOL2/MOL6 record of La Molina peat bog 

(in circles). Explained variance: 27.92%. 
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4.2.5. Sedimentary charcoals (>150 µm) 

The interpretation of the fire dynamics was based on the same pollen assemblage 

zones identified within the pollen diagrams. The charcoal signal displayed low values 

from 17,550 to 13,700 cal yr BP (MOL/1), with charcoal peaks with less than 10 pieces 

cm-2 yr-1 (Fig. 65). Between 13,700 and 9300 cal yr BP (MOL/2), the fire evidence was 

still low, even though the first particles larger than 0.25 mm2 were detected. A first 

significant charcoal peak (930 pieces cm-2 peak-1) occurred at 9300 cal yr BP, followed 

by the greatest episode of all the sequence registered at 8650 cal yr BP (1850 pieces 

cm-2 peak-1). The local component of the two fire events is supported by the presence 

of charcoal particles larger than 0.25 mm2. From 8400 to 5700 cal yr BP, the charcoal 

frequency decreased with a mean CHAR value at around 0.1 pieces cm-2 yr-1. The 

CHAR value started increasing again at 5700 cal yr BP, reaching 22 pieces cm-2 yr-1 at 

5000 cal yr BP. That peak was followed by the greatest CHAR values of all the 

sequence, standing at up to 28 pieces cm-2 yr-1 between 4650 and 4430 cal yr BP. 

Also, the greatest charcoal influx of particles larger than 0.25 mm2 was registered 

within these peaks (0.85 pieces larger than 0.25 mm2 cm-2 yr-1). After the event of 4430 

cal yr BP, however, the charcoal values started to decline, registering the last 

significant fire episode at around 1550 cal yr BP. The charcoal curves displayed a low 

signal during the most recent period (MOL/4b), with peaks below 60 pieces cm-2 peak-1. 
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Figure 65. Charcoal concentration (CHAC), organic matter, charcoal accumulation rate (CHAR), fire 

peaks, fire peak magnitude, charcoal accumulation rate of particles larger than 0.25 mm
2 

and pollen 

accumulation rate (arboreal: AP + non arboreal: NAP) from La Molina peat bog (MOL2/MOL6 record). 
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4.2.6. Trace metals and Pb isotopic composition 

The exploration of trace elements and Pb isotope ratios considered the uptake 

conditions that La Molina sedimentary deposit exhibited at the various formation 

phases. It is known that important factors such as surface enrichment and metal 

diffusion and preservation within sediment can vary significantly depending on the 

properties of each sedimentary layer and type of deposit (Boyle, 2001). In La Molina, it 

is possible to rule out lacustrine conditions for the last c. 6740 cal yr BP since analyses 

on the pollen and non-pollen palynomorphs did not provide evidence of aquatic taxa for 

that period (e.g., Potamogeton, Myriophyllum sp., algae and Copepoda 

spermatophores). On the other hand, Pérez-Obiol et al. (2016) described three 

different lithological phases based on the organic matter, aluminium and titanium 

content in which the uptake conditions of the sedimentary deposit could have been 

different. A detailed description of the organic matter profile is provided in chapter 

4.2.1. Sedimentary description. Trace metal and Pb isotope results have been 

described taking into account the lithological phases. Vertical profiles of trace metals 

are shown in Figs. 66 and 67, vertical profiles of the Pb isotope ratios in Figs. 68 and 

69 and scatter plots of Pb isotope relationships in Fig. 70. 

During the deepest phase of the MOL2 record (260 – 220 cm) and encompassing 

the Neolithic interval of the sequence (from c. 6740 to 5150 cal yr BP), a series of 

organic matter fluctuations were identified (Fig. 66). Pérez-Obiol et al. (2016) also 

described the presence of silts in the deepest 10 cm. The concentration of Al and Ti 

was high at the base of the sequence with peaks close to 10 and 1.5 mg g-1, 

respectively, but their content continuously decreased to reach minimum values at 

around 5000 cal yr BP. The concentration of Cr, Ni, As, Cd and Pb was also high in the 

deepest samples of the record with maximum values of 21, 13, 2.6, 1.4 and 27 µg g-1, 

respectively, and broadly followed the decreasing trend exhibited by the lithogenic 

elements. In particular, the concentration of Cd fell to below the detection threshold 

(<0.2 µg g-1) from c. 5800 cal yr BP to c. 1600 cal yr BP, while in the case of Zn the 

bottom sample revealed 12 µg g-1 of concentration followed by a period below the 

detection threshold (<10 µg g-1) until c. 1890 cal yr BP. The normalisation by Al yielded 

an important peak of trace elements at c. 6330 cal yr BP, while the normalisation by Ti 

resulted in background values. As for the Pb isotopic composition, the Pb isotope 

relationships showed little variation during this phase (Figs. 68, 69 and 70) with 

average values of 206Pb/204Pb = 18.102, 207Pb/204Pb = 15.303, 208Pb/204Pb = 37.753, 

206Pb/207Pb = 1.183, 208Pb/206Pb = 2.086 and 208Pb/207Pb = 2.467. 
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From c. 5150 to 1000 cal yr BP (220 - 50 cm depth), the organic matter content 

exhibited a certain degree of stability with the organic fraction ranging from 78 to 95%. 

Al and Ti concentrations were minimal (<1.2 and <0.17 mg g-1, respectively), with only 

a slight increase detected between c. 2000 and 1000 cal yr BP. Therefore, the 

lithogenic input of this interval seems to have been significantly lower than in the 

deepest phase. Peaks of certain trace metals were detected at the onset of the 

Chalcolithic. Ni, Pb and Cr started to increase at c. 5200, 4800 and 4770 cal yr BP with 

maximum values of 0.46, 2.13 and 0.33 µg cm-2 yr-1, respectively. These pulses were 

also observed when the data were normalised by Al and Ti. Coinciding with the metal 

peaks, Pb composition exhibited a significant change that affected all the Pb isotopes. 

During the Late Bronze Age, metal content dropped although the normalisation by Ti 

revealed another peak of Cr at c. 2720 cal yr BP. The Pb isotopic composition 

exhibited the greatest variability of all the record from the Chalcolithic to the Iron Age. 

Ni/Ti values started to increase during the Iron Age while the content of most trace 

metals (Ni, Cd, Zn and Pb) rose during the Roman period (from c. 2000 cal yr BP 

onwards), also coinciding with a shift in the Pb isotopic composition. After the Roman 

period (Late Antiquity, c. 1500 cal yr BP) there was a generalised decrease in trace 

metal content, although Pb/Al, Cd/Al, Zn/Al, Ni/Al and Ni/Ti did recover during the Early 

Middle Ages (from c. 1300 cal yr BP onwards). 

In the shallowest layer (50 – 0 cm depth; c. 1000 to 2013 cal yr CE), the Al record 

presented a rising trend to reach 14 mg g-1 at 1550 cal yr CE, with values above 12 mg 

g-1 until c. 1920 cal yr CE (Fig. 67). Organic matter content fell to below 55% coinciding 

with the greatest concentration of Al. Although there seems to have been geogenic 

input, the basal values of Ti suggested a lower mineral load than in the deepest phase 

of the MOL2 record. As regards trace metals, the high content observed during the 

Early Middle Ages continued increasing over the following centuries with peaks of Ni 

(26 µg g-1), Zn (440 µg g-1), As (3.9 µg g-1) and Cd (4.2 µg g-1) in c. 1300, 1500, 1500 

and 1570 cal yr CE, respectively. Their concentration started to decrease from this 

point onwards. During the 20th century CE, the Al concentration fell sharply to 2 mg g-1 

at 2013 cal yr CE, while organic content recovered values above 80%. Peaks of trace 

metals were registered again during the second half of the 20th century CE, also 

captured by the geochemical normalisations. The normalisation by Ti yielded metal 

increments from the beginning of the 20th century CE with peaks of Zn, As, Cd, Ni and 

Pb detected at c. 1968 cal yr CE and of Cr at c. 1990 cal yr CE. Afterwards, trace 

metals dropped steeply to reach low values during the most recent years, although Pb 

peaked again at c. 1997 cal yr CE. The Cr and As accumulation rates also increased 
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from c. 1997 cal yr CE onwards, albeit not reflected by the normalisation by Ti. 

Meanwhile, the Pb isotopic composition oscillated during the last millennium. In 

particular, the most prominent turning points were observed around 1220, 1440, 1580 

and 1840 cal yr CE, although these are approximate values due to the relatively low 

chronological resolution of the interval. 
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Figure 66. Organic matter profile, trace element influx (Cr, Ni, Zn, As, Cd, Pb, Al and Ti), 

concentrations (in the orange line) and geochemical normalisation of trace elements by Al and Ti obtained 

from the MOL2 record of La Molina peat bog. One value for aluminium was considered an outlier and the 

line segment between the previous and the subsequent values is represented with a dashed line. 
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Figure 67. Detail of the period between 1000 and 2013 cal yr CE of the organic matter profile, trace 

element influx (Cr, Ni, Zn, As, Cd, Pb, Al and Ti), concentrations (in the orange line) and geochemical 

normalisation of trace elements by Al and Ti obtained from the MOL2 record of La Molina peat bog. One 

value for aluminium was considered an outlier and the line segment between the previous and the

subsequent values is represented with a dashed line. 
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Figure 69. Detail of the period between 1000 and 2013 cal yr CE of the vertical profiles of Pb isotopic 

ratios, Pb influx, Pb concentration (in the orange line), the ratios between Pb, Al and Ti and the organic 

matter content, obtained from the MOL2 record of La Molina peat bog. One value for aluminium was

considered an outlier and the line segment between the previous and the subsequent values is represented

with a dashed line. 

Figure 68. Vertical profiles of Pb isotopic ratios, Pb influx, Pb concentration (in the orange line), ratios 

between Pb, Al and Ti and organic matter content, obtained from the MOL2 record of La Molina peat bog.  
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Figure 70. Three-isotope ratios plots of the MOL2 record of La Molina peat bog, Cantabria. Details of 

207
Pb/

204
Pb vs. 

206
Pb/

204
Pb and 

208
Pb/

204
Pb vs. 

206
Pb/

204
Pb plots are provided. The Pb isotopic signature of 

Saharan dust is also illustrated (Abouchami & Zabel, 2003). 
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4.3. El Cueto de la Espina peat bog 

4.3.1. Chronological model 

The age-depth chronological model of El Cueto de la Espina peat bog, devised in 

Sara Rodríguez-Coterón’s PhD thesis (unpublished), spans the last c. 5720 cal yr BP 

(Table 8) and supports continuous sedimentation without any hiatus. 

Table 8. Chronological data and calibrated ages for El Cueto de la Espina (CdE2). Data was calibrated 

using the IntCal20 Northern Hemisphere radiocarbon age calibration curve (Reimer et al., 2020). 

Core Laboratory 
code 

Depth 
(cm) 

Material 
dated 

Dating 
technique 

13C/12C 
(‰) 

Conventional 
radiocarbon 
age (yr BP) 

Calibrated 
age (2σ) (cal 
yr BP) 

Median 
probability 
age, used for 
chronological 
model (cal yr 
BP) 

CdE2 CdE2 surface 0 peat - - - - -66 

CdE2 Beta_511935 95.15 peat 14C -25 820 ± 30 775 – 677 717 

CdE2 Beta_511936 198.65 peat 14C -26.4 2830 ± 30 3057 – 2853 2932 

CdE2 Beta_554747 215.99 peat 14C -26.4 3000 ± 40 3343 – 3061 3188 

CdE2 Beta_464750 255 peat 14C -27.6 5000 ± 30 5891 – 5604 5723 

 

4.3.2. Sedimentary charcoals (>150 µm) 

The sedimentary charcoal record obtained from El Cueto de la Espina peat bog 

(CdE2) captured charcoal particles larger than 150 µm throughout all the studied period 

(from 5700 to -66 cal yr BP). The charcoal concentration (CHAC) and accumulation 

rate (CHAR) exhibited low values at the base of the sequence, which increased 

gradually to reach 190 pieces cm-2 peak-1 at 4490 cal yr BP. Following that fire episode, 

the charcoal values remained below 0.5 pieces cm-2 yr-1 from 4140 to 3180 cal yr BP. 

During that phase of lower fire signal, the pollen accumulation rate (PAR) progressively 

increased, reaching a maximum of 305,000 pollen cm-2 yr-1 at 3390 cal yr BP (obtained 

by Sara Rodríguez-Coterón, unpublished PhD thesis). From that point onwards, the 

PAR sharply decreased coinciding with the greatest CHAR values of the entire 

sequence (8.94 pieces cm-2 yr-1 at 3010 cal yr BP), which also triggered the largest fire 

episode (646 pieces cm-2 peak-1). After that event, the PAR recovered and reached 

maximum values of 498,500 pollen cm-2 yr-1 at 2340 cal yr BP. Nevertheless, PAR 

growth was interrupted again coinciding with the onset of a new charcoal peak and did 

not recover during the most recent period. In particular, a total of five charcoal peaks 

were detected from 2280 to 1470 cal yr BP, yielding a CHAR above 2 pieces cm-2 yr-1. 
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Shortly after, the last fire peaks of significant magnitude were detected at 1010 and 830 

cal yr BP, with a CHAR of 7.8 and 4.95 pieces cm-2 yr-1, respectively. The most recent 

800 years were characterised by a low but continuous charcoal signal below 1.1 pieces 

cm-2 yr-1. 

 

 

 

 

 

Figure 71. Charcoal concentration (CHAC), charcoal accumulation rate (CHAR), fire peaks, fire peak 

magnitude and pollen accumulation rate (arboreal + non-arboreal) from El Cueto de la Espina peat bog 

(CdE2). The pollen accumulation rate has been obtained by Rodríguez-Coterón (unpublished PhD thesis).
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5. DISCUSSION 

 

 

5.1. The modern pollen rain of Cantabrian plant formations 

The pollen rain of several Cantabrian plant formations has been calibrated to 

provide a greater understanding of the relationships between the presence of plants in 

the current vegetation and how they are represented in pollen samples. In addition to 

the pollen representation for each plant formation, relationships between the pollen 

signal of the main plant taxa and the estimated vegetation cover were explored to 

better grasp the quantitative representation of pollen. Pollen values were expressed as 

percentages since this is how pollen is reflected in most palynological research and 

consequently the relationships between pollen and the estimated vegetation cover 

were not linear. This is to be expected since the pollen values of each taxon are 

influenced by those of other taxa. Absolute values such as pollen concentrations and 

accumulation rates might have yielded more linear relationships and would also 

provide very relevant information, but they cannot be properly estimated from mosses 

since their rate of growth depends on environmental conditions (Pitkin, 1975) and their 

age is indeterminate. To obtain absolute values it would have been necessary to work 

with standard pollen traps over a time span of at least a few years to minimise inter-

annual variability (e.g., Räsänen et al., 2004; Sjogren et al., 2008; Jantz et al., 2013). 

On a related issue, the reclassification of vegetation maps (Mapa Forestal de 

España, 1:25,000) was required due to the large number of categories, although there 

were some limitations in this respect. For example, holm oak forests were in some 

cases identified in the vegetation maps as both Quercus ilex forests and mixed 

formations, but in turn mixed formations also encompassed many other subcategories 

which made it difficult to reclassify Quercus ilex and other taxa correctly. At all events, 

taking into account the limitations linked to the vegetation maps reclassification, the 

correlations of the explored groups seem to have provided a useful approach since 

they allowed for the exploration of the pollen signal depending on the vegetation cover 

composition and considering different areas around the samples. 

Grasslands and shrublands were the most widespread category of vegetation cover 

recorded around the study sites. In some samples this formation reached cover values 
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up to 100% in 1 km around the samples. However, arboreal pollen was always above 

20% and Poaceae, which was the main non-arboreal taxon in almost all the samples, 

never exceeded 60%. These results can be explained by many factors. First of all, 

open landscapes facilitate the arrival of pollen from distant areas due to the lack of 

physical barriers such as the tree canopy. Previous research has highlighted the 

importance of the plant community structure with respect to the pollen dispersion (e.g., 

Sugita et al., 1999; Cañellas-Boltà et al., 2009). The arrival of arboreal pollen is to be 

expected since the detected tree taxa in open spaces were mainly anemophilous (e.g., 

Pinus, deciduous Quercus, Corylus) which explains their great pollen dispersal 

capacity. As regards grass production of pollen, most of the open areas were grazed, 

which may have limited the flowering and subsequent pollen release of herbs. Apart 

from the direct effects on plant tissues, some plants reduce their flower production 

under herbivory (Strauss et al., 1996; Hambäck, 2001; Hladun & Adler, 2009) and their 

phenology, sex ratio and pollen production may also be affected (Strauss et al., 1996; 

Mothershead & Marquis, 2000; Avila-Sakar et al., 2003; Arceo-Gómez et al., 2009). 

Besides, some species shift to self-pollination strategies (Garcia & Eubanks, 2019) and 

this is the case of some species of Festuca, which can produce cleistogamous flowers 

under certain environmental conditions (Connor, 1998). In fact, Poaceae representation 

was particularly low in open mountain areas where Festuca sp. was dominant with 

other grasses (samples from PAS-13 to PAS-17), with pollen values ranging from 13 to 

28%. On the other hand, all the samples displayed at least a minimum signal of 

Poaceae even where its presence was lower. Accordingly, many authors have found 

that Poaceae is a group with a high degree of association between its presence in the 

field and the detection of its pollen signal (Bunting, 2003; Mazier et al., 2006; Ejarque 

et al., 2011), while others have even argued that it may be an over-represented taxon 

(García-Moreiras et al., 2015) based on Davis’s indices of association (Davis, 1984). 

Shrubs of variable composition were also present in the mountain landscape and in 

the surroundings of La Molina peat bog, such as Erica spp., Daboecia cantabrica, 

Vaccinium myrtillus, Ulex spp. and Rubus sp. Although all of them have traits 

associated with entomophily, some Erica species can also disperse pollen efficiently by 

wind (Rebelo et al., 1985). Consequently, the Ericaceae pollen signal stood out above 

the rest in mosaics of grazed meadows and shrubs with a maximum value of 33%. By 

contrast, the Fabaceae and Rubus pollen signals were poorly recorded. The presence 

of Ericaceae in the pollen spectra is not surprising as it is very common in palynological 

research. Cañellas-Boltà et al. (2009) described it as a good indicator for the montane / 

subalpine boundary as it was mainly detected above it. Now it is possible to add that 
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Ericaceae can also be indicative of communities altered by the anthropic factor and the 

use of fire to manage land uses whatever their altitudinal range, which is the case of 

the area surrounding La Molina peat bog (484 m a. s. l.). These communities were 

frequently burned to generate and preserve grazing areas, and several Erica species 

benefit since they can resprout quickly after fire episodes (Iglesia-Rodríguez, 2010). In 

any case, their pollen dispersal has a strong local component since values above 20% 

were only reached when their presence was very close to the sampling point. 

The pollen signal of Betula (8 – 16%) was also detected in mountain environments 

close to the upper limit of the tree layer on the southern slope of the Cantabrian range, 

where scattered trees of Betula pubescens were identified (samples from PAS-10 to 

PAS-12). Birch forests were not sampled in this research, although other studies have 

shown that the Betula pubescens signal can exceed 80% in northern European birch 

forests (Räsänen, 2001). 

As regards forest formations, Quercus ilex subsp. ilex and Laurus nobilis were the 

dominant species in the Lauro nobilis-Quercetum ilicis community. Evergreen Quercus 

dominated the pollen spectra (60 – 77%) and its significant representation can be 

explained by the fact that both Quercus ilex subsp. ilex and Laurus nobilis are 

evergreen species that form a very dense tree canopy which may have limited the 

penetration of regional pollen. Poaceae representation was also below 7% within the 

forests. By contrast, the evergreen Quercus signal was lower in open holm oaks groves 

(<35%), where Poaceae reached more than 50% in some samples. The pollen 

composition of the Lauro nobilis-Quercetum ilicis resembles that of communities from 

the central Iberian Peninsula dominated by Quercus ilex subsp. rotundifolia, such as 

the supramediterranean Junipero oxycedri-Quercetum rotundifoliae, the 

mesomediterranean Junipero oxycedri-Quercetum rotundifoliae pistacietosum 

terebinthi, the Pyro bourgaeanae-Quercetum rotundifoliae and the Pyro bourgaeanae-

Securinegetum tinctoriae (López-Sáez et al., 2010). Equally, the pollen signal of open 

forests dominated by Quercus ilex subsp. ilex is comparable to that of 

mesomediterranean and supramediterranean dehesas and pasturelands with Quercus 

ilex subsp. rotundifolia from the same area (López-Sáez et al., 2010). A hypothetical 

detection of Laurus nobilis pollen could have helped to distinguish between the Lauro 

nobilis-Quercetum ilicis and other communities. However, its pollen signal was only 

identified in one sample and was below 1% although in some study sites it dominated 

Quercus ilex subsp. ilex. Laurus nobilis is a dioecious species but both male and 

female individuals were detected in the sampling points. The lack of Laurus nobilis 

pollen is probably explained by the type of pollen dispersal since it is an entomophilous 
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species, which may have resulted in very poor pollen release into the atmosphere. 

Besides, it has also been reported that this pollen is poorly preserved in sediments and 

tends to disintegrate during chemical treatments (Connor et al., 2012a), making it a 

clearly under-represented taxon. Interestingly, Phillyrea latifolia was part of the Lauro 

nobilis-Quercetum ilicis community too and exhibited pollen values up to 7%. This is an 

anemophilous species with a wide Mediterranean distribution, and therefore its 

presence in pollen diagrams might suggest Mediterranean behaviour. 

The role of pine as a major pollen disperser is reflected in this study. Its pollen signal 

is detected in all the samples and even penetrated significantly into a dense Lauro 

nobilis-Quercetum ilicis forest with a nearby pine plantation, as was the case of sample 

SAN-07. The level of pollen dispersal was such that there were samples with little or no 

pine cover at 1 and 5 km in the surrounding area with pollen values exceeding 20%. 

Here it should be stressed that these are not likely to be errors in the vegetation maps 

since the presence of pine trees in Cantabria is restricted to well-delimited plantations, 

while isolated pine trees are not abundant. Therefore, it was considered that the 

cartography correctly reflected the pine coverage. Inside the plantations, pine values 

were around 60%, which are similar to the figures recorded in Pinus sylvestris var. 

iberica forests in the central Iberian Peninsula (López-Sáez et al., 2013). The latter 

paper also recorded some samples with Pinus values close to 90%. This difference 

may be explained by the fact that the analysed pine populations in Cantabria were 

plantations which did not occupy large extensions and were not mature formations, as 

pines are felled when they reach a certain diameter and perhaps not all of them reach 

the flowering stage. Therefore, the residual pine signal found in all the samples could 

have been even higher. 

Eucalyptus is a poorly represented taxon in Holocene pollen records in the 

Cantabrian region since its introduction is only documented from the second half of the 

19th century onwards (Aedo et al., 1990), but nevertheless its pollen signal was 

examined by leveraging of the large number of plantations in the current Cantabrian 

landscape. Eucalyptus globulus is an evergreen species that was found forming a 

dense canopy like the Lauro nobilis-Quercetum ilicis communities or the pine 

plantations. However, Eucalyptus pollen representation was lower than the dominant 

species of the other formations and only reached a maximum of 27%. It is a zoophilous 

species which could explain its poor representation together with the fact that in the 

same way as pines, these are plantations and not mature formations.  

As regards Fagus sylvatica, its pollen signal depended to a large extent on the local 

presence of the species. The exploration of a beech forest yielded pollen values above 
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40% inside the formation, while only 12% was recorded at the edge of the forest where 

Poaceae prevailed over beeches. A similar pollen signal (5 – 12%) was recorded in 

open areas with meadows and Fagus sylvatica stands, the latter comprising more than 

30% of estimated cover in a 1 km radius around the samples (from PAS-08 to PAS-11). 

Again, the fact that samples were not found within the formations seems to have 

significantly influenced the Fagus pollen representation. In mixed deciduous forests, 

where it was found alongside other deciduous species, its pollen signal was no more 

than 8%. In this respect, the most abundant tree species in the mixed deciduous 

forests were Quercus robur, Quercus petraea and Corylus avellana followed by Fagus 

sylvatica, Fraxinus excelsior and to a lesser extent other deciduous taxa such as Acer 

spp. and Castanea sativa. The pollen spectrum of these communities was dominated 

by deciduous Quercus and Corylus (from 46 to 73%) in a variable proportion 

depending on the composition of each site, while the pollen signal of the other taxa was 

recorded more weakly. The pollen rain characterisation of this plant formation could be 

of great palaeoecological interest since it may help to better understand the mid-

Holocene interval of many palynological records from the Cantabrian region. For 

example, a similar pollen composition is observed in the records from El Alto de la 

Espina (López-Merino, 2009), La Molina mire (López-Merino et al., 2014), Villaviciosa 

estuary (García-Antón et al., 2006) and Lake Enol (López-Merino, 2009) in Asturias; 

Pico Sertal (Mariscal, 1986), La Molina peat bog (Pérez-Obiol et al., 2016) and Los 

Tornos (Peñalba, 1994; Muñoz-Sobrino et al., 2005) in Cantabria; Zalama (Pérez-Díaz 

et al., 2016b) and Saldropo (García-Antón et al., 1989) in the Basque Country and 

Belate and Atxuri in Navarra (Peñalba, 1994), encompassing an altitudinal range from 

sea level to 1330 m a. s. l. At higher altitudes the pollen spectra suggest a higher 

coverage of Betula and/or Pinus depending on the study site. 

As for the calibration of deciduous Quercus, the pollen correlations revealed some 

samples with no deciduous Quercus within a 1 km radius around the samples but 

significant pollen percentages. However, this may reflect limitations in the vegetation 

maps reclassification since the estimated cover of mixed deciduous forests was not 

considered due to the large number of subcategories encompassed but rather only the 

cover of monospecific oak formations. Likewise, Corylus avellana was mainly found in 

mixed formations, so looking for relationships between its pollen percentage and 

arboreal cover was also ruled out. 

 Finally, riparian vegetation cover was never larger than 3% in an area 5 km around 

the samples which meant it was not possible to find relationships at a regional scale. 

However, it has been found that when riparian forests represented at least 20% of the 



 132   

 

cover 100 metres around the samples, the pollen signal of Alnus glutinosa was usually 

above 7%, making it a well-represented taxon when it is locally present. 
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5.2. The interpretation of the landscape dynamics in La Molina peat 

bog 

To date, there have been few studies examining what the plant landscape of the 

Cantabrian region was like during the Last Glacial Period (LGP). The multiproxy 

approach adopted in La Molina (484 m a. s. l.) is the oldest chronology studied on the 

northern slope of the Cantabrian range and made it possible to determine the 

succession of different landscape units over the last 17,550 cal yr BP. 

5.2.1. An open landscape after the Last Glacial Maximum 

A steppe-like formation with scarce tree cover is deduced from the pollen spectra 

during the Greenland Stadial 2.1a (from 17,550 to 14,700 cal yr BP; Rasmussen et al., 

2014). This phase, which also encompasses the Heinrich event 1 (Heinrich, 1988; 

Bond et al., 1992; Hemming, 2004), was characterised on the northern slope of the 

Cantabrian range by cold and dry climate features until c. 15,500 cal yr BP, inferred 

through isotopic analyses on a speleothem from the nearby Asiul cave (Moreno et al., 

2010a). Accordingly, the plant landscape fully reflects the climatic severity of that time 

with limited water availability which did not allow either the tree or shrub cover to 

develop. The dominance of Poaceae over Artemisia and other xerophytes is consistent 

with the plant composition documented in the littoral and coastal mountain sites from 

the north-western Iberian Peninsula in Portugal (Gómez-Orellana et al., 2001, 2013), 

Galicia (Saa-Otero & Víaz-Fierros, 1988; Gómez-Orellana et al., 1998, 2001; López-

Merino et al., 2012; García-Moreiras et al., 2019b) and Asturias (López-Merino, 2009). 

A greater proportion of Artemisia has been detected in Iberian sites with a greater 

Mediterranean influence during the LGP (e.g., Pantaléon-Cano et al., 2003; Camuera 

et al., 2019), suggesting drier climate features than in the Eurosiberian biogeographical 

region. From analyses of modern surface samples (mosses), it is possible to deduce 

that the open landscape could be equivalent to the current alpine grasslands located 

above the treeline in the European Alps (≥ 2360 m a. s. l.), which are communities that 

are certainly well-adapted to water scarcity and cold temperatures (Furlanetto et al., 

2019). In the Cantabrian region, no modern surface samples recorded such low 

arboreal pollen values including at sites with no arboreal cover for 5 km around them. 

This would indicate little or no tree cover throughout the region during this glacial 

interval. 

At c. 15,500 cal yr BP, a shift to warmer and wetter conditions is detected in the 

Cantabrian region (Moreno et al., 2010a). This climate change ties in well with the 
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decrease of xerophyte taxa from 16,000 cal yr BP onwards. At a local scale, although 

the presence of Copepoda spermatophores suggests some kind of aquatic or 

semiaquatic habitat, the decrease of hydrophytes, hygrophytes and algae reflects a 

loss of lacustrine features and the transition to an early stage of a peat bog. The 

Sordaria pulsation detected between 16,070 and 14,600 cal yr BP might indicate a 

higher amount of decaying organic matter.  

Overall, the landscape described on the northern slope differs from what has been 

documented in other sectors of the Cantabrian range, which seems to have played a 

significant role in the geographical distribution of certain species. On the one hand, 

glaciers expanded from 22,500 to 18,000 cal yr BP at higher altitude areas of the 

mountain system (Frochoso et al., 2013; Ruiz-Fernández et al., 2016). Accordingly, the 

vegetation community appears to have been sensitive to more arid and colder 

conditions, since xerophytes displayed greater values than on the Atlantic façade from 

the Last Glacial Maximum (from 26,500 to 19,000 cal yr BP), both on the westernmost 

flank (Aira-Rodríguez, 1986; Santos-Fidalgo et al., 1997; Muñoz-Sobrino et al., 2001) 

and also in the central sector (Ruíz-Zapata et al., 2000; Jiménez-Sánchez et al., 2003). 

The community composition did not change during the immediately preceding millennia 

as recorded, from West to East, in Laguna de Lucenza (Aira-Rodríguez, 1986; Santos-

Fidalgo et al., 1997; Muñoz-Sobrino et al., 2001), Villaseca de Laciana (Jalut et al., 

2010), La Mata (Jalut et al., 2010), Lago de Ajo (Allen et al., 1996) and, closer to La 

Molina, in Puertos de Ríofrio (1700 m a. s. l.), which displays 30% of Artemisia during 

the Late Glacial (Menéndez-Amor & Florschütz, 1963). In the latter site, although only a 

few pollen samples were analysed from the Late Glacial, the significant presence of 

Artemisia may indicate that the arid conditions were maintained in the mountain system 

for a longer period of time than in La Molina. 

On the other hand, the situation was very different on the southern slope. In 

northern Burgos, there was a greater presence of trees, mainly Pinus and Betula, in La 

Piedra (Ramil-Rego et al., 1998) and San Mamés de Abar (Iriarte-Chiapusso et al., 

2001), in what is likely to be the last stages of the GS-2.1a (Rasmussen et al., 2014). 

Unfortunately, the absence of a robust chronology did not allow accurate identification 

of the climate episodes, though it is possible to recognise different behaviour from the 

Cantabrian oceanic slope. Moreover, the dominance of Pinus becomes more evident if 

we look further south. It is the case of the northern Iberian System, where several sites 

reveal vegetation communities with a great presence of pines at certain stages of the 

LGP (Peñalba, 1994; Gómez-Lobo et al., 1996; Peñalba et al., 1997; Von 

EngerIbrechten, 1998; Sánchez-Goñi & Hannon, 1999; Gil-García et al., 2002), 
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reaching pollen values up to 70-90% in Laguna Grande (Ruiz-Zapata et al., 2002a). 

These forest communities contrast with the open grasslands from the Atlantic coastal 

region. It is likely that the continental conditions of the southern slope, which implies 

higher maximum temperatures or at least more water availability, may have facilitated 

the development of the tree cover in the inland region. On the northern slope of the 

Cantabrian range, anthracological analyses performed in caves reported high 

abundance of pine macroremains during the Upper Pleistocene (Baena et al., 2005). 

However, there is no evidence of large extensions of pinewoods in the region around 

La Molina, at least from the Magdalenian to the present. The pine values are not only 

far below the documented percentages in southern areas, but also modern pollen rain 

calibration attributed more than 50 – 60% of Pinus to pinewoods of the Central System 

(López-Sáez et al., 2013) and to Pinus spp. plantations in Cantabria, which is 

substantially higher than the Pinus signal documented along the sequence of La 

Molina. The lack of large extensions of pines is also supported by the low pollen values 

recorded in the vast majority of Holocene pollen records along the Cantabrian littoral 

(e.g., Mariscal, 1993; Peñalba, 1994; García-Antón et al., 2006; Iriarte-Chiapusso et 

al., 2006; López-Merino et al., 2006, 2010; López-Merino, 2009; González-Pellejero et 

al., 2014). Without ruling out the possible existence of scattered pine individuals, the 

origin of the low but continuous Pinus signal recorded in La Molina could be explained 

by the recognised large pollen dispersal of this genus (Poska & Pidek, 2010) and the 

long transport from southern regions where Pinus populations were more consolidated.  

Concerning the role of fire, the lack of woody species went hand in hand with the 

absence of significant fire events during the Palaeolithic section of the record. The lack 

of charcoal particles larger than 0.25 mm2 during that period also reinforces the idea 

that no significant fires occurred at a local level, since a larger size would indicate a 

closer origin (Whitlock & Larsen, 2001; Finsinger et al., 2014). It is necessary to look 

beyond the Cantabrian range to compare La Molina’s fire regime during the LGP, since 

the charcoal records of the region only cover the period up to 7000 cal yr BP 

(Carracedo et al., 2018). Thus, the lack of fires registered in La Molina before the 

Holocene is in line with other Iberian sites with an Eurosiberian distribution, such as 

Charco da Candieira (Portugal; Connor et al., 2012b), El Portalet (Central Pyrenees; 

Gil-Romera et al., 2014) and also in the Mediterranean site of Siles (Andalucía; 

Carrión, 2002b) where the fire signal was weak during the LGP. The low intensity of 

fires meant it was not possible to explore any possible connexion with an 

environmental signal during that period (e.g., the δ18O curve from Greenland ice cores: 
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Dansgaard et al., 1982; Johnsen et al., 1992; Rasmussen et al., 2014; Seierstad et al., 

2014). 

Turning to the relationship between humans and the Cantabrian landscape, 

anthropic pressure does not seem to have been significant during the LGP. On the 

contrary, the plant formations could have affected the distribution of some animal 

species, the prey of the hunter-gatherer human groups that inhabited the Cantabrian 

range (e.g., Solórzano et al., 1999; González-Sainz & González-Urquijo, 2004) and 

other hunting animals. In particular, the Iberian ibex (Capra pyrenaica) was the 

principal prey documented in north-Iberian archaeological sites far from the current 

shoreline (>9 km) and above 200 m from the current sea level, as is the case of La 

Molina. On the other hand, remains of red deer (Cervus elaphus) were the most 

abundant fossils found close to the shoreline (Portero et al., 2019). Thus, the non-

forested landscape inferred from La Molina’s pollen spectra seems to have been a 

suitable habitat for the Iberian ibex, which is currently found in mountain areas and has 

a diet mainly made up of herbaceous plants (Granados et al., 2001). The steppe-like 

formation was otherwise probably a limiting factor in the distribution of red deer, whose 

principal habitat is woodlands and open areas close to woody formations as they are 

often used as a refuge (Carranza, 2017). The red deer distribution might therefore 

suggest a more forested environment close to the coastline, which perhaps also 

occupied a wider area since the sea level was more than 100 m lower than at present 

(Lambeck et al., 2014; Spratt & Lisiecki, 2016). However, for now there is a lack of 

palynological records covering this period on the Cantabrian littoral plain to support this 

hypothesis. 

5.2.2. The spread of woody species over the Bølling-Allerød 

chronozone and their decline during the Younger Dryas 

The period from 14,690 to 12,900 cal yr BP (GI-1) is characterised by being an 

overall mild phase with a certain degree of climate variability (Rasmussen et al., 2014). 

Our results indicate several vegetation fluctuations for that period, very different from 

the little-disturbed landscape that remained after the LGM. A first vegetation shift 

occurred at the beginning of the Bølling-Allerød Interstadial in the form of Juniperus 

and Ericaceae pulses accompanied by a decrease of Poaceae in what can be 

interpreted as a weak vegetation response to the warmer climate features. 

Unfortunately, Juniperus and Ericaceae could not be identified to species level, but in 

both cases their presence reflects an environmental change from 13,900 cal yr BP 

onwards.  
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At the same time, Betula led the succession to a more forested environment. Its 

expansion, which represented the first significant biomass pulsation of the sequence, is 

explained by a gradual humidity increase that took place between 15,400 and 13,400 

cal yr BP (Moreno et al., 2010a). Betula started increasing during that interval and 

displayed its maximum values at 13,370 cal yr BP, having likely benefited from 

increased water availability. Birch percentages came to more than 80%, which is 

comparable to the current pollen signal of Betula pubescens forests in northern Europe 

(Räsänen, 2001). From that point onwards, Betula suffered a first decreasing pulse in 

what might have been a response to the cold spell registered from 13,310 to 13,100 cal 

yr BP in Greenland ice cores (GI-1b; Rasmussen et al., 2014). The decline of birches 

was consolidated within the Younger Dryas, a dry and cold phase of regional extent 

(Rasmussen et al., 2014) well characterised in north-western Iberia (Moreno et al., 

2010a; Muñoz-Sobrino et al., 2013; Baldini et al., 2015, 2019). In particular, at the 

onset of the Younger Dryas, a severe drop in temperatures of between 6-9 ºC was 

inferred from La Garma cave (Baldini et al., 2015, 2019) at about 40 km from La 

Molina. The study also provided climatic models that revealed especially cold and dry 

winters for that period. The increasing influx of non-arboreal species, then dominated 

by Poaceae and accompanied by Asteroideae, Cichorioideae and Centaurea, is a good 

reflection of the tough conditions prior to the Holocene. Pinus, on the other hand, does 

not seem to have been significantly affected by the climatic fluctuations, exhibiting less 

variability than Betula. 

Betula’s fluctuations were not an isolated dynamic detected in La Molina peat bog, 

as they were also captured in the western deposits of Laguna de Lucenza (Aira-

Rodríguez, 1986; Santos-Fidalgo et al., 1997; Muñoz-Sobrino et al., 2001), Villaseca 

de Laciana and La Mata (Jalut et al., 2010), indicating a climatic response at a regional 

scale. Similarly, these oscillations have also been detected in the Pyrenees during the 

same period, although with a greater presence of Pinus (Reille & Lowe, 1993; Cunill et 

al., 2013; Gil-Romera et al., 2014). 

The lack of taxonomical resolution does not allow interpreting which birch species 

undertook the woody colonisation. At present, Betula pubescens is the birch species 

present in the mountain area, while Betula pendula is not so frequent in the Cantabrian 

range but has a wide distribution in north-eastern Iberian mountains (Pyrenees) and 

Europe. We cannot rule out these species having led the colonisation since they are 

recognised for their ability to colonise open areas, such as heathlands (Shaw et al., 

2014a; Stritch et al., 2014). In this line, a significant exploitation of Betula’s wood has 

been documented in the littoral cave of La Pila (Bernaldo de Quirós et al., 1992; 
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Uzquiano, 2014). Such a large amount of wood might suggest the presence of arboreal 

Betula species. Alternatively, shrubby birches such as Betula nana or Betula humilis, 

both widely distributed across Europe at present (Beck et al., 2016), could have also 

developed in the Cantabrian area. Considering their habitat, Betula nana is an arctic or 

high mountain plant of immature or peaty soils, found in alpine or subalpine 

environments (Stritch, 2014). Betula humilis can be found as part of different 

communities from the hill to the montane zone, both in acidic and wet forest soils and 

also close to wetlands (Shaw et al., 2014b). Thus, both the arboreal and shrub birch 

species mentioned above could fit well into the pre-Holocene Cantabrian landscape. 

Analyses on the vegetation macroremains or ancient DNA from the MOL2/MOL6 

sequence could be carried out in the future and would help to identify both Ericaceae 

and Betula to a more specific level, thus shedding more light on how this succession 

occurred. 

5.2.3. The establishment of mixed deciduous formations during the 

Early Holocene 

The Early Holocene was characterised by a general warming and humidity increase 

in the north-western Iberian Peninsula (Smith et al., 2016; Rossi et al., 2018; Morellón 

et al., 2018; Baldini et al., 2019), coinciding with the greatest Holocene values of 

summer insolation in the Northern Hemisphere (Berger & Loutre, 1991). Although most 

rainfall was concentrated during the winter months in the Cantabrian range (Baldini et 

al., 2019), the humidity increase was enough to support the rapid expansion of forests 

at the onset of the Holocene. Additionally, the presence of woody species during the 

Younger Dryas, mainly Betula, would have favoured soil development and is another 

important factor in explaining how fast the arboreal succession occurred. The sharp 

biomass increase suggests a different temperature threshold from higher altitude areas 

at the alpine Pyrenees, where colder temperatures postponed the increase of the 

pollen accumulation rate by a few millennia (Leunda et al., 2017).  

During the Lateglacial-Holocene transition, Azilian human groups were settled at 

high altitudes of the Cantabrian range (Barandiarán et al., 2006). The Cantabrian 

landscape, however, seems to have remained little affected by anthropic pressure 

during that time. Plant biomass, mainly represented by tree species (>95%), exhibited 

the maximum values of the entire sequence, whereas human signals were not 

documented in the palynological record. Conversely, plant production seems to have 

been sensitive to a series of century-to-millennial scale environmental pulses triggered 

by changes in the North Atlantic Ocean circulation which have been well recorded in 
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isotopic records on ice cores (Bond et al., 2001; Rasmussen et al., 2007, 2014). In the 

Cantabrian range, such climate variability entailed cyclical shifts of wetting and drying 

conditions, with a periodicity of c. 1290 years during the Early Holocene (Smith et al., 

2016). The frequency of biomass declines in La Molina was very similar to that of 

humidity shifts during that period, revealing a close relationship between climate 

conditions and vegetation growth with reduced productivity during the driest intervals.  

Concerning the vegetation communities, the Cantabrian forests were mainly 

composed of Betula, deciduous Quercus and a scattered presence of Salix, Pinus and 

evergreen Quercus. The signal of deciduous Quercus might mainly correspond to 

Quercus robur, since they are the most common oaks in the inner valleys of the current 

landscape. Corylus, on the other hand, started to expand some centuries later, in line 

with other montane and subalpine locations of the Cantabrian range (Menéndez-Amor 

& Florschütz, 1963; Menéndez-Amor, 1968; Allen et al., 1996; López-Merino, 2009; 

Jalut et al., 2010; Muñoz-Sobrino et al., 2012). This is also consistent with the hazel’s 

dynamics in south European regions, where its expansion occurred later than the 

spread of other deciduous taxa (Finsinger et al., 2006; Giesecke et al., 2011), contrary 

to what happened in northern and central Europe (e.g., Huntley, 1993; Tinner & Lotter, 

2001; Tallantire, 2002). Huntley (1993) suggests that high seasonality was an 

important factor in the development of hazel populations at high latitude regions, 

probably also linked to increased fire activity. Indeed, Corylus is a resprouting taxon 

well adapted to fire events (Delarze et al. 1992; Tinner et al. 1999). Finsinger et al. 

(2006) underlined similar reasons for the late spread of Corylus in the Southern Alps. In 

the Cantabrian region, the warm and humid climate conditions during the early 

Holocene (Smith et al., 2016; Rossi et al., 2018; Morellón et al., 2018; Baldini et al., 

2019) and the lack of fire activity during that period may have prevented an earlier 

hazel expansion. The situation changed shortly afterwards due to an aridity increase 

detected in the region from 8.5 to 8.0 ka onwards (Rossi et al., 2018). This 

environmental shift, together with the local fire episodes registered during the 9.3 and 

8.2 ka events, may have favoured Corylus expansion, thus coinciding with the 

hypothesis of Huntley (1993) and Finsinger et al. (2006). 

The pollen record also revealed a very occasional presence of hornbeam and 

beech during the Early Holocene. In regard to Carpinus betulus, an isolated pollen 

grain was detected at c. 8840 cal yr BP. Such minimal presence has also been 

documented during the Early and Mid-Holocene in nearby littoral sites (Mary et al., 

1975; Iriarte-Chiapusso et al., 2006; 2016) and mountain areas (Menéndez-Amor & 

Florschütz, 1963; Peñalba, 1989), while slightly more developed populations were 



 140   

 

settled along the western Galician coast (Muñoz-Sobrino et al., 2018). In several sites 

in northern Iberia, the scattered presence of hornbeam trees represented a vestige 

from a larger distribution achieved during the Würm glaciation (e.g., Sánchez-Goñi et 

al., 2005, 2008; Gómez-Orellana et al., 2007, 2013). However, C. betulus was not 

detected in the glacial interval of La Molina, probably due to the cold and arid 

conditions deduced from the steppe-like landscape, very far from the ecological 

requirements of this mesophyte species. In the aforementioned sites where it occupied 

a wider extension, the rise of the sea level, which flooded coastal regions where it was 

established, together with the post-glacial expansion of more competitive arboreal 

species in inland sites reduced its distribution area and relegated it to a very marginal 

role (Muñoz-Sobrino et al., 2018). Besides, landscape anthropisation did not benefit its 

populations which still have a very scattered presence in the Iberian Peninsula at 

present (Blanco et al., 1997).  

In regard to Fagus, an isolated pollen grain was detected at c. 8620 cal yr BP. This 

finding, although it cannot indicate the establishment of beech populations at a local 

level, is consistent with the discontinuous and low pollen curves detected in other sites 

from the eastern Cantabrian range and the Basque mountains during the Early 

Holocene, such as La Nava (870 m a. s. l.; Menéndez-Amor, 1968), La Piedra (950 m 

a. s. l.; Ramil-Rego et al., 1998), Belate (825 m a. s. l.; Peñalba, 1994), Santa Gadea 

(837 m a. s. l.; Iriarte-Chiapusso et al., 2003), Puerto del Escudo (940 m a. s. l.; 

Muñoz-Sobrino, 2001) and Puerto de los Tornos (920 m a. s. l.; Peñalba, 1994; Muñoz-

Sobrino et al., 2005), all of them located at a higher altitude than La Molina (484 m a. s. 

l.). Thus, a plausible hypothesis for the origin of the isolated beech pollen found in La 

Molina would be the long transport from higher altitude regions, where there was 

greater evidence of Fagus. Equally, it might also be held that small glacial refuges from 

the Cantabrian range (Magri et al., 2006) could have contributed to this pollen 

presence. The existence of these ancient refuges in the region is supported by the 

fossil evidence during the glacial period, which has been found in the form of pollen 

(Menéndez-Amor, 1968; Peñalba, 1989, 1994; Ramil-Rego et al., 1998; Iriarte-

Chiapusso et al., 2016) and macroremains (Uzquiano, 1992). The sequence of La 

Molina, however, does not provide evidence of beech before the Holocene, since in the 

same way as with hornbeam the climatic conditions do not seem to have favoured 

Fagus development in the coastal mountains of the Cantabrian range. In a more recent 

period, Fagus sylvatica appeared in the area near La Molina at around 2800 cal yr BP. 

Pérez-Obiol et al. (2016) point out that fire could have facilitated its expansion along 

the Cantabrian range during the last millennium. 
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5.2.4. Implications of the 9.3 and 8.2 ka events on the Cantabrian 

landscape  

Apart from the decline in biomass production, the Early Holocene climate pulses 

(Smith et al., 2016) were not accompanied by other significant ecological implications 

until the 9.3 and 8.2 ka events, when two fire episodes of high magnitude occurred. 

Both events are known to have had a regional scope (Rasmussen et al., 2007, 2014), 

coinciding closely with the Bond event 6 and the first peak of ice-rafted debris within 

the Bond event 5, respectively (Fig. 72; Bond et al., 2001). In the Cantabrian range, 

these climatic phases have been recorded as isotopic oscillations in cave speleothems 

(Domínguez-Villar et al., 2009; Moreno et al., 2010a; Smith et al., 2016; Rossi et al., 

2018; Baldini et al., 2019). In a similar way, the organic matter record of La Molina, 

which has proved to be an efficient proxy to reflect environmental changes (Meyers & 

Lallier-Vergès, 1999), also captured these intervals in the form of falls in organic 

content. 

The climate interpretation performed in Cantabria suggests a relatively humid 

phase between 9900 and 9700 cal yr BP (Rossi et al., 2018). Accordingly, the PAR 

exhibited the highest values of all the record, just before the first fire episode. During 

the 9.3 ka event, temperatures rose and summers became drier in the Cantabrian 

range (Baldini et al., 2019). The 8.2 ka event was also characterised as a dry interval 

close to La Molina (Domínguez-Villar et al., 2009; Smith et al., 2016; Rossi et al., 

2018), even though it was one of the coldest pulses of the entire Holocene (Baldini et 

al., 2019). It has been shown that climate changes of this magnitude can cause major 

fires in a brief period of time (Daniau et al., 2019) since both temperature and humidity 

are acknowledged to be important factors in controlling biomass burning on a regional 

scale (Daniau et al., 2012). Additionally, Power et al. (2008) also point out that 

increased seasonality during the Early Holocene could have regulated the fire regime 

in the Northern Hemisphere. Therefore, the climate pulses recorded during the 9.3 and 

8.2 ka events in the Cantabrian range, together with the large fuel accumulation 

resulting from increased productivity, seem to have been key to the occurrence of the 

first major Holocene fire episodes. 

At a regional scale, increased fire incidence has also been recorded around Europe 

during the Early Holocene (e.g., Power et al., 2008; Daniau et al., 2012; Marlon et al., 

2016). In the Iberian Peninsula, although not all charcoal records have detected 

particularly localised fire intensity during this interval (Carrión & Van Geel, 1999; 

Carrión et al., 2007; Miras et al., 2007; Anderson et al., 2011; Rius et al., 2011, 2012; 
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Connor et al., 2012b; Morales-Molino et al., 2013; Schneider et al., 2016; Garcés-

Pastor et al., 2017; Leunda et al., 2020), there are some sites where fire activity was 

notable. For example, Carrion (2002) detected high intensity of fires between the onset 

of the Holocene and c. 8000 cal yr BP in the Siles lake, while Davis & Stevenson 

(2007) clearly identified macrocharcoal peaks in Hoya del Castillo at around 9500 cal yr 

BP. Fires specifically located during the 8.2 ka event have provided more evidence, in 

particular the charcoal peaks detected in El Portalet (Gil-Romera et al., 2014), Bassa 

de la Mora (Pérez-Sanz et al., 2013; Leunda et al., 2020) and Laguna Guallar (Davis & 

Stevenson, 2007). Therefore, the link between climate and fires seems to be 

confirmed. In any case, it should be considered that these fire episodes represented an 

opportunity to create open areas exploited by various Mesolithic groups. Furthermore, 

Mesolithic hunter-gatherers could have taken advantage of the arid conditions to start 

the fires, which would represent a shared strategy with other European regions. 

Whether the origin of fires was climatic, as seems to be the case, anthropic, or 

resulted from the combination of both factors, the 9.3 and 8.2 ka fire episodes brought 

about a profound change in the Cantabrian landscape, representing a turning point 

towards a more open environment. Both episodes triggered one-off biomass declines 

affecting the vast majority of plant taxa, similar to the aforementioned Early Holocene 

climate pulses of wetting and drying conditions. Pines were the least affected species, 

leading to a percentage increase especially well-recorded within the 8.2 ka event. Its 

lesser impact may be due to the fact that its pollen signal could have come from a 

regional area given its large pollen dispersion (Poska & Pidek, 2010), and thus being 

less affected by the local fires detected in La Molina. Betula, on the other hand, was 

seriously affected, and its presence became minimal after the 9.3 ka fire event. The fire 

episode created forest clearings dominated by grasses and Pteridium, and in this 

scenario hazels could colonise and develop well to become important components of 

mixed deciduous formations which have dominated the landscape until the present. 

Although Corylus is an important element in the secondary succession of many 

temperate forests (Hegi, 1981; Carreras et al., 2016), it should be noted that its 

expansion during the mid-Holocene did not merely represent a secondary colonisation 

after fire episodes, but rather the species was part of a stable community that remained 

in equilibrium for several millennia. Here, the set of modern surface samples analysed 

in Cantabrian mixed deciduous forests revealed a close degree of similarity with the 

pollen composition recorded over the Mid-Holocene in La Molina.  

Although the species succession appears to have been logical, the arboreal 

biomass did not regain previous values during the Mesolithic or increase following 
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climatic wetter pulses (Smith et al., 2016) as it did during the Early Holocene (Fig. 72). 

This situation leads us to believe that vegetation was no longer solely influenced by 

climate features, but rather the anthropic factor could have begun to contribute 

significantly to the configuration of the landscape during this period. Several Mesolithic 

groups were settled in the Cantabrian littoral and mid-mountain areas up to 750 m a. s. 

l., some of them documented in La Molina valley (Pérez-Bartolomé, 2019). It is known 

that Corylus was exploited by these Mesolithic groups, who used its wood for 

manufacturing tools and as fuel and hazelnuts as a source of food (Uzquiano, 2018). 

What is clear, however, is that fire was not employed to maintain this vegetation 

community, as indicated by the macrocharcoal curve. Also, the detection of 

coprophilous Cercophora might also indicate an increase in animal presence in La 

Molina’s surroundings, which most likely benefited from the forest openings and may 

also have contributed to its maintenance by eating herbs and tree fresh buds. It is 

assumed that the coprophilous signal probably indicates an increase of wild animals 

rather than farming activities, since the oldest domesticated fauna remains date 

approximately from 6900 to 6500 cal yr BP in the Cantabrian region (Cubas & Fano, 

2011). Taking everything into account, increased human pressure and animal presence 

in the Cantabrian region could have regulated the vegetation biomass, thus explaining 

the absence of pollen influx peaks from the 8.2 ka event onwards.  

As regards NPP composition, a peak of cyanobacteria heterocysts (cf. Rivularia, 

HdV-170) was recorded from 9400 to 9200 cal yr BP. This is a highly localised peak 

that coincides with the first major fire episode. It is known that some species of 

Rivularia develop well in nutrient-enriched environments (Mateo et al., 2010) along with 

other heterocystous cyanobacteria (Porter et al., 2008). The presence of Rivularia 

could therefore be explained by nutrient inputs resulting from erosion after the fire 

events.  

There was also a degree of fungal presence after the cf. Rivularia peak. 

Asterospora (HdV-496), a fungal remain that has been associated with Molinia sp. 

tussocks (Van Smeerdijk, 1989), increased in La Molina coinciding with the spread of 

Poaceae after the 9.3 ka event. This taxon continued exhibiting a discontinuous curve 

until the Poaceae decline in the Early Neolithic (5000 cal yr BP), when its signal 

disappeared coinciding with the onset of numerous fire events. Thus, a strong 

correlation between Asterospora (HdV-496) and Poaceae has been observed, 

coinciding with the description provided by Van Smeerdijk (1989). 
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Figure 72. Comparison of CHAR, Ice-Rafted Debris (IRD) index: stack of MC52-V29191 + MC21-

GGC22 (Bond et al., 2001), pollen accumulation rate (arboreal: AP + non arboreal: NAP), organic matter 

and δ
18

O from the NGRIP ice core, adapted from Rasmussen et al. (2014). At the top of the figure, the 

chronology for the Würm glaciation based on Greenland Stadials (GS) and Greenland Interstadials (GI) is 

shown (Rasmussen et al., 2014), and also the stages for the Holocene based on Walker et al. (2018, 

2019). The Younger Dryas Stadial (YD), Heinrich event 1 (H1; Heinrich, 1988; Bond et al., 1992; 

Hemming, 2004) and the substages of the Greenland Interstadial 1 (a-e) are indicated.  
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Tilletia cf. sphagni (HdV-27) has been recorded in the same PAZ as Asterospora 

(HdV-496). This is a fungus known to infect Sphagnum cuspidatum (Van Geel, 1978), 

but for now this connection cannot be proved in La Molina due to the lack of analyses 

on plant macroremains. Sphagnum cuspidatum is a hygrophilous taxon that can live in 

oligotrophic lentic waters and at the edge of ponds, creating a suitable environment for 

subsequent colonisation by graminoid species or Cyperaceae (Fernández-Prieto et al., 

1987; Daniels & Eddy, 1990). The presence of Sphagnum cuspidatum would suggest 

that the sedimentary deposit of La Molina still exhibited some lacustrine features, 

although the lack of pollen of aquatic taxa, algae and Copepoda spermatophores 

suggests a different environment from older intervals. 

5.2.5. The creation and maintenance of open areas through the use 

of fire since the onset of agricultural practices 

Pérez-Obiol et al. (2016) attribute an age of 6735 - 6495 cal yr BP to the oldest 

cereal pollen. The study of deeper sediment in La Molina has not yielded older cereal 

evidence. Thus, according to the updated chronological model, an age of c. 6660 cal yr 

BP is estimated for the oldest Cereal pollen in line with other locations from the 

northern Iberian Peninsula (Zapata, 2002; Zapata et al., 2004; Iriarte-Chiapusso et al., 

2005; Peña-Chocarro et al., 2005; Iriarte-Chiapusso, 2009; López-Merino et al., 2010). 

Likewise, the domestication of animals for human consumption went hand in hand with 

the beginning of agriculture, with an estimated origin age between 6900 and 6500 cal 

yr BP (Cubas & Fano, 2011). In this regard, significant percentages of Cercophora, 

followed by Sporormiella, have been detected since the onset of the Neolithic, 

providing evidence of this grazing pressure. Agricultural practices brought with them 

the need to create forest openings and the use of fire became frequent from 5700 cal 

yr BP onwards, as indicated by the macrocharcoal record. In this case, the increase in 

the PAR detected between 5000 and 4000 cal yr BP, just before the beginning of fire 

activity, may not reflect a biomass increase as it did during the Early Holocene climate 

pulses. An increase in the peat bog sedimentary accumulation rate (Fig. 59) is probably 

responsible for such high values of PAR, which therefore do not reflect any climate 

pulse. 

Although the fire signal increased from 5700 cal yr BP onwards, it is not until 5000 

cal yr BP that fires started exhibiting a more prominent magnitude. It seems that the 

maintenance of the continuous fire signal is likely due to anthropogenic causes, such 

as the need to preserve open spaces, yet a climatic relationship could be attributed to 

the main fire peaks linked to Bond cycles (Bond et al., 2001) as discussed in Pérez-
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Obiol et al. (2016). In this respect, it is plausible that the fire magnitude may have been 

particularly intense following climatic pulses. In the Cantabrian range, several intervals 

of variable rainfall amount were detected during the Late Holocene (Domínguez-Villar 

et al., 2008). Therefore, the increased fire intensity, expressed as high magnitude fire 

peaks from 5000 to 1000 cal yr BP, might have resulted from the succession of these 

drier climate intervals. 

Although the use of fire created forest openings, the arboreal composition does not 

seem to have been strongly influenced. It is observed that some trees, such as Alnus 

or Fagus, started to expand thereafter, as already discussed in Pérez-Obiol et al. 

(2016). On the other hand, the most notable change is found in the composition of non-

arboreal species. Open areas were henceforth dominated by some Ericaceae instead 

of grasses and Pteridium. The signal of Gentiana pneumonanthe-type was also lost 

perhaps linked to the increased fire activity and grazing pressure, a signal of the 

significant landscape anthropisation that occurred since the onset of the Neolithic. This 

succession is explained by the fact that temperature stimulates the germination of 

some heaths, as well as most Erica spp. can resprout well after fire events (Iglesia-

Rodríguez, 2010). Similarly, Calluna vulgaris, a typical species from dry raised peat 

bogs (e.g., Van Geel, 1978; Pérez-Haase, 2015), was established in La Molina which 

may reflect an aridification process. The sharp increase in Phragmoconidies (HdV-10) 

and Meliola sp. (HdV-14), a pair of well-known fungal parasites of Calluna vulgaris 

(Van Geel, 1978), would confirm the presence of heather at a local scale. Additionally, 

the significant peak of Phragmoconidies (HdV-10) highlights the arid conditions of the 

peat bog since this taxon releases more conidia under dry conditions due to the 

decomposition of the plant roots and its thin-walled mycelium (Van Geel, 1978). 

Conversely, the presence of Didymoascospores (HdV-18) is not linked to any 

Ericaceae but instead to Cyperaceae (in particular, it is associated with Eriophorum 

vaginatum: Van Geel, 1978), which also increased at the beginning of the fire events. 

At the same time (5000 cal yr BP), a peak of Amerosporae (UG-1168) was also 

detected. Little information has been found about the ecological meaning of this group, 

although its presence may reflect the local features of that period. It might perhaps be a 

parasite of certain Ericaceae, similar to Phragmoconidies (HdV-10) and Meliola sp. 

(HdV-14). Equally, it might have been the outcome of an erosion process provoked by 

the fire events, similar to the interpretation of cyanobacteria heterocysts (cf. Rivularia, 

HdV-170). At all events, analyses of plant macroremains would certainly help to 

establish relationships between this and other NPPs and the freshwater ecosystem and 

should therefore be considered in future explorations of La Molina sediments. 
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On the basis of the results obtained, the composition of the Cantabrian landscape 

has been constantly changing over the last 17,550 years as can be seen in the PCA 

(Fig. 73). Certain communities are clearly different from the current landscape, such as 

the open grasslands described during the Last Glacial Period and the subsequent 

dominance of Betula. The Mid-Holocene landscape, by contrast, closely resembled 

present-day mixed deciduous forests while the last c. 1900 years (PAZ MOL/4b) 

reflected the expansion of some forest species, such as Fagus sylvatica, and the 

increase of Platanus, Pinus and Eucalyptus plantations in the Cantabrian region. 

 

 

Figure 73. Principal component analysis of the plant formations analysed within the pollen rain 

calibration (in triangles) and the pollen assemblage zones of the MOL2/MOL6 record of La Molina peat bog 

(in circles). Explained variance: 27.92%. 
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5.3. Fire regime comparison between La Molina and other 

Cantabrian sites since the Neolithic 

In addition to La Molina (484 m a. s. l.), the fire regime has also been characterised 

in Cantabria in El Sertal (940 m a. s. l.) and El Cueto de la Avellanosa (1320 m a. s. l.) 

peat bogs (Carracedo et al., 2018). That research revealed unequal fire regimes 

between La Molina and the other two sites, with a significantly higher sedimentary 

macrocharcoal (>150 µm) influx recorded in La Molina (Fig. 74). Carracedo et al. 

(2018) mainly attributed these differences to geomorphological reasons, since the size 

and type of the catchment area play a very important role in the dispersion of 

macrocharcoals through the atmosphere (Rius et al., 2011). Given their size, charcoals 

larger than 150 µm are mainly deposited within a 7 km radius from their source 

(Whitlock & Millspaugh, 1996) and consequently their distribution is strongly 

conditioned by the morphology of each basin. In this respect, La Molina peat bog is 

located in a concave basin which makes it possible to record charcoals from a wide 

area. By contrast, both El Sertal and El Cueto de la Avellanosa are located at the top of 

hills, which can lead to the reception of a lower charcoal input since they are only able 

to capture charcoals from lower altitude stages that rise to the summit on air currents. 

However, although the role of geomorphology seems to have been the determining 

factor, the possibility that there was simply less fire activity at the altitudinal range of El 

Sertal and El Cueto de la Avellanosa, at around 1000 m a. s. l., could not be ruled out. 

Now, a new macrocharcoal record is presented for El Cueto de la Espina (1120 m a. s. 

l.), a peat bog located in a small headwater basin at a similar altitudinal range. The 

macrocharcoal record revealed greater charcoal input than in El Sertal and El Cueto de 

la Avellanosa, consistent with the geomorphology of each site. This would confirm 

major fire episodes since the Neolithic period at around 1000 m a. s. l. Equally, these 

results also underscore the importance of geomorphology regarding the ability to 

record macrocharcoals, which makes it difficult to compare the intensity of fires 

between the different regions. In any case, it is interesting to examine whether there 

have been similarities in the timing of macrocharcoal peaks at different sites to decide 

whether there has been any regional pattern affecting the fire regime, perhaps linked to 

climate. In this line, several papers have examined the influence of the anthropic and 

climate factors, such as increasing dryness, on determining the frequency and intensity 

of the fire regime over the Holocene, especially from the Neolithic period onwards (e.g., 

Vannière et al., 2008; Rius et al., 2009; Mercuri & Sadori, 2014; Gil-Romera et al., 

2014; Sadori et al., 2015; Beffa et al., 2016). 
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Overall, a similar pattern is observed between the fire regimes deduced from La 

Molina and El Cueto de la Espina. Fire episodes started at around c. 5700 cal yr BP at 

both sites and exhibited charcoal peaks during the Neolithic and Chalcolithic. Summers 

became progressively drier from 5900 cal yr BP onwards to reach pronounced summer 

aridity between 4500 and 4200 cal yr BP (Baldini et al., 2019), coinciding with Bond 

event 3 (Bond et al., 1997, 2001). Baldini et al. (2019) reported Mediterranean-like 

conditions in the northern Iberian Peninsula at that time. Consistent with this, the fire 

magnitude increased at each site with local charcoal maximums around Bond event 3 

(Fig. 74) which revealed a strong correlation with climate. In El Cueto de la Espina, 

there was no cereal evidence until the Bronze Age – Iron Age period (Rodríguez-

Coterón, unpublished PhD thesis), and the lack of anthropic evidence reinforces the 

hypothesis that fires were climatically induced at that site. By contrast, cereal pollen is 

recorded in La Molina since the Neolithic. Humans may have taken advantage of the 

climate conditions to increase fire activity due to their need to create and maintain 

agricultural fields or at least forest openings. 

The macrocharcoal record showed a lack of fire evidence during the Bronze Age in 

El Cueto de la Espina. The absence of dry climate features detected during that 

interval (Baldini et al., 2019) would have reduced the number of fires. By contrast, there 

were significant fire events in La Molina at a local level, which suggests that the 

anthropic factor was still more important than at higher altitudes. It was not until Bond 

event 2 (c. 2800 cal yr BP) when the macrocharcoal record increased again in El Cueto 

de la Espina, coinciding with another charcoal peak in La Molina. Increased fire 

evidence was also detected in El Cueto de la Avellanosa, suggesting a common 

response to the climate shift.  

Human presence increased in the surroundings of El Cueto de la Espina from the 

Iron Ages and the Roman period onwards with the construction of several fortified 

structures – Castros – in the region of Campoo (Obregón-Goyarrola, 2010), which 

encompasses El Cueto de la Espina. In lockstep, fire events increased over these 

epochs, suggesting that the mountain landscape may have been more controlled by 

the anthropic factor. The increase of Cerealia pollen from c. 2000 cal yr BP onwards in 

El Cueto de la Espina (Rodríguez-Coterón, unpublished PhD thesis) reinforces this 

argument. In La Molina, fire magnitude decreased from the Late Iron Age onwards. 

One possible explanation might be that fires were probably no longer intended to burn 

new forest areas but only to maintain them, meaning that no tree species were burnt 

but rather only shrubs and grasses. Macrocharcoals contain vascular bundles and 

therefore do not reflect the burning of grasses (Scott, 2010), which results in fewer 
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macrocharcoals generated. In addition to this factor, the landscape was also kept open 

by growing demand for charcoal from the 12th century onwards (García-Alonso, 1999) 

which extracted trees from the area without the generation of forest fires. 

 

 

 

 

 

 

Figure 74. Charcoal accumulation rate (CHAR) of sedimentary macrocharcoals (>150 µm) and 

arboreal pollen percentages from Cantabrian peat bogs: La Molina, El Sertal, El Cueto de la Espina and 

El Cueto de la Avellanosa. A different scale is used on the CHAR axes. The Ice Rafted Debris index from 

the MC52-V29191 + MC21-GGC22 stack and Bond events are also shown (Bond et al., 1997, 2001). Data 

from El Sertal were obtained from Carracedo et al. (2018), macrocharcoal data from El Cueto de la 

Avellanosa were obtained from Carracedo et al. (2018), palynological data from El Cueto de la Avellanosa 

were obtained from Mariscal (1987) and palynological data from El Cueto de la Espina were obtained from 

Rodríguez-Coterón (unpublished PhD thesis). 
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5.4. Trace metal inputs in La Molina peat bog 

5.4.1. Basal sediments 

The values of the trace metals and Pb isotopic composition of La Molina peat bog 

(Cantabria) have been presented for a depth from 0 to 260 cm. First at all, we sought to 

determine whether the Pb isotopic signal of the basal sediments (260 – 220 cm depth) 

corresponded to background values or on the contrary were affected by some kind of 

allocthonous metal input. For this purpose the Pb isotopic composition of the 260-220 

cm interval, which mainly corresponds to the Neolithic section of the record, was 

compared with the Pb isotopic composition of various geological districts of the 

northern Iberian Peninsula (Velasco et al., 1996, 2003), which revealed some kind of 

differences among them (Fig. 75). The Pb isotopic signal closest to La Molina’s 

Neolithic interval corresponds to Palaeozoic materials, specifically those from the 

Sierra de la Demanda at about 100 km from La Molina peat bog. However, La Molina is 

surrounded by Quaternary sediments deposited on Mesozoic rocks, mainly Jurassic 

and Cretaceous, whose Pb isotopic composition differs from the deepest interval 

analysed in La Molina. These differences might simply be explained by the fact that the 

materials analysed were not the same in the geological districts (galena) as in La 

Molina (peat). Nevertheless, another possibility is that some metal inputs might have 

led to the isotopic differences between La Molina’s Neolithic section and Cretaceous 

rocks. In this regard, the results provided in this study revealed significant 

concentrations of trace metals during this interval. The major concentrations of 

lithogenic elements and the oscillations of the organic matter record, however, suggest 

that the origin of the trace metals is probably not atmospheric but mainly geogenic. The 

low atmospheric input would be consistent with the lack of mining evidence on the 

Cantabrian littoral during the Neolithic. If it is due to erosion processes rather than 

atmospheric inputs, it is not possible to determine whether the erosion was a result of 

anthropogenic activities or natural causes. 

In future research, it would be useful to analyse the trace metal content and Pb 

isotopic composition of deeper sediments of La Molina, for example those from the 

MOL6 record (up to 499 cm depth), and also to determine the Pb isotopic composition 

of the rocks surrounding La Molina. This would help to decide whether Pb isotopic 

composition varied during the Neolithic in comparison to earlier cultural phases or it 

simply corresponded to background values. 
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Figure 75. Top: geological sketch map of the Basque-Cantabrian region showing the location of districts and 

Zn-Pb mineralisations where the Pb isotopic composition of galena was analysed, modified from Velasco et al. 

(1996, 2003). The location of La Molina peat bog (Cantabria) is also shown. Bottom: three-isotope plots of the 

deepest Pb isotopic composition samples from La Molina peat bog (226 – 260 cm depth), Cantabria, compared 

to the Pb isotopic composition of galena samples from the Basque-Cantabrian region (data obtained from 

Velasco et al., 1996). 
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5.4.2. The Chalcolithic: the onset of mining activities? 

 A first metal peak is detected at around 5500 cal yr BP, which is also reflected by 

the geochemical normalisation. This age coincides with the beginning of fire episodes 

in La Molina, revealed by the first peak of sedimentary macrocharcoals (Fig. 76). The 

Pb composition also shifted at that point, and therefore it may be that the ashes of fires 

might have contributed to the isotopic shift in Pb composition. Nevertheless, the 

disturbance that is likely to have influenced the isotopic signal most significantly is the 

increase in metal dust. Could this point mark the beginning of mining activities in 

Cantabria?  

 

The period between the Chalcolithic and the Bronze Age is characterised by a lack 

of known mining activities in Cantabria. To date, there is no evidence of copper 

exploitation since its deposits are scarce and irregular in the region (Mantecón, 2000). 

However, copper mining did take place in Asturias and northern León. The mines 

include the ones at El Milagro, El Áramo and La Profunda, located about 90 km, 120 

km and 140 km from La Molina, respectively. Martínez-Cortizas et al. (2016) found 

evidence of mining activity in the form of metal inputs (Cu, Cr and Zn) and a shift in the 

Pb isotopic composition in La Molina mire, Asturias. Both in La Molina peat bog 

(Cantabria, this study) and in La Molina mire (Asturias, Martínez-Cortizas et al., 2016) 

a lower proportion of 206Pb has been detected in the Chalcolithic, Bronze and Iron Ages 

Figure 76. Pb/Ti, Ni/Ti, 206Pb/207Pb and charcoal accumulation rate of sedimentary macrocharcoals (>150 

µm) from the MOL2 record for La Molina peat bog, Cantabria. 
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than in the Neolithic (Fig. 77), which could indicate a similar type of contamination. In 

La Molina peat bog, the possible existence of mining during the Chalcolithic and Early 

Bronze Age is also reinforced by increases in Pb, Ni and Cr. Geogenic input is ruled 

out since the lithogenic elements (Al and Ti) displayed background values until the 

Roman period and organic matter did not reflect any mineral input (Fig. 66). However, it 

is difficult to discern whether the peat bog captured metal dust from a local origin or 

whether it received inputs from more distant mines, such as those in Asturias and 

northern León. 

 

In order to address this uncertainty, the Pb isotopic signal from La Molina peat bog 

was compared with the copper minerals’ signal from El Áramo, El Milagro and La 

Profunda mines. As shown in Figure 78, all samples from La Molina’s record are 

outside the Pb isotopic range of the copper minerals from the Asturian and northern 

León mines (Huelga-Suarez et al., 2012, 2014a, 2014b). Thus, the isotopic signature 

suggests a different trace metal origin than the westerly mines. Could this Pb isotopic 

signal correspond to different mining exploitation? If so, we would be talking about 

hitherto unidentified mining, or at least for which we have not found any associated 

references. 

 

Figure 77. Three-isotope plot of the Neolithic, Chalcolithic, Bronze and 

Iron Ages showing the Pb isotopic composition of the peat samples from La 

Molina peat bog, Cantabria (this study), and from La Molina mire, Asturias 

(Martínez-Cortizas et al., 2016). 
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5.4.3. Mining during the Iron Age, the Roman period, Late Antiquity 

and the Early Middle Ages 

While the trace metal signal was low during the Late Bronze Age, the Iron Age was 

a turning point in terms of metal exploitation. Contrary to the case of copper, Cantabria 

hosted several iron ore mines (Mantecón, 2000) that were operated as a result of the 

growing need for iron to build fortifications and develop war-like equipment (Torres-

Martínez, 2010). Iron dust analyses were not performed in this study. However, the 

increase in Ni could be explained as a secondary residue of the iron mining. 

Mining activities became more evident during the Roman period with a total of ten 

mines exploited on the Cantabrian littoral plain (Mantecón, 2000). The most important 

were in Peña Cabarga, 20 km from La Molina, and it is believed that the mining could 

have been carried out either in galleries or in opencast mines given the ease of 

obtaining the minerals (Mantecón, 2000). Together with iron, Pb and Zn ores were the 

most mined, and the principal extractions were of hematite (Fe2O3), goethite (FeO2H), 

Figure 78. Three-isotope plot of La Molina Pb isotopic composition showing the 

Pb isotopic composition of copper ore samples (malachite and azurite) from the 

Sierra de El Áramo mines, Asturias (Huelga-Suarez et al., 2012), El Milagro mine, 

Asturias (Huelga-Suarez et al., 2014a) and La Profunda mine, northern León 

(Huelga-Suarez et al., 2014b).  
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galena (PbS), cerussite (PbCO3) and calamine (ZnO). The increase of most trace 

metals (Ni, Cd, Zn and Pb) and a shift in the Pb isotopic composition clearly reflected 

the growth of mining at that time. The effects of Roman mining and metallurgy have not 

only been detected in Cantabria but also in other north-western Iberian regions such as 

Galicia (Martínez-Cortizas et al., 2002), Asturias (Martínez-Cortizas et al., 2013) and 

Zamora (Hillman et al., 2017). In contrast, the exploitation of gold ore is not 

documented in Cantabria, whereas it was found in greater quantities in Asturias and 

Galicia (Lewis & Jones, 1970; Spiering et al., 2000). The absence of gold evidence in 

detected in the analyses would confirm the lack of gold exploitation in the central sector 

of Cantabria. 

Further on, a drop in trace metal content was detected after the fall of the Roman 

Empire, which could be related to the subsequent economic and social stagnation of 

Late Antiquity leading to a decrease in mining activities over a few centuries. From c. 

1300 cal yr BP onwards, however, the metal content rose again, with a similar Pb 

isotopic composition as for the Roman period (Fig. 76). These similarities in Pb isotopic 

composition might suggest that the same mines were exploited in both periods. 

However, trace metal content was significantly higher than in Roman times, which 

perhaps could be the result of technical improvements in ore extraction or rising 

demand for iron. 

5.4.4. Metal inputs from the Late Middle Ages to the present: iron 

and Zn-Pb metallurgy and leaded petrol 

 During the Late Middle Ages, the exploitation of iron continued to be important in 

Cantabria. The first hydraulic finery forges are documented in the 14th and 15th 

centuries CE (Corbera, 1999; Cuerno, 2001). Besides, a cannon industry was 

constructed in 1622 yr CE in Liérganes and La Cavada (García-Alonso, 1999), 20 km 

from La Molina peat bog. There are important trace metal peaks and isotopic shifts that 

are likely related to the different types of exploitation that took place during the Middle 

Ages, although their interpretation is complex due to the major input of lithogenic 

elements. What seems clear is that there was a significant supply of trace metals up to 

at least the 15th and 16th centuries CE, although the Ti normalisation suggests an even 

longer period of atmospheric deposition. 

Further on, there is evidence of the exploitation of the Reocín Zn-Pb deposit 

(Cantabria) during the 19th and 20th centuries CE, located 10 km from La Molina. 

Although there were other Zn-Pb deposits exploited in Cantabria too, all of them are 
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further away from La Molina and were much less worked, so it is likely that the trace 

metal signal of that period came from Reocín. In fact, the Reocín mine has been the 

most important Zn-Pb ore mine in Spain in all its history (Velasco et al. 2003) and was 

the main supplier of Zn in Europe at that time (Fernández et al., 2016). The deposit 

seems to have been exploited from 1856 to 2003 yr CE when its reserves became 

depleted. In particular, around 60 million tonnes of ore were mined with grades of about 

8.7% of Zn and 1% of Pb (Velasco et al., 2003), mainly zinc blende (ZnS), galena 

(PbS) and pyrite (FeS2) (Fernández-González, 2016). The Zn and Pb analyses 

performed in this study accurately reflect the mining activities, increasing from the 

beginning of the 20th century CE to reach maximum values around 1970 cal yr CE (Fig. 

79). Other trace elements also rose in a lower proportion. Zn content decreased from 

that point onwards, which might be explained by the onset of the ore depletion. By 

contrast, Pb content did not fall until the end of the 20th century CE, revealing another 

peak in c. 1997 cal yr CE (Fig. 79). Thus the input of lead probably also reflected the 

use of leaded petrol. Figure 80 shows how the Pb isotopic composition of La Molina 

shifted from pre-modern times to the 20th century CE to reach values closer to the 

isotopic signal of European petrol. During the last 30 years, however, Pb content 

decreased coinciding with the introduction of unleaded petrol. 

 

 

Figure 79. Pb/Ti, Ni/Ti, Zn/Ti and 
206

Pb/
207

Pb of the MOL2 record of La Molina peat bog, Cantabria. 



 160   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 80. Three-isotope plot showing the Pb isotopic composition along the 20
th
 and 21

st 
centuries CE 

and the Precontemporary to Middle Ages sections of the MOL2 record of La Molina peat bog, Cantabria 

(this study). The Pb isotopic composition of European (Monna et al., 1995; Hansmann & Köppel, 2000; 

Ettler et al., 2004) and U.S. (Teutsch et al., 2001) petrol is provided. 
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6. CONCLUSIONS 

 

 

The modern pollen rain of Cantabrian plant formations 

This investigation adds to a growing corpus of research exploring the modern pollen 

rain of various plant communities to better understand palynological diagrams. It fills an 

information gap since it characterises the modern pollen rain of various Cantabrian 

plant formations little studied to date such as the Lauro nobilis-Quercetum ilicis 

community and mixed deciduous forests dominated by deciduous Quercus and Corylus 

avellana. It was also possible to examine some formations that are not very common in 

pollen records such as Eucalyptus globulus plantations due to their presence in the 

study area. The studied plant formations also included open Quercus ilex subsp. ilex 

forests, Fagus sylvatica forests, mosaics of grazed meadows surrounded by vegetation 

of variable composition and Pinus spp. plantations. This work thus improves the pollen 

interpretation of palynological records as it provides additional information about the 

pollen signal of plant formations that had not previously been studied in depth in the 

Iberian Peninsula. 

The exploration of pollen percentages of the main plant taxa (deciduous Quercus, 

Fagus, Pinus, Poaceae, Alnus and Eucalyptus) taking into account the estimated plant 

cover within different areas around the samples can be considered satisfactory. 

Despite the limitations related to the categories of the vegetation maps, which 

prevented analyses of some taxa of interest such as Betula spp. and Quercus ilex 

subsp. ilex, the investigation helps to better understand the meaning of the pollen 

percentages and identify over- and under-represented taxa  

Limited representation of Poaceae pollen has been shown as it never exceeded 

60% of representation even when there was a lack of arboreal taxa within a 1 km 

radius around the samples. In open areas with shrub patches, some taxa such as 

Rubus and Ulex were poorly recorded since they are zoophilous taxa. Ericaceae is also 

a zoophilous family, yet some species can also disperse pollen efficiently by wind. 

Consequently, its pollen was better detected but only when its presence was close to 

the samples and never reached more than 33% of pollen representation. 
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As regards arboreal formations, the Lauro nobilis-Quercetum ilicis association 

revealed a significant representation of evergreen Quercus with pollen values ranging 

between 60 and 77%, while Laurus nobilis was almost not recorded even when it was 

dominant over holm oaks. Similarly, Eucalyptus globulus was another under-

represented taxon. This is probably due to the fact that both species are zoophilous. 

Additionally, Laurus nobilis pollen is not very resistant to physico-chemical treatments.  

The well-known high pollen dispersal of Pinus was also found in the study since it 

accounted for more than 20% of pollen representation in samples with few or no pine 

trees within a 5 km radius. 

Fagus sylvatica exhibited a very strong local component. Within beech forests its 

pollen signal reached 42% but decreased significantly outside them even when beech 

stands were close to the sample and accounted for more than 30% of cover within 1 

km. Likewise, it has additionally been shown that the Alnus signal is also strongly 

influenced by the local presence of riparian forests.  

Finally, the pollen spectrum of mixed deciduous forests reflected the surrounding 

vegetation as it was dominated by deciduous Quercus and Corylus avellana in a 

variable proportion depending on the plant composition of each site. This pollen 

signature is interesting in palaeoecological terms as it similar to that of several 

palynological records from the Cantabrian region during the mid-Holocene such as at 

La Molina peat bog. 

As a methodological conclusion, it has been found that there are no differences in 

pollen concentration between acrocarpous and pleurocarpous mosses and therefore it 

is not necessary to prioritise the sampling of either in pollen calibration studies. 

Interpretation of the plant landscape dynamics in Cantabria over the 

last 17,550 years 

The multiproxy approach adopted in La Molina peat bog (484 m a. s. l. Puente 

Viesgo, Cantabria) is the oldest continuous chronology studied in the northern 

Cantabrian range, spanning the last c. 17,550 years. The use of the pollen 

accumulation rate together with pollen percentages allowed a better interpretation of 

the dynamics of each plant species as well as the detection of biomass pulses that may 

go unnoticed when only pollen percentages are available. Concerning the role of fire, 

the study of sedimentary charcoals (>150 µm) proved to be an efficient tool to detect 

fire episodes and helped to understand some landscape changes, while the organic 
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matter fluctuations served to describe the main lithological phases of the La Molina 

sedimentary record and to identify and delimit climate phases of a regional scope. 

The data indicate that from 17,550 to 13,700 cal yr BP, the landscape was mainly 

composed of non-arboreal species with a dominance of Poaceae accompanied by a 

lower proportion of Artemisia and other xerophyte taxa, something which is broadly 

consistent with other contemporaneous Atlantic sites in the north-western Iberian 

Peninsula. The signal of arboreal pollen, consisting of Pinus, evergreen and deciduous 

Quercus, Betula, Corylus and the occasional presence of other mesophilous taxa, did 

not reach 20%. The landscape was different from higher altitudes in the Cantabrian 

range, where a greater presence of Artemisia has been recorded, and also from the 

southern slope, where there were more extensive pine formations, especially well 

detected in the northern Iberian System. The low signal of Pinus found through all the 

pollen spectra is indicative that the region has never had extensive pine forests in the 

last c. 17,550 years. 

The Bølling-Allerød chronozone (GI-1) came together with warmer climate features, 

Juniperus and Ericaceae pulses and a decrease in Poaceae values. The woody 

colonisation was followed by the spread of Betula at 13,700 cal yr BP, coinciding with 

increased water availability in the Cantabrian region. Betula decreased in favour of 

Poaceae and other herbs with the appearance of tougher climate phases, first during 

the GI-1b and later within the Younger Dryas Stadial (GS-1). Betula fluctuations were 

similar to those detected at other sites in the Cantabrian range and the Pyrenees, 

suggesting a regional response to this climate variability.  

According to the chronological model, a sharp increase in organic matter is detected 

at 12,010 cal yr BP. Shortly afterwards, a mixed deciduous formation with Betula and 

deciduous Quercus (>95% of arboreal pollen) dominated the landscape from 11,900 

cal yr BP. Meanwhile, the expansion of Corylus started some centuries later in line with 

other southern European regions. As a whole, a series of biomass fluctuations were 

detected at 11,600, 11,200, 10,130 and 9600 cal yr BP, probably related to century-to-

millennial scale cyclical shifts of wetting and drying conditions. 

The arid conditions and temperature shifts triggered by the 9.3 and 8.2 ka events, 

which were well delimited by the organic matter content, together with the fuel 

accumulation produced during the Early Holocene were most likely responsible for the 

first significant fire episodes found in the charcoal sequence. The fire episodes 

detected at the 9.3 and the 8.2 ka events brought about significant changes in 

landscape composition and created forest clearances, as indicated by the higher 
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presence of Poaceae and Pteridium. Betula was severely affected and its signal 

sharply decreased, exhibiting minimal values from this point onwards. Meanwhile, the 

establishment of Corylus, a resprouting species well-adapted to fire activity, was likely 

favoured by the fire episodes and an increase in arid climate features and became an 

important component of the mixed deciduous formations together with deciduous 

Quercus from that point onwards. The plant landscape underwent no further significant 

changes until the Neolithic with no biomass fluctuations following climate pulses, 

contrary to what happened during the Early Holocene. It cannot be ruled out that 

anthropic pressure favoured these landscapes during the Mesolithic, although it is clear 

that humans did not use fire to maintain them. The presence of coprophilous fungi 

likely indicates more animal presence, probably fostered by the increase in open areas. 

The updated chronological model indicated an age of 6660 cal yr BP for the first 

cereal pollen grain, corresponding to the appearance of agriculture documented at 

other sites in the Cantabrian region. Moreover, coprophilous fungi maintained stable 

values probably linked to grazing activities. The hypothetical need to create open 

spaces went hand in hand with increased fire activity which involved a change in the 

non-arboreal composition since Calluna vulgaris and other Ericaceae, well-adapted to 

fire, colonised the open areas where Poaceae was dominant. 

The fire regime was also deduced from El Cueto de la Espina peat bog (1120 m a. 

s. l.) and local fire episodes were recorded starting in the Neolithic period (from c. 5700 

cal yr BP onwards) similar to La Molina. A strong fire-related climate component is 

observed at both sites since the charcoal accumulation rate was particularly high 

during the arid phase of the Bond event 3 (c. 4.2 ka event). Later on, fire episodes 

continued to be recorded during the Bronze Age in La Molina but not in El Cueto de la 

Espina. The research suggested that increased anthropic pressure in La Molina related 

to the introduction of agricultural practices might have been responsible for the higher 

number of fires. The lack of fire episodes in El Cueto de la Espina is also consistent 

with the scarce anthropic evidence found in its altitudinal range until the Iron Age and 

Roman times. Later on, the fire regime was again affected at both sites by arid climate 

conditions during the Bond Event 2 (c. 2800 cal yr BP) which also triggered important 

sedimentary macrocharcoal peaks in another Cantabrian peat bog, El Cueto de la 

Avellanosa (Carracedo et al., 2018). During the last c. 2000 years, the number of fire 

events decreased in La Molina probably linked to the fact that it was no longer 

necessary to create open areas but only to maintain them, and therefore tree species 

were not burnt but only grasslands and shrublands. By contrast, fire events increased 
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in El Cueto de la Espina from then onwards, suggesting that the mountain landscape 

may have been more controlled by the anthropic factor after that point. 

More recently, the maximum values of Alnus and the beginning of the continuous 

curve of Fagus in La Molina are situated at 1820 and 1680 cal yr BP, respectively, 

coinciding with the declines of Corylus and deciduous Quercus. The plantations of 

Pinus, Eucalyptus and Castanea carried out in the Cantabrian region during the most 

recent centuries are well detected in the pollen spectra. 

Trace metal inputs in La Molina peat bog 

The study of the trace metal content and Pb isotopic signature of La Molina peat bog 

provided insight into the main pollution phases of the central sector of Cantabria from 

the Neolithic to the present and also made it possible to examine the most likely metal 

sources. 

Significant concentrations of trace metals were found during the Neolithic interval of 

the MOL2 record. However, the considerable geogenic input suggested that they were 

not linked to atmospheric inputs and therefore did not correspond to mining activities at 

that time. The lack of mining evidence during the Neolithic in the Cantabrian region 

would be in line with the absence of atmospheric pollution. Nevertheless, further 

research should examine deeper sediments of La Molina peat bog and the Pb isotope 

composition of the surrounding rocks to better identify whether the trace metal signal 

corresponded to background values or to atmospheric deposition. 

Trace metal content increased significantly during the Chalcolithic and the Early 

Bronze Age in what might be the beginnings of mining in Cantabria. These findings 

coincide in time with the start of metal exploitation in Asturias (Martínez-Cortizas et al., 

2016). The reduction on the 206Pb proportion both in Cantabria and in Asturias 

suggests a similar type of contamination. In Cantabria there are no documented 

exploitations of copper deposits, yet nevertheless the Pb isotopic signature ruled out 

contamination from Asturian or northern León mines, leaving reasonable doubt as to 

whether the pollution came from the Asturias copper deposits or had another source. 

Mining evidence was weak during the Late Bronze Age, while a significant increase 

in Ni was found during the Iron Age. Iron was not analysed in this thesis, but the Ni 

signal could indicate iron mining activities. Evidence of mining is clearer during the 

Roman period with significant increases in Ni, Zn, Cd and Pb, reflecting the important 

mining activities documented for that period in Cantabria (Mantecón, 2000). After the 

fall of the Roman Empire, a drop in trace metal content is observed that might point to 
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the abandonment of mining activities. Mining evidence was found again during the 

Early Middle Ages with a similar Pb isotopic composition to the Roman exploitations, 

suggesting that the same mines could have been exploited during two different periods 

of time. 

Important trace metal inputs and Pb isotopic shifts were detected during the Late 

Middle Ages, showing that this was a period with major iron metallurgy in Cantabria. 

More recently, the exploitation of the Reocín Zn-Pb ore deposit at about 10 km from La 

Molina together with the mining of other Cantabrian Zn-Pb ore deposits is well reflected 

in the Pb and Zn vertical profiles which also entailed an isotopic shift. Zn content 

decreased after the mines closure but Pb still maintained high values, probably 

reflecting pollution from leaded petrol. The Pb isotopic composition shifted towards the 

isotopic signal of European petrol which reinforced this hypothesis. Finally, the 

introduction of unleaded petrol is also captured by the Pb content which has fallen 

significantly over the last 30 years. 
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8. ANNEXES 

 

Annex 1. Sedimentary records of La Molina peat bog 

Figure 81. Lithological profiles of the MOL2, MOL4 m1, MOL6 and MOL7 sedimentary records from 

La Molina peat bog. The colours are faithful to those observed in the laboratory. 
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Annex 2. Organic matter and sedimentary macrocharcoals of the 

MOL2 and MOL6 records of La Molina peat bog over the last c. 7000 

cal yr 

Figure 82. Organic matter and sedimentary charcoal (>150 µm) sequences of the MOL6 and MOL2 

records from La Molina peat bog. Resuls are expressed as charcoal concentration (CHAC) charcoal 

accumulation rate (CHAR). Fire peaks obtained through Charanalysis are also shown.  
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Annex 3. Vegetation description around the modern pollen samples 

 

Table 9. Description of sampling points of Transect A - Altitudinal gradient in the Cantabrian range. 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

PUE-09 Acrocarpous 24 43.450 3.960 Coastal plain 
Coastal dunes with Poaceae and scattered individuals of Cistus sp. and Tamarix sp, 30 m from a 
plantation of Pinus pinaster and P. pinea with understorey of Pteridium aquilinum. 

PUE-08 Acrocarpous 72 43.443 3.948 W 
Grazed meadows and Ulex sp. close to Quercus ilex stands and plantations of Pinus radiata, P. 
pinea and Eucalyptus sp. Scattered presence of Cortaderia sp.  

PUE-07 Acrocarpous 3 43.417 3.957 Coastal plain 
Open forest with a dense growth of Quercus robur / petraea, Salix spp. and not fully developed 
individuals of Betula sp. Presence of some Populus nigra individuals with Rubus sp., Cortaderia 
sp., Fabaceae and Poaceae. Plantation of Eucalyptus sp. nearby. 

PUE-06 Acrocarpous 58 43.396 3.941 W 
Grazed meadows close to Salix sp., Ulex sp. and Cortaderia sp. Nearby stand of Lauro nobilis-
Quercetum ilicis of approximately 0.5 ha, mainly composed of Quercus ilex, Laurus nobilis, 
Arbutus unedo and Prunus spinosa.  

PUE-05 Acrocarpous 18 43.373 3.962 Bottom of a valley 

Grazed meadows of Poaceae, Fabaceae, Apiaceae, Asteraceae and Plantago sp. close to 
riparian vegetation (Salix sp., Alnus glutinosa, Fraxinus sp. and Populus nigra at a lower 
proportion). Plantation of Eucalyptus sp. nearby and close presence of allocthonous species such 
as Reynoutria japonica. 

PUE-04 Acrocarpous 41 43.351 3.963 Bottom of a valley 

Grazed meadows close to a urban area with allocthonous taxa such as Hydrangea sp., 
Euonymus sp., Citrus sp., Eriobotrya japonica, Bambusoideae, Ficus carica and Hibuscus sp. 
Close presence of Eucalyptus sp. and Platanus sp. plantations and scattered individuals of 
Corylus avellana. 

PUE-03 Acrocarpous 39 43.336 3.972 Bottom of a valley 

Grazed meadows with scattered individuals of Corylus avellana, Quercus robur / petraea, Laurus 
nobilis, Sambucus nigra, Juglans regia and Polystichum sp. Slope with nitrophilous taxa (Urtica 
dioica, Geranium sp., Rumex sp., Mentha sp., Ranunculus sp. and Asteraceae), riparian 
vegetation and plantations of Eucalyptus sp. and Platanus sp. 

PUE-02 Pleurocarpous 47 43.318 3.959 Bottom of a valley 

Megaforbic grassland with Urtica dioica, Galium sp., Asteraceae, Ranunculaceae and Poaceae. 
Close presence of mixed deciduous forest stands with Corylus avellana, Sambucus sp., Fraxinus 
excelsior, Ulmus sp. and Rubus sp. Plantations of Eucalyptus sp. and scattered individuals of 
Platanus sp. nearby. 

PUE-01 Acrocarpous 50 43.305 3.965 SE 

Non-grazed meadows surrounded by mixed arboreal formations of Quercus robur / petraea, Tilia 
sp., Alnus sp. Fraxinus sp., Sambucus nigra and Salix sp. Plantations of Platanus sp. and 
Eucalyptus sp. nearby. Abundant Plantago sp. and Rumex sp. close to the sample.  

COR-35 Pleurocarpous 73 43.294 3.963 NE 

Grazed meadows close to Quercus ilex stands, mixed deciduous forest stands (Quercus robur / 
petraea, Corylus avellana, Salix sp. and Sambucus nigra) and plantations of Eucalyptus sp. and 
Platanus sp. nearby. 

COR-32 Acrocarpous 86 43.271 3.947 Bottom of a valley 

Grazed meadows close to Quercus ilex stands, mixed deciduous forest stands (Quercus robur / 
petraea, Corylus avellana, Salix sp. and Fraxinus sp.) and plantations of Pinus sp. and 
Eucalyptus sp. nearby. 

COR-30 Acrocarpous 106 43.253 3.948 NE 

Grazed meadows close to an urban area with Sambucus nigra, Rubus sp. and Urtica dioica. 
Sample at the edge of a mixed deciduous formation (Fraxinus sp., Quercus robur / petraea, 
Corylus avellana and Hedera helix), with scattered individuals of Quercus ilex. Plantations of 
Eucalyptus sp. and Pinus sp. nearby. 
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COR-28 Acrocarpous 124 43.236 3.948 E 

Urban open area surrounded by grazed meadows and close to riparian vegetation, mixed 
deciduous forest stands and plantations of Pinus sp. and Eucalyptus sp. 

COR-26 Acrocarpous 144 43.219 3.943 NE 

Grazed meadows surrounded by riparian vegetation, mixed deciduous forest stands and 
plantations of Pinus sp. and Eucalyptus sp. 

COR-24 Acrocarpous 163 43.206 3.934 NE 

Grazed meadows with close presence of Asphodelus sp., Urtica dioica and ferns. There are 
scattered individuals of Quercus robur / petraea, Corylus avellana, Salix sp., Fraxinus sp., 
Populus nigra, Sambucus nigra and Rubus sp. 

COR-22 Mixed 192 43.191 3.914 NE 

Grazed meadows with close presence of Urtica dioica, Rubus sp. and ferns. Scattered individuals 
of Quercus robur / petraea, Corylus avellana, Castanea sativa, Laurus nobilis, Fraxinus sp. and 
Sambucus nigra. Plantations of Pinus sp. nearby. 

COR-20 Pleurocarpous 156 43.175 3.903 NE 

Small grazed meadow (5 ha) surrounded by riparian vegetation (dominated by Salix sp.) and 
dense mixed deciduous forest stands (mainly Quercus robur / petraea and Corylus avellana). 
Plantations of Eucalyptus sp. and Pinus sp. on the slopes. Prunus sp., Sambucus nigra, 
Castanea sativa, Laurus nobilis and Urtica dioica close to the sample. 

COR-18 Pleurocarpous 236 43.162 3.898 E 

Grazed meadows surrounded by mixed deciduous forest stands with Quercus robur / petraea and 
Corylus avellana with Pteridium aquilinum understorey and close to riparian vegetation (Salix sp., 
Fraxinus sp. and Populus nigra). Plantation of Eucalyptus sp. at 60 m and plantation of Pinus 
radiata on the slope. Scattered individuals of Castanea sativa and Prunus avium. 

COR-16 Pleurocarpous 261 43.144 3.899 Bottom of a valley 

Mixed deciduous forest stands with Quercus robur / petraea and Corylus avellana. Riparian 
vegetation with Alnus glutinosa. Grazed meadows. Slope with Betula sp., Ulex sp., Erica sp. and 
Calluna vulgaris. Scattered individuals of Eucalyptus sp. 

COR-14 Pleurocarpous 305 43.127 3.901 E 

Grazed meadows close to a plantation of Eucalyptus sp. Nearby plantation of Pinus radiata and 
mixed deciduous forest on the slope, with Quercus robur / petraeae, Corylus avellana, Fagus 
sylvatica and Clematis sp. Close presence of Fraxinus sp., Salix sp., Ficus carica, Prunus avium 
and Prunus dulcis. 

COR-12 Pleurocarpous 342 43.112 3.902 NE 

Mixed deciduous forest with Quercus robur / petraea and Corylus avellana, close to riparian 
vegetation (Salix sp. and Populus nigra) and surrounded by grazed meadows and plantations of 
Pinus radiata and Eucalyptus sp.  

COR-10 Pleurocarpous 395 43.095 3.898 NE 

Grazed meadows and scattered individuals of Populus nigra, Fraxinus sp., Salix sp., Sambucus 
nigra and Rubus sp. Stands of Quercus robur / petraea and plantations of Eucalyptus sp. and 
Pinus sp. nearby.  

COR-08 Pleurocarpous 628 43.078 3.893 NE 

Grazed meadows with scattered individuals of Fraxinus sp. and Salix sp. and mixed deciduous 
forest stands of Fagus sylvatica and Quercus robur / petraea nearby.  

COR-06 Acrocarpous 780 43.065 3.885 Bottom of a valley 

Grazed meadows of Poaceae, Vicia sp., Trifolium sp., Plantago sp., Apiaceae and close presence 
of Rubus sp. Scattered individuals of Quercus robur / petraea.  

COR-05 Pleurocarpous 930 43.055 3.886 NNE 

Grazed meadows. 

COR-04 Pleurocarpous 1003 43.048 3.879 N 

Grazed meadows of Poaceae, Primula sp., Trifolium sp., Ranunculus sp., Pteridium aquilinum, 
Ulex sp. and Erica sp. 

COR-02 Pleurocarpous 874 43.031 3.860 NNE 

Grazed meadows of Poaceae, Viola sp., Apiaceae, Ranunculus sp., Achillea millefolium and 
Plantago sp. Important cover of Ulex sp., Erica sp., Rubus sp., Pteridium aquilinum and scattered 
individuals of Rhamnus sp., ornamental Cedrus sp. and plantations of Pinus sp nearby.  
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Table 10. Description of sampling points of Transect B - Northern and southern slopes of the 

Cantabrian range. 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

PAS-34 Mixed 207 43.170 3.887 Bottom of a valley 
Grazed meadows at the edge of a plantation of Pinus sp. with close presence of riparian 
vegetation with Fraxinus excelsior and Alnus glutinosa. Small plantations of Eucalyptus sp. and 
Platanus sp. nearby. On the other slope patches of mixed deciduous formations dominated by 
Quercus robur / petraea and Corylus avellana.  

PAS-32 Acrocarpous 228 43.174 3.866 Bottom of a valley 
Grazed meadows at the edge of a plantation of Pinus sp. and mixed deciduous forest stands 
dominated by Corylus avellana and Quercus robur / petraea, with presence of scattered 
individuals of Laurus nobilis. Riparian vegetation nearby dominated by Fraxinus excelsior and 
secondary presence of Alnus glutinosa and Populus nigra. 

PAS-30 Acrocarpous 259 43.169 3.845 Bottom of a valley 
Grazed meadows close to mixed deciduosu stands dominated by Quercus robur / petraea, 
presence of Castanea sativa and scattered individuals of Laurus nobilis and Platanus sp. Riparian 
vegetation nearby with Fraxinus excelsior and Alnus glutinosa.  

PAS-28 Acrocarpous 298 43.160 3.815 Bottom of a valley 
Grazed meadows close to a plantation of Pinus sp. and patches of mixed deciduous formation 
dominated by Quercus robur / petraea and Corylus avellana. Scattered presence of Crataegus 
monogyna, Quercus ilex subsp. ilex, Castanea sativa. Pteridium aquilinum close to the sample.  

PAS-26 Acrocarpous 338 43.160 3.786 Bottom of a valley 
Grazed meadows close to an urban area with close presence of Fraxinus excelsior, Rubus sp. 
and Hedera helix. Individuals of Betula sp. and riparian vegetation nearby. Distant plantations of 
Pinus sp.  

PAS-19 Pleurocarpous 386 40.443 3.739 SW 
Grazed meadows close to riparian vegetation. Presence of shrubs, such as Daboecia cantabrica 
and Ulex sp. Ornamental species nearby, among them one adult Picea sp. 

PAS-17 Acrocarpous 614 43.137 3.732 S 
Grazed meadows of Festuca sp. Distant patches of mixed deciduous formations, probably with 
Quercus robur / petraea or Fagus sylvatica.  

PAS-16 Acrocarpous 697 43.125 3.721 NW 
Grazed meadows of Festuca sp., Erica sp., Ulex europaeus and Pteridium aquilinum. Scattered 
presence of Corylus avellana, Betula sp. and Fagus sylvatica. Close presence of Prunus spinosa. 

PAS-15 Acrocarpous 788 43.121 3.714 NW 
Grazed meadows of Festuca sp., Ulex europaeus., Erica sp. and Pteridium aquilinum. Scattered 
individuals of Betula sp. and one Prunus avium 50 m from the sample. 

PAS-14 Mixed 1154 43.118 3.703 Cuello 
Grazed meadows with Festuca sp. Ulex europaeus and Erica sp. 

PAS-13 Acrocarpous 1022 43.112 3.679 NNW 
Grazed meadows with Festuca sp. Ulex europaeus and distant plantations of Pinus sp. 

PAS-12 Pleurocarpous 994 43.120 3.657 Bottom of a valley 
Grazed meadows with close presence of Pteridium aquilinum and scattered individuals of Fagus 
sylvatica, Betula sp., Populus nigra and Fraxinus excelsior. 

PAS-11 Pleurocarpous 972 43.125 3.637 NW 
Open and altered tree formation dominated by Fagus sylvatica with understorey of Ulex sp. and 
Pteridium aquilinum. 

PAS-10 Pleurocarpous 926 43.124 3.624 N 
Mixed deciduous formation with dominance of Corylus avellana and secondary presence of 
Fagus sylvatica. Scattered presence of Quercus robur / petraea and Salix sp. individuals close to 
the sample. Erica cinerea nearby. 
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PAS-09 Pleurocarpous 880 43.125 3.614 N 
Grazed meadows close to a Fagus sylvatica formation with important presence of Corylus 
avellana and scattered individuals of Fraxinus excelsior. 

PAS-08 Mixed 819 43.122 3.603 NE 
Grazed meadows close to a mixed deciduous formation with Fagus sylvatica, Corylus avellana 
and Fraxinus excelsior. Open forest of Quercus ilex nearby (>50 m). 

PAS-07 Pleurocarpous 818 43.118 3.595 Bottom of a valley 
Grazed meadows close to a Pinus sylvestris plantation. 

PAS-06 Acrocarpous 830 43.121 3.594 S 
Grazed meadows at the edge of an open Quercus ilex formation. 

PAS-05 Acrocarpous 804 43.117 3.583 Bottom of a valley 
Grazed meadows close to scattered deciduous trees. 

PAS-04 Mixed 768 43.109 3.576 Bottom of a valley 
Grazed meadows close to scattered deciduous trees and Pinus sylvestris plantations. 

PAS-03 Mixed 775 43.101 3.571 Bottom of a valley 
Grazed meadows close to scattered deciduous trees and Pinus sylvestris plantations. 

PAS-01 Acrocarpous 755 43.084 3.557 Bottom of a valley 

Grazed meadows close to scattered deciduous trees and Pinus sylvestris plantations. 
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Table 11. Description of sampling points of Transect C – Fagus sylvatica forest and mixed deciduous 

forest. 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

PAS-25 Acrocarpous 304 43.161 3.775 Bottom of a valley 

Mixed deciduous forests with Corylus avellana, Quercus robur / petraea and Fagus sylvatica. 
Plantation of Pinus cf. radiata and riparian vegetation nearby.  

PAS-23 Pleurocarpous 416 43.161 3.752 Bottom of a valley 

Mixed deciduous forest with Corylus avellana, Quercus robur / petraea and Fagus sylvatica. 
Scattered individuals of Sambucus nigra nearby and close to riparian vegetation, dominated by 
Salix sp. 

PAS-22 Acrocarpous 447 43.156 3.743 Bottom of a valley 

Mixed deciduous forest with Corylus avellana, Quercus robur / petraea, Fagus sylvatica and 
scattered individuals of Crataegus monogyna. There are two ornamental Laurus nobilis and 
close presence of riparian vegetation: Salix sp., Alnus glutinosa, Fraxinus sp. and Betula sp. 

PAS-21 Pleurocarpous 429 43.151 3.733 Bottom of a valley 

Mixed deciduous forest dominated by Fagus sylvatica in one slope and by Corylus avellana on 
the other. There is also significant presence of Quercus robur / petraea and riparian vegetation, 
such as Salix sp., Alnus glutinosa, Fraxinus sp. and Betula sp. 

PAS-20 Pleurocarpous 502 43.146 3.722 Bottom of a valley 

Mixed deciduous forest dominated by Corylus avellana and scattered individuals of Fagus 
sylvatica and Quercus robur / petraea. Higher dominance of Fagus sylvatica is appreciated at 
higher altitudes of the valley. There is close presence of riparian vegetation: Salix sp., Alnus 
glutinosa, Fraxinus sp. and perhaps some Betula sp. trees. There are two ornamental Picea sp. 
nearby. 

HAY-04 Mixed 560 43.145 3.723 NE 

Mixed deciduous forest with Corylus avellana, Quercus robur / petraea, Lonicera sp. and 
understorey of Erica sp. No Fagus sylvatica trees are observed.  

HAY-03 Mixed 630 43.145 3.725 NE 

Mixed deciduous forest of Corylus avellana, Quercus robur / petraea, Betula sp. and scattered 
individuals of Fagus sylvatica. Understorey of Erica sp., Rubus sp. and Polypodium sp. 

HAY-02 Mixed 770 43.143 3.731 NE 

Fagus sylvatica forest. Understorey of Erica sp., Hedera helix and Polypodium sp. 

HAY-01 Mixed 809 43.143 3.733 E 

Upper limit of the Fagus sylvatica forest, delimited by meadows. Close presence of Erica sp., 
Ilex aquifolium and Rubus sp. 
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Table 12. Description of sampling points of Transect D – Grazed meadows and Lauro nobilis-

Quercetum ilicis. 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

SAN-01  Acrocarpous 35 43.455 3.729 Coastal plain 
Urban open area with ornamental species surrounded by grazed meadows with scattered 
individuals of Quercus ilex subsp. ilex and Laurus nobilis. Eucalyptus sp. and Pinus sp. 
plantations in the surrounding area. 

SAN-02 Acrocarpous 22 43.457 3.706 Coastal plain 
Grazed meadows with scattered individuals of Quercus ilex subsp. ilex, Fraxinus excelsior, 
Prunus sp., Ficus carica and Magnolia sp. Urban area nearby with ornamental species. 

SAN-03 Acrocarpous 12 43.463 3.682 Coastal plain 
Grazed meadows with scattered individuals of Quercus ilex subsp. ilex and urban area nearby 
with Salix sp., Morus sp. and ornamental species. 

SAN-04 Acrocarpous 77 43.473 3.649 SE 
Meadows with Cortaderia sp. and close presence of Urtica dioica and other ruderal taxa. 
Plantations of Eucalyptus sp. in the surrounding area with patches of Salix sp.  

SAN-05 Acrocarpous 40 43.475 3.606 Coastal plain 
Grazed meadows with Dactylis glomerata and scattered presence of Quercus ilex nearby. 
Sample close to an urban area with Salix babylonica and nitrophilous taxa close to the sample, 
with dominance of Urtica dioica. 

SAN-06 Mixed 24 43.472 3.572 Coastal plain 
Grazed meadows and stands of Lauro nobilis-Quercetum ilicis association with Hedera helix 
close to an urban area. Scattered presence of Ficus carica and Fraxinus excelsior. Plantation of 
Eucalyptus sp. on a slope close to the sample.  

SAN-07 Acrocarpous 150 43.475 3.555 SSW 
Lauro nobilis-Quercetum ilicis association with dominance of Quercus ilex subsp. ilex over Laurus 
nobilis. Presence of Phillyrea latifolia, Arbutus unedo, Ilex aquifolium, Cistus salviifolius, Hedera 
helix, Smilax aspera, Hypericum sp. and Rubia peregrina. Plantation of Pinus radiata on a slope 
about 70 m from the sample. 

SAN-103 Pleurocarpous 9 43.466 3.518 NW 
Lauro nobilis-Quercetum ilicis association with dominance of Quercus ilex subsp. ilex over Laurus 
nobilis. Presence of Phillyrea latifolia, Cornus sp., Ligustrum vulgare, Rosa sp., Rubus sp., Smilax 
aspera, Hedera helix, Clematis sp., Dioscorea communis, Ruscus aculeatus, Rubia peregrina, 
Anemone hepatica, Primula sp., Viola sp., Poaceae, Asplenium sp. and Polygonum sp. Scattered 
presence of Eucalyptus sp. and Ficus carica nearby. 

SAN-102 Pleurocarpous 114 43.467 3.487 N 
Lauro nobilis-Quercetum ilicis association with dominance of Laurus nobilis over Quercus ilex 
subsp. ilex. Almost all saplings were of Laurus nobilis. Presence of Arbutus unedo, Phillyrea 
latifolia, Smilax aspera, Hedera helix, Ruscus aculeatus, Rubia peregrina, Poaceae and 
Polystichum sp. Sample close to an Eucalyptus sp. plantation and presence of scattered 
individuals of Fraxinus excelsior and Quercus robur / petraea nearby. 

SAN-105 Pleurocarpous 11 43.456 3.449 W 
Lauro nobilis-Quercetum ilicis association with dominance of Quercus ilex subsp. ilex over Laurus 
nobilis and presence of Phillyrea latifolia, Smilax aspera, Hedera helix and Poaceae. Scattered 
presence of Eucalyptus sp. nearby. 

SAN-106 Pleurocarpous 115 43.450 3.450 W 
Lauro nobilis-Querceum ilicis association with dominance of Quercus ilex subsp. ilex over Laurus 
nobilis. Presence of Crataegus monogyna, Arbutus unedo, Phillyrea latifolia, Erica arborea, 
Hedera helix, Lithospermum sp., Helianthemum sp., Poaceae and Polypodium sp.  

SAN-107 Acrocarpous 76 43.446 3.448 W 
Lauro nobilis-Querceum ilicis association with dominance of Quercus ilex subsp. ilex over Laurus 
nobilis. Presence of Crataegus monogyna, Arbutus unedo, Phillyrea latifolia, Erica arborea, 
Hedera helix, Lithospermum sp., Helianthemum sp., Poaceae and Polypodium sp.  
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Table 13. Description of sampling points of Transect E – La Molina’s surroundings. 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

MOL-03 Pleurocarpous 628 43.252 3.990 NW 

Mixed formation with dominance of Quercus robur / petraea, secondary presence of Fagus 
sylvatica and understorey of Pteridium aquilinium. The sample is close to a shrubland of Rubus 
sp. and Vaccinium myrtillus with scattered individuals of Ilex aquifolium and Crataegus 
monogyna. 

MOL-04 Acrocarpous 604 43.253 3.990 NW 

Limit between a mixed formation with dominance of Quercus robur / petraea, secondary 
presence of Fagus sylvatica and understorey of Pteridium aquilinium and a meadow of Rubus 
sp. and Vaccinium myrtillus with scattered individuals of Ilex aquifolium and Crataegus 
monogyna. 

MOL-05 Pleurocarpous 580 43.254 3.985 NW 

Meadow of Ulex sp., Rubus sp. and Vaccinium myrtillus 0.5 km from both a plantation of Pinus 
sylvestris and a mixed formation dominated by Quercus robur / petraea and secondary 
presence of Fagus sylvatica. Scattered individuals of Ilex aquifolium, Betula sp. and Crataegus 
monogyna nearby. 

MOL-02 Pleurocarpous 542 43.257 3.980 NW 

Limit between a plantation of Pinus sylvestris with understorey of Rubus sp., Vaccinium 
myrtillus and Pteridium aquilinum and a meadow with Ulex sp. and grasses. 

MOL-01 Pleurocarpous 546 43.257 3.980 NE 

Plantation of Pinus sylvestris with understorey of Rubus sp., Vaccinium myrtillus and Pteridium 
aquilinum. Scattered individuals of Betula sp. and non-developed Ilex aquifolium. 

La 
Molina 

Sphagnum sp. 484 43.26 3.97 NW 

Higrophilous taxa such as Molinia caerulea, Rhynchospora alba, Erica tetralix, Drosera 
rotundifolia and Eriophorum angustifolium. There are a few individuals of Betula pubescens and 
Salix spp. on the edge of the peat bog. The peat bog is closer to mixed deciduous forest stands 
than plantations of Pinus sylvestris. 

 

Table 14. Description of sampling points of Transect F – Monte Castillo: Eucalyptus globulus plantation 

and open Quercus ilex forest 

Code 
Moss type Altitude (m a. s. l.) Latitude (N) Longitude (W) Orientation 

Description of the vegetation observed in the surrounding area 

CAS-01 Acrocarpous 261 43.463 3.682 N 

Plantation of Eucalyptus globulus with understorey of Ulex sp.  

CAS-02 Mixed 300 43.293 3.965 NE 

Limit of a plantation of Eucalyptus globulus. Scattered individuals of Quercus ilex, Acer sp., 
Corylus avellana, Laurus nobilis, Fraxinus excelsior, Crataegus monogyna, Oleaceae, Ulex sp., 
Smilax aspera and Pteridium aquilinum.  

CAS-03 Acrocarpous 314 43.292 3.965 SW 

Open forest dominated by Quercus ilex with Smilax aspera and scattered individuals of Corylus 
avellana and Laurus nobilis.  

CAS-04 Mixed 318 43.292 3.965 S 

Open forest dominated by Quercus ilex with Smilax aspera and Ruscus aculeatus and 
scattered individuals of Laurus nobilis and Oleaceae.  
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Annex 4. Selected pollen pictures  
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Annex 5: Selected non-pollen palynomorph pictures 
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