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1 Introduction 

 

The term Little Ice Age (LIA) was first used by Matthes (1940) to describe an epoch of moderate 

glaciation that occurred during the last 4000 years, and to highlight evidence of greater glacier 

oscillations over the last few centuries. Since then, the LIA has been associated with a period of colder 

climate conditions that prevailed between the Medieval Climate Anomaly (MCA) and the onset of 

the trend of warming initiated during the second half of the 19th century (Mann et al., 2009; Díaz et 

al., 2011). Because of the availability of accurate data from a large number and variety of sources, 

the LIA and associated environmental conditions have been extensively used as the reference for 

Holocene cold stages (Grove, 2004). One of the widest environmental implications of this colder 

climate period is strikingly illustrated by the Alpine glaciers, which expanded down valleys and 

threatened villages in the highest valleys during medieval times (Holzhauser et al., 2005). Glaciers in 

most of the highest mountain ranges worldwide reached their greatest volumes over the last 10,000 

years (Bradley & Jones, 1992). 

 

The physical processes controlling climate cooling during the LIA, also referred to as miniglaciation, 

have been associated with two distinct external forcing mechanisms (volcanic and solar) that were 

probably amplified by the coupling of various processes and related feedback that characterizes the 

internal climate system (Hegerl et al., 2011). The main causes have been identified as increased 

volcanic activity (Lamb, 1970; Porter, 1986; Bradley & Jones, 1992; Jacoby et al., 1999; Prohom et 

al., 2003; Hegerl et al. 2006), together with a decline in incident solar radiation on the Earth's surface 

(Benedict & Maisch, 1989; Lean et al., 1995; Stuiver et al., 1997; Beer et al., 2000; Luterbacher et 

al., 2001; Shindell et al., 2001; Bradley, 2003; Solanski et al., 2004; Usoskin et al., 2004; Dorado-

Liñán et al., 2016) and a slowdown of North Atlantic thermohaline circulation (Broecker, 2000). A 

series of large volcanic events that took place during the LIA seems to have triggered the summer 

cooling that characterized this period, which was enhanced by sea ice/ocean positive feedback (Miller 

et al., 2012). The cool summers resulted in an increase in the extent of sea ice in the Arctic, with the 

cold subsequently expanding to mid-latitude environments (Wanner et al., 2011). 

 

However, there remains no consensus about the timing of onset and termination of the LIA, or its 

geographical impact. In most studies the LIA is reported to have spanned the period from the 14th to 

the 19th centuries, although different time periods have been proposed, depending on the concepts 

“LIA climate” vs. “LIA glacierization” (Matthews & Briffa, 2005). The LIA corresponds to Bond 

event 0 (1200–1800 AD), and constitutes the coldest multi-decadal to multi-century Holocene period 

since the 8.2 ka BP event (Wanner et al., 2011), or during the last 12 ka BP (Bradley et al., 2003; 

Palacios et al., 2017). Colder climate conditions particularly affected the Northern Hemisphere, 

although cooling in many other places worldwide has also been extensively documented (Jones & 

Mann, 2004; Mann et al., 2009). The coldest mean annual air temperatures during the LIA in Europe 

were recorded during the Maunder Minimum. This is the period from 1645 to 1715, when the level 

of solar activity was very low (Eddy, 1976), and resulted in temperatures being approximately 0.6–

1C lower than at present (Bradley et al., 2003; Pauling et al., 2003; Luterbacher et al., 2004, 2006, 

2016; Zorita et al., 2004; Mann et al., 2009; Díaz et al., 2011). Although temperatures were generally 

lower than at present, the LIA was characterized by alternating warmer and colder periods, and 

enhanced spatial and temporal variability in precipitation (Lamb, 1977; Rodrigo et al., 1999; 

Alcoforado, et al., 2000; Wanner et al., 2004, 2011; Pauling et al., 2006). The extreme climate events 

that occurred during the LIA had substantial detrimental socio-economic effects, amongst which were 



 

 

dramatic consequences including the abandonment of Greenland’s Norse colonies and mountain 

villages in the Alps (Fagan, 2002). 

 

Several studies over the last two decades have attempted to reconstruct the climate conditions 

prevailing in the Iberian Peninsula during the centuries of the LIA, which is the coldest period in this 

area since at least the Mid–Late Holocene (Martínez-Cortizas et al., 1999). Historical, natural records 

and climate models have provided diverse evidence of lower temperatures accompanied by an 

intensification in the magnitude and frequency of climate variability and extreme events, including 

droughts, floods, avalanches, and cold and heat waves (e.g. Barriendos, 1997; Barriendos & Martín 

Vide, 1998; Rodrigo et al., 1999, 2000; Alcoforado et al., 2000; Barriendos & Llasat, 2003; Benito et 

al., 2008; Martín-Chivelet et al., 2011; Oliva et al., 2011; Gómez-Navarro et al., 2011, 2012; Morellón 

et al., 2012; González et al., 2013; Alberola, 2014; Fragoso et al., 2015; Sánchez-López et al., 2016; 

Tejedor et al., 2017). 

 

The main aim of this study was to review and update knowledge of the chronology and environmental 

implications of the LIA in Iberian mountains and surrounding lands, using a multi-proxy perspective. 

To this end we present useful information that will help provide answers to the following key 

questions: 

When was the onset and the end of the climate effects of the LIA in the Iberian Peninsula? 

What was the spatio-temporal pattern, timing, and magnitude of LIA climate oscillations? 

What were the physical mechanisms that drove climate variability during the LIA? 

What were the environmental consequences of these climate oscillations on the various land systems? 

What were the socio-economic impacts of the climate extremes that occurred during the LIA? 

What geo-ecological changes occurred during and following the LIA in Iberian mountain ranges? 

 

2 Regional setting 

 

The Iberian Peninsula (latitude: 4347N to 3601N; longitude: 930W to 319E) constitutes the 

southwest tip of the Eurasian continent. It encompasses an area of 582,925 km2 in a boundary zone 

affected by differing influences: maritime (Atlantic/Mediterranean), climatic (subtropical high 

pressure belt/mid-latitude westerly's), and in terms of biomes (Europe/Africa). The interactions 

among these influences explains the wide spectrum of landscapes that occur in Iberia. 

 

Figure 1 

 

The central part of the peninsula and coastal regions comprise gentle terrain separated by several 

mountain ranges exceeding 2000 m a.s.l. aligned in an east–west direction, including the Pyrenees, 

the Cantabrian Mountains, the northwest ranges, the Central Range, the Iberian Range, and the Betic 

Range (Fig. 1). Two Iberian massifs, the Sierra Nevada in the Betic Range (Mulhacén, 3478 m) and 

the Maladeta massif in the Pyrenees (Aneto, 3404 m), are the highest peaks in western Europe outside 

the Alps. 

 

The climate of the Iberian Peninsula is affected by both tropical and mid-latitude systems, through 

the direct influence of continental and maritime air masses having distinct origins (Barry & Chorley 

1998). The climate is highly seasonal, and controlled to a large extent by westerly winds that dominate 

the winter circulation, and by the Azores anticyclone, which prevails in summer (Paredes et al., 2006). 

Most of the precipitation occurs between October and May, when low pressure mid-latitude cyclones 



 

 

follow a prevailing zonal trajectory (Trigo et al., 2004). These synoptic patterns, together with the 

rough terrain, determine the presence of multiple microclimatic regimes across the peninsula, and 

within the individual mountain ranges (de Luis et al., 2010; Cortesi et al., 2014; Peña-Angulo et al., 

2016). Annual precipitation generally decreases from north to south and from west to east, whereas 

mean air temperatures follow an opposite pattern, increasing towards the south and the east. The 0 C 

isotherm increases in elevation southwards from approximately 2400–2500 m at the Cantabrian 

Mountains (Muñoz, 1982) to 3400 m in the Sierra Nevada (Oliva et al., 2016b), and is around 2950 

m in the Pyrenees (Chueca et al., 2005). 

 

The landscape in Iberian mountain ranges is a consequence of both Pleistocene glaciations and post-

glacial environmental dynamics driven by periglacial, slope, and fluvial processes, and shallow and 

deep-seated landslides (Oliva et al., 2016a). Small glaciers still occur in the Pyrenees, but are 

increasingly receding and thinning (López-Moreno et al., 2016). These glaciers expanded 

significantly during the LIA, but are now in strong disequilibrium with current climate conditions 

(González-Trueba et al., 2008). Consequently, the environmental dynamics from the tree line to the 

highest peaks in Iberian ranges is mostly driven by periglacial activity through a wide range of 

processes that result in various landforms and deposits (Oliva et al., 2016a). The periglacial zone is 

divided into two sub-belts based on the intensity of cryogenic processes and vegetation cover. The 

upper sub-belt of the periglacial area has little vegetation cover, which enhances the effectiveness of 

processes related to the presence of ground ice, whereas the lower sub-belt has extensive grasslands, 

and has been substantially modified by historical practices associated with fire management (Lasanta 

et al., 2006; García-Ruiz et al., 2016a). Together with climate oscillations, human activity during 

recent centuries has altered the vertical structure of the geo-ecological dynamics in some Iberian 

massifs (e.g. Camarero et al., 2015). Below the periglacial belt the forests generally extend across the 

slopes and valley bottoms. The surface range and altitude of these elevation belts depends on the 

climate regime, and strongly influences the geo-ecological, geomorphic, hydrological, and edaphic 

processes prevailing in these environments, and in surrounding areas. 

 

3 Methods 

 

We conducted a comprehensive review of scientific literature concerning the climatic and 

environmental conditions during the LIA in the mountains of the Iberian Peninsula. The reviewed 

reports included those based on natural records (glacial, periglacial, lacustrine/peatlands, 

fluvial/alluvial, speleothems, and tree rings) as well as historical records and early instrumental data 

(Table 1). This is complemented with the results of recent experiments using paleoclimatic 

simulations by means of climate models. 

 

Table 1 

 

Because of the lack of consensus regarding the chronology of the LIA, broadly considered to span 

the period from the 14th to the 19th centuries (Matthews & Briffa, 2005), the chronology and accuracy 

of each studied proxy in this research depended on the nature of the record. Some records 

encompassed the last thousand years, enabling the LIA conditions to be framed within the MCA and 

post-LIA warming, while others only included some of the coldest centuries of the LIA up to the 

present (i.e. those based on tree rings). 

 



 

 

The timing of the LIA internal climatic phases was defined based on the available scientific literature 

on the European continent with a focus on the Iberian Peninsula. Following these time windows, we 

examined the prevailing temperature and precipitation conditions suggested by each proxy in each 

mountain range to infer the main climatic phases within the LIA. For this purpose, we implemented 

a meta-analysis including all the available information proxy-sources in the different Iberian 

mountains (Table 2). This approach, although informative is not free of uncertainties since our review 

clearly shows that some periods with certain prevailing climate conditions (e.g. dry stages) could be 

affected by extreme short-term events of opposite sign (e.g. floods). 

 

Table 2 

 

The available data are summarized in a table for each proxy, including the environmental setting in 

each region (altitude, aspect), the type of evidence, the stages within the LIA, and the associated 

climate conditions. All dates provided in the paper are based on the AD calendar. 

 

Two sets of instrument series were used to characterize climate conditions during the last decades of 

the LIA in Iberia, and to provide a reference for temperatures and precipitation. The first series 

concerned yearly temperature at four sites (Cádiz, Gibraltar, Barcelona, and Madrid) providing the 

longest and most complete temporal coverages, albeit with different starting years. These series were 

quality controlled and homogenized following the method described by Prohom et al. (2012, 2016). 

The second group of series consists of twelve homogenized yearly rainfall series, covering a short 

period commencing in 1859, and grouped into three different climate regions (Cantabrian Mountains, 

Pyrenees and Sierra Nevada) in order to identify possible geographic patterns. The data for this 

second series were extracted from Almarza et al. (1996), and updated to 2010 based on data from the 

Spanish Meteorological Agency. 

 

4 Geomorphological, sedimentological, and historical evidence 

 

Studies of the impact of LIA climate variability in the Iberian mountains have ranged from the top of 

the highest mountains to the surrounding lowlands, and involved a wide range of perspectives 

described below. 

 

4.1 Glaciers 

Only the highest elevation environments in the Pyrenees, Cantabrian Mountains, and Sierra Nevada 

had glaciers during the LIA. 

 

Up to 111 cirques across 15 massifs in the Central Pyrenees show geomorphic evidence of the 

presence of glaciers during the LIA (González-Trueba et al., 2008). The reconstructed LIA 

Equilibrium Line Altitudes (ELAs) fluctuated between 2620 and 2945 m, depending on the massif 

and aspect. According to González-Trueba et al. (2008), glaciers in the Pyrenees advanced and 

retreated significantly during several phases of the LIA (Table 3), and Serrano (1996, 1998) and 

López-Moreno (2000) found up to four distinct stages during the LIA in the Tendeñera massif 

(Gállego Valley). The cold and wet conditions that prevailed during the Maunder Minimum were 

associated with the maximum extent of LIA glaciers during the last decades of the 17th century 

(García-Ruiz et al., 2014a). Amongst these, the reported maximum reconstructed surface area is that 

for the Aneto glacier (236 ha) (González-Trueba et al., 2005). The fluctuating cold and moisture 

regimes led to minor re-advances between 1750 and 1800, followed by a significant expansion until 



 

 

1830, during the cold pulse promoted by the low solar activity related to the Dalton Minimum 

(García-Ruiz et al., 2014a). The gradual increase in temperature during the second half of the 19th 

century resulted in significant glacier retreat, with rates of receding similar to those recorded during 

the last decades of the 20th century and in the early 21st century (Chueca et al., 2008). Despite a short 

period involving minor re-advances and general equilibrium between 1890 and 1920, glacier retreat 

accelerated again during the 1930s, and after a phase of stabilization and minor glacier advances 

during the 1970s (Marti et al., 2015), it has further increased since the 1980s in response to strong 

disequilibrium between the glaciers and current regional climate conditions (Chueca et al., 2007; 

López-Moreno et al., 2016). In 1850 the estimated glacier surface area in the Pyrenees was 2060 ha, 

but it had declined to 321 ha by 2008 (René, 2013) and to just 244.6 ha in 2016 (Rico et al., in review). 

In the case of the north-facing slope of the Monte Perdido Massif (Marboré Cirque), glaciers covered 

239 ha at the end of the LIA, 62.1 ha in 1999, and 49.2 ha in 2010 (Fig. 2a) (Chueca & Julián, 2010), 

whereas the Maladeta glacier occupied 152.3 ha in the period 1820–1830, but only 54.5 ha in 2000 

(Chueca et al., 2005). More than 100 glaciers disappeared from the Pyrenees in the period 1850–

2005, and currently only 19 of the LIA glaciers are still mobile (Rico et al., 2017). The patterns of 

deglaciation in the Pyrenees have been tightly related to the topographic context for each glacier, with 

exposure to solar radiation being a key factor explaining the rate of shrinkage of each ice body 

(López-Moreno et al., 2006). Most of the LIA glaciers are now ice patches or semi-permanent snow 

fields, in some cases favored by topography and increased accumulation from avalanching snow 

(Hughes, 2018). Sedimentological evidence of glacier advances is in the form of moraine systems 

(frontal or latero-frontal) in several massifs, and single polygenic moraines in others, where the 

glacier aggregated sediments in the inner ridge of the external moraines. Glacier erosion features 

within formerly glaciated environments are also observable, including polished bedrock and glacial 

striae. 

 

Table 3 

 

In the Cantabrian Mountains, glaciers only developed in the Picos de Europa, namely in the Central 

and Western massifs. Six small glaciers were present during the LIA within the highest northern 

cirques (Miotke, 1968; Castañón & Frochoso, 1994, 1995; González-Suárez & Alonso, 1994, 1996; 

Serrano et al. 2002; González-Trueba, 2005, 2006, 2007a, 2007b; González-Trueba et al., 2008; 

Serrano et al., 2012, 2013). Several historical documents confirm the presence of these glaciers, which 

reached their greatest extent during the mid 19th century (González-Trueba et al., 2008). They formed 

in areas protected from direct solar radiation by the vertical cirque walls, and were snow-fed by 

avalanches and wind action (Fig. 2b). In all cases, they generated single frontal moraines at elevations 

from 2200 to 2320 m. The ELA in the Western Massif was situated between 2242 and 2381 m 

(average 2252 m), and at 2341 m for the Central Massif (González-Trueba, 2005; González-Trueba 

et al., 2008). The total glaciated area in the Picos de Europa during the LIA was 25.5 ha, including 

15.5 ha in the Central Massif and 10 ha in the Western Massif. The progressive temperature increase 

recorded since the second half of the 19th century has resulted in four of the six glaciers present 

during the LIA today constituting ice patches (exposed or buried), and two reduced to (semi-

)permanent snow fields (González-Trueba, 2005, 2006, 2007a, 2007b; González-Trueba et al., 2008; 

Serrano et al. 2011; Ruiz-Fernández et al., 2016, 2017). Therefore, post-LIA warming promoted 

deglaciation of the Picos de Europa, and the entire Cantabrian Mountains. 

 

In the Sierra Nevada, two glaciers formed during the LIA on the northern face of the highest peaks of 

the massif (Mulhacén and Veleta). Lacustrine records from La Mosca Lake show evidence of the 

development of a glacier within the Mulhacén cirque between 1440 and 1710, after which it started 



 

 

to shrink and then melted completely. Historical sources confirm that no glacier or permanent snow 

fields were present in the Mulhacén cirque during the last decades of the 19th century (Oliva & 

Gómez-Ortiz, 2012). The Veleta cirque persisted as the southernmost glacier in Europe until the mid 

20th century (Gómez-Ortiz et al., 2006, 2009). At this time García-Sainz (1947) described it as 

presenting the “same stratigraphic superimposition of layers of snow and bluish ice as can be observed 

in the glaciers of the Pyrenees” (Fig. 2c). The explanation for the longer persistence of glacial ice in 

the Veleta glacier compared with the Mulhacén cirque is related to topographical conditions: the 

Mulhacén cirque is located at an average elevation of 2950 m and has a north-northwest aspect, while 

the Veleta cirque is at 3100 m and exposed to the north. Consequently, from 1710 until the mid 20th 

century the ELA in the Sierra Nevada must have been at approximately 3000 m, and this determined 

the occurrence of a glacier in the Veleta cirque but snow fields in the Mulhacén cirque (Oliva & 

Gómez-Ortiz, 2012). These glaciers left a well-defined moraine in the Veleta cirque floor and a 

sequence of small moraine ridges in the Mulhacén cirque, where the cirque bottom forms a gentle 

slope. These LIA glaciated environments show geomorphic evidence of the occurrence of permafrost 

conditions, and buried ice bodies under the debris cover, which are undergoing a rapid process of 

degradation (Gómez-Ortiz et al., 2014). Consequently, as in Picos de Europa, post-LIA warming 

resulted in the complete deglaciation of the Sierra Nevada. 

 

Figure 2 

 

4.2 Periglacial records and ice caves 

The cold climate conditions that prevailed during the LIA generated widespread reactivation of 

periglacial processes in the highest parts of Iberian mountain ranges, as suggested by evidence in a 

wide range of landforms and deposits (Oliva et al., 2016a). The periglacial belt occupied a greater 

extent and expanded to lower elevations than during previous warm Holocene phases (e.g. the MCA) 

and under present conditions. In some cases, including in the Sierra Nevada, the difference in 

elevation of active periglacial landforms (e.g. solifluction lobes) between the coldest stages of the 

LIA and the present is approximately 400–500 m (2500 m vs. 2900–3000 m) (Oliva & Gómez-Ortiz, 

2012). This difference is substantially larger than the elevational increase because of warmer 

temperatures, which is approximately 150 m in the highest Iberian massifs (Oliva et al., 2016a). 

 

Figure 3 

 

In the Pyrenees, the location of the permafrost was significantly different than today; it potentially 

occurred at 2440 m and was probable at 2560 m, in both cases 140 m higher than at present. Because 

the Pyrenean LIA glaciers were very small, the corresponding cryonival belts occupied relatively 

wide areas in the high mountains. Many permafrost-related landforms (rock glaciers and protalus 

lobes) that are inactive today in the highest areas of the main massifs developed or reactivated during 

this cold phase (Fig. 3a). Other periglacial landforms related to seasonal frost conditions, which are 

now inactive or show very weak dynamics, developed during the LIA under more intense frost 

shattering, nivation, solifluction, or cryoturbation processes than currently occur. 

 

Periglacial activity in the Pyrenees during the LIA involved the reactivation of some rock glaciers 

and intensification of cryogenic processes in areas located above 2200 m. Serrano et al. (1999) 

reported the presence of 13 rock glaciers in the Pyrenees having origins prior to the LIA (probably 

the Late Pleistocene or the Holocene), five on the northern side and eight on the southern side. These 

are all located under summits higher than 2950 m, located in extremely marginal positions within the 

range in north- and northeast-facing glacial cirques. Based on the current displacement values for the 



 

 

rock glaciers and the denudation rates in the cirque headwalls, Serrano et al. (1999) estimated that 

they developed 4000–5000 years ago. In the case of the Argualas rock glacier, a minimum age of 

3400 years is necessary to explain its size (Serrano et al., 2006), whereas the evolution of the Posets 

rock glacier was clearly very complex, as deduced from its inner structure (Serrano et al., 2010). It 

was probably a Holocene-derived rock glacier that was invaded by advance of the ice of the Posets 

glacier during the LIA, and was later buried by a 2 m debris layer when the glacier retreated. At the 

same time, the LIA advance of the La Paúl glacier eroded the La Paúl rock glacier, modifying its 

morphology and incorporating glacier rock debris into the frontal moraine complex (Serrano et al., 

2002; Lugon et al., 2004). 

 

Limestone, sandstone, and granite scarps show the presence of large talus screes, the development of 

which was directly related to frost shattering and the consequent rock falls, and to snow avalanches 

and debris flows (Serrano, 1998; García-Ruiz & Martí-Bono, 2001; García-Ruiz et al., 2011). They 

were particularly active and widespread during the LIA. Other periglacial processes were also active 

during the LIA above 2500 m. For instance, patterned ground processes, indicating the occurrence of 

marked contrasts in ground temperature, led to the development of the magnificent polygons in the 

Marboré Cirque, which occur in small flat areas having poorly drained sandy soils (Barrère, 1952; 

Nicolás, 1981; García-Ruiz & Martí-Bono, 2001). On moderately steep areas the polygons were 

replaced by parallel or isolated stripes (García-Ruiz et al., 2014b). Patterned and mostly inactive 

grounds are also relatively common in the central–eastern Pyrenees (Gómez-Ortiz, 1987). Many of 

the cryoturbation-derived landforms are currently inactive, and some of the most outstanding 

polygons have disappeared in the last few decades, although they represented the geomorphic effect 

of a recent colder period. 

 

Table 4 

 

In the Cantabrian Mountains, intense nival dynamics prevailed in the highest areas of the main 

massifs (Picos de Europa, Ubiña, Fuentes Carrionas). This involved the formation or reactivation of 

protalus ramparts and nivation hollows (Fig. 3b), enhanced activity of debris flows, and other rapid 

mass movements on slopes as a result of snow melt (González-Trueba, 2007a; Pellitero, 2012). In 

limestone massifs including Picos de Europa and Ubiña, colder conditions also favored extensive 

development of nival karst (Castañón & Frochoso, 1994; González-Trueba, 2007a; González-Trueba 

& Serrano, 2010; Ruiz-Fernández et al., 2014). Solifluction landforms and patterned ground features 

are widely distributed in the upper parts of these massifs (Table 4). Several of these features are no 

longer active (or have very limited activity; Fig. 3c) but have clear morphological characteristics. 

This suggests that they must have formed during a recent cold period, probably the LIA (González-

Trueba, 2007a; Pellitero, 2012; Ruiz-Fernández et al., 2016). A similar situation applies to talus 

screes, which are still active in the highest areas but are inactive to weakly active (and partially 

covered by vegetation) immediately below, suggesting these are landforms derived from the LIA. 

 

Snow fields in the Sierra Nevada during the LIA were more extensive during the summer than occurs 

today (Gómez-Ortiz & Plana-Castellví, 2006; Gómez-Ortiz et al., 2009, 2012; Oliva & Gómez-Ortiz, 

2012). Two phases of intense solifluction activity above 2500 m during the LIA have been shown to 

have occurred between 1550 and 1800 in this mountain range (Oliva et al., 2011; Fig. 3d). Patterned 

ground features from the LIA have been preserved in the flat summit plateaus of the Sierra Nevada, 

although they are currently inactive (Table 4). A small active rock glacier within the Veleta cirque 

developed following deglaciation of the Veleta glacier, as a consequence of intense paraglacial 

dynamics (Gómez-Ortiz et al., 2014). 



 

 

 

Several features in the northwest mountains of Iberia, including active screes, protalus ramparts, and 

solifluction landforms (including lobes and ploughing boulders), have been attributed to the LIA 

(Pérez-Alberti et al., 1998; Valcárcel, 1998; Carrera & Valcárcel, 2010). Fernández-Cortizo (1996) 

reported an increase in the extent of snow cover during the LIA in this mountain range. In the Central 

and Iberian ranges the prevailing process during this cold stage was frost shattering, which reactivated 

screes and caused the formation of nivation hollows (Pedraza & López, 1980; Peña et al., 2000; 

Palacios et al., 2003). 

 

Ice caves in some of the highest Iberian massifs have recently been investigated. Several ice caves in 

the Pyrenees are known to include ice formed during the LIA (Serrano et al., 2017). These caves are 

located in the massifs of Monte Perdido (Casteret, Sarrios-1, Sarrios-6), Tendeñera (Soaso), Cotiella 

(A294), and Collarada (SO-01) (Sancho et al., 2016). Perennial LIA ice resulted from the freezing of 

snowmelt water that infiltrated through the epikarst in the caves (Bartolomé et al., 2015c; Leunda et 

al., 2015). Based on preliminary radiocarbon dates (Sancho et al., 2016), the congelation ice in the 

Sarrios-1 cave formed at the beginning of the 18th century, the ice in Soaso cave accumulated between 

950 and 1750, and in the SO-01 cave (Collarada massif) the accumulation of ice occurred between 

750 and 1650. Therefore, although there are other caves having ice that formed during the mid 

Holocene in the Pyrenees, much of the ice in these caves accumulated during the last millennium, 

and mainly during the colder stages of the LIA (Table 4). 

 

More than 130 ice caves have been inventoried in the Cantabrian Mountains (Serrano et al., 2017), 

but only some caves are being monitored in the Picos de Europa, namely the Altáiz, Verónica, and 

Peña Castil caves (Gómez-Lende et al., 2011, 2014, 2016; Berenguer-Sempere et al., 2014; Gómez-

Lende, 2015). In all cases ice formation in the caves has been related to the inflow of snow from 

outside. Radiocarbon dating carried out in the Altáiz and Verónica caves showed that most of the ice 

formed between the beginning of the 14th century and the middle of the 17th century (Gómez-Lende, 

2015). However, the dated samples were not collected from the bottom of the ice bodies, so it is 

possible that, at least in the case of the Verónica cave, the basal ice may have accumulated since the 

end of the MCA (Gómez-Lende, 2015). 

 

4.3 Lake and peat sedimentary records 

Lakes and wetlands are relatively common in the Iberian Peninsula, and although they are mostly 

located in mountain areas they can occur in almost any environment. Most lakes in high elevation 

regions are related to glacial processes. However, in carbonate-dominated areas, particularly in the 

Iberian Range, karstic lakes (including sinkholes and travertine-dammed water bodies) are common 

(Barreiro-Lostres et al., 2015), and ephemeral saline lakes also occur in the main river watersheds. 

Past climate and environmental changes over recent centuries have been reconstructed based on 

biological (pollen, diatoms, chironomids) and geological (sedimentary facies, isotopes, and organic 

and inorganic geochemistry) indicators in sediments from such environments. In contrast, peatlands 

in the Iberian Peninsula are mostly located in mountainous areas. Most published peat records, 

including those representing the LIA, are from northwest Spain, the Cantabrian Mountains, the 

Pyrenees, and the Central Range. Only two studies on peatlands from southern Spain (the Sierra 

Nevada) have been reported. Most studies have been based on pollen records, although some have 

also provided information based on non-pollen palynomorphs or diatoms. Other studies have 

considered geochemistry, peat molecular chemistry, charcoal, humification, physico-chemical 

properties, magnetic susceptibility, plant macrofossils, and peat accumulation records (Table 5). 

Recent regional syntheses of Holocene environmental and climate change in the Central Range 



 

 

(López-Sáez et al., 2014) and the western Pyrenees (Hernández-Beloqui et al., 2015) have included 

a large number of peatland records. 

 

We integrated various reconstructions based on both lacustrine and peatland archives. Detailed 

reviews concerning the Pyrenees (Morellón et al., 2012), and more general reviews including most 

of the sedimentary records studied in the Iberian Peninsula (Sánchez-López et al., 2016), suggest that 

relatively humid and cold conditions dominated in the mountains during the LIA. However, because 

of its complex orography and geography, local climate conditions have been reconstructed for various 

parts of the Iberian Peninsula (Valero-Garcés & Moreno, 2011) (Table 5). The diverse sensitivity to 

varied forcing (temperature, humidity, seasonality), the specific characteristics of the proxies used in 

each study, and the differences in the depositional and paleohydrological behavior of the lacustrine 

and peatlands basins used to record climate change, probably explain some of the variability among 

the regional reconstructions (Hernández et al., 2015). Variability in the robustness of the age models 

could also explain differences in the dating and interpretation of the internal structure of the LIA. 

Below we discuss results of the main studies concerning vegetation dynamics, temperature 

reconstructions, and paleohydrological variability during the LIA. 

 

Pollen and non-pollen palynomorph records 

Although pollen studies are extensively used for paleoenvironmental reconstruction, there are major 

limitations to their use in investigations of climate change during historical times. Human activities 

including agriculture, animal husbandry, and human-induced fires, have been major factors in 

landscape organization and vegetation changes since medieval times, frequently overshadowing other 

environmental and climate processes. Evidence of the interrelationship between climate and human 

activities in shaping mountain landscapes has been found in all studies of peat and lakes in the 

Cantabrian Mountains (López-Merino et al., 2010; Hernández-Beloqui et al., 2015), the Pyrenees 

(Bal et al., 2011; Rull et al., 2011; Hernández-Beloqui et al., 2015), the Central Range (López-Merino 

et al., 2009; Abel-Schaad & López-Sáez, 2013; López-Sáez et al., 2014; Silva-Sánchez et al., 2016), 

and the Sierra Nevada (Jiménez-Moreno & Anderson, 2012; Ramos-Román et al., 2016). Despite 

their limitations, a number of studies of pollen records have clearly documented changes in vegetation 

dynamics related to temperature and humidity variability during the LIA. In the Pre-Pyrenees, Rull 

et al. (2011) showed that forest recovery that started in approximately 1500 coincided with wetter 

climates (Montcortés Lake), and Riera et al. (2004, 2006) suggested generally more humid conditions 

and a dry episode prevailed between 1600 and 1750 at Estanya Lake. Pérez-Sanz et al. (2013) also 

identified a wetter climate in Basa de la Mora during the LIA, based on forest expansion. An extensive 

review (López-Sáez et al., 2014) of pollen records from the Central Range identified cooler conditions 

at high elevations, based on a slight increase in Betula and Pinus sylvestris abundance. Wetter 

conditions after the mid 16th century have been reported for El Payo (Silva-Sánchez et al., 2016), 

Redondo (López-Sáez et al., 2016b), Puerto del Pico (López-Sáez et al., 2016a), and Peña Negra 

mires (Abel-Schaad & López-Sáez, 2013), although in some cases these conditions were interspersed 

with severe droughts. Several pollen records spanning the LIA are available for southern Spain. 

Palynological, non-pollen palynomorphs, charcoal, and magnetic susceptibility analyses in the 

Borreguiles de la Caldera mire (Sierra Nevada) have indicated a number of rapid, centennial-scale 

oscillations since 1300, with more humid conditions centered around 1300, 1410, 1550–1620 and 

1810 alternating with arid events (Ramos-Román et al., 2016). 

 

Paleohydrological and humidity indicators 

Peat geochemistry, composition, and humification studies have also provided detailed reconstructions 

of past humidity changes. Peat records from the Pena da Cadela and Borralleiras da Cal Grande, 



 

 

northwest Spain, indicate the occurrence of wetter phases at the beginning (1330–1460) and end 

(1810–1860) of the LIA (Mighall et al., 2006). Wetter conditions during the LIA have also been 

indicated at more western and lower elevation mountains (the O Bocelo range; Silva-Sánchez et al., 

2014). Relatively wet conditions associated with insolation minima (the Spörer, Maunder, and Dalton 

minima) have also been documented at Penido Vello (Martínez-Cortizas et al., 2007; Castro et al., 

2015). Peat molecular chemistry studies performed on Penido Vello bog also support a predominantly 

wet LIA climate, particularly between 1430 and 1865 (Schellekens et al., 2011, 2012, 2015). Two 

studies based on peat organic chemistry, at Roñanzas (Ortiz et al., 2010) and Huelga de Bayas (López-

Días et al., 2010) in the Cantabrian Mountains, indicate the occurrence of humid phases during the 

periods 1200–1650 and approximately 1460, respectively. 

 

Most lake records provide quantitative estimates of past hydrological changes, based on analysis of 

sedimentary facies and from geochemistry indicators (i.e. organic, inorganic, isotopic). The timing of 

the LIA in the Pyrenees, and its internal variability, have been interpreted by Morellón et al. (2012). 

All records show more humid conditions during the LIA compared with previous periods, but the 

timing and intensity of the humidity changes show clear regional differences. The Pyrenean lake 

records suggest that the main hydrological changes associated with the LIA occurred between 1300 

and approximately 1850. Studies of the Arreo (Corella et al., 2013), Basa de la Mora (Pérez-Sanz et 

al., 2013), and Estanya (Morellón et al., 2011) lakes indicate generally humid conditions during the 

LIA. The Arreo Lake record shows a decrease in salinity (Corella et al., 2013), while the Basa de la 

Mora Lake record (Pérez-Sanz et al., 2013) indicates an increase in terrigenous sediment delivery to 

the lake, which was interpreted as the result of greater storminess. A suite of proxies measured in 

Estanya Lake sediments suggest a higher lake level, particularly during the mid to late 19th century 

(Morellón et al., 2011). In the Lake Moncortés record (last 2700 years) the onset of the LIA is 

characterized by the largest increase in warm season (late spring–summer) heavy rainfall between 

1372 and 1452, suggesting an anomalous frequency of arrival of high elevation cold air towards 

southern latitudes during summer (Corella et al., 2016). Taking into account the diverse resolutions 

of the age models, the consistency between periods of higher lake levels and lower solar activity 

suggest a climatic control of lake paleohydrology at centennial scales. 

 

The Sanabria Lake record (Jambrina-Enríquez et al., 2014) showed dominant colder and more humid 

conditions from 1300 to approximately 1520 (as inferred by organic rich silts having high biogenic 

silica content) and warmer climate from approximately 1520 to 1850, as suggested by the deposition 

of more siliciclastic material. 

 

The Central Range has a large number of high elevation lakes, but only the Cimera (Sánchez-López 

et al., 2016) and Peñalara (Sánchez-López, 2016) lakes have been studied in detail. The chemical 

composition of these lakes suggests an increase in the duration of ice cover, which led to extreme 

run-off episodes associated with rain-on-snow events (Sánchez-López et al., 2015, 2016). In both 

cases the reconstructed LIA climate conditions were cold and humid. In the Iberian Range an increase 

of extreme events is also recorded in Taravilla Lake (Moreno et al., 2008). Overall, periods of 

increased flooding appear to correspond to periods of higher solar activity. Higher lake levels have 

also been reconstructed for several karstic lakes in Cañada del Hoyo (Cuenca) during the LIA, 

including La Cruz, El Tejo and La Parra Lakes and at El Tobar (Barreiro-Lostres et al., 2015). 
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In the Sierra Nevada, lacustrine sequences from Laguna de Río Seco (Jiménez-Espejo et al., 2014) 

and La Mosca (Oliva & Gómez-Ortiz, 2012) indicate more humid conditions after approximately 

1300–1440 till the end of the LIA. High elevation records show a progressive decrease in colder 

conditions around the first decades of the 18th century, with a shift from glacial to periglacial 

conditions in the highest northern cirques (Oliva & Gómez-Ortiz, 2012). However, the hydrological 

impact of the LIA in the lowlands in central and southern Iberia is unclear. In Zoñar Lake, relatively 

arid conditions continued till 1550 and the main increase in lake level occurred in the 16th century 

(Martín-Puertas et al., 2010). In contrast, in Las Tablas de Daimiel National Park a wet phase occurred 

in the period 1400–1700, and a colder but drier period occurred in 1700–1850 (Domínguez-Castro et 

al., 2008). 

 

Increased soil erosion during the LIA has been documented in many lakes and peatlands throughout 

the entire Iberian Peninsula. This has been ascribed to both climate deterioration and human impact 

(Rull et al., 2011; Barreiro-Lostres et al., 2015; Sánchez-López et al. 2016; Silva-Sánchez et al., 

2016). Nevertheless, it is difficult to separate the imprint of climate conditions from that of the 

increasing impact of human landscape transformations (including changes in land use and 

deforestation). 

 

Temperature indicators 

A decrease in peat (and carbon) accumulation during the LIA in a central–western Iberian peatlands 

(López-Sáez et al., 2014, 2016a, 2016b) has been interpreted as a response to generally cooler 

conditions. Changes in productivity in some lakes have also been related to temperature changes (Pla 

& Catalan, 2005; Morellón et al., 2008). However, quantitative temperature estimates are scarce. The 

analysis of geochemical proxies in Penido Vello bog has provided a quantitative approximation of 

temperature variations during the LIA (Martínez-Cortizas et al., 1999). On average, temperatures may 

have been 1.7C lower than the average for the period 1960–1990. The record shows rapid cooling 

since the start of the Spörer Minimum, which intensified during the Maunder Minimum (with the 

lowest estimated temperature being 2C lower than the recent average). A later increase in the 

temperature and another slight cooling probably coincided with the Dalton Minimum 

 

The only available temperature reconstructions from lake sequences have been carried out using a 

transfer function based on the occurrence of chrysophyte cysts and elevation/temperature in Lake 

Redon (Pla & Catalan, 2015). Compared with the Holocene, the LIA had a more continental climate, 

with warmer summers and extremely cold winters (Pla & Catalan, 2005, 2011). Particularly cold 

winters occurred during the MCA (from 1090 to 1179), during the LIA onset (1350) and from the late 

15th to early 16th centuries. Winter temperatures would have been approximately 0.5C lower during 

the LIA (1500–1900) than during the 20th century. 

 

In summary, the large variety of proxies (biotic and abiotic) analyzed in peat and lacustrine sediment 

cores support the conclusion that the climate during the LIA was wetter and colder than during the 

MCA and at present (Morellón et al., 2012; Sánchez-López et al., 2016). Some studies based on more 

sensitive proxies and improved age models have identified alternating wetter and drier phases, and 

suggest a correlation with insolation. Despite the few peat- and lake-based temperature 

reconstructions, it can be argued that the LIA was a cold phase in the Iberian Peninsula, although the 

reconstructed temperature range is quite large (0.5–2C during the coldest phases, compared with the 

average temperature during recent times). Increased storminess may also have been responsible for 



 

 

enhanced soil erosion in mountainous areas, but this remains difficult to disentangle from the 

dominant effect of human landscape transformations. 

 

4.4 Fluvial and alluvial archives 

In mountain areas the preservation of alluvial deposits has been limited because of the scarcity of 

alluvial sinks, and the frequent reworking of sediments by flooding. Therefore, understanding of 

fluvial activity and hydrological variability during the LIA has been interpreted from alluvial records 

in intra-mountain basins (bedrock and alluvial channels) and lowland alluvial plains. Five types of 

fluvial archive have been studied in the Iberian Peninsula: (i) overbank floodplain deposits (Wolf et 

al., 2013a, 2013b); (ii) flood basin environments (Sancho et al., 2008); (iii) river channel gravels 

(Schulte, 2002); (iv) mountain torrent deposits (debris flows and boulder berms) (Rico et al., 2001); 

and (v) slack water flood sediments (Benito et al., 2008; 2015a, 2015b). Alluvial valley floor cut-and-

fill sequences, where river channel (iii), floodplain (i), and flood basin (ii) deposits are most 

commonly preserved (Table 6), tend to record changing discharge–sediment load relationships over 

longer periods (decades to centuries). In contrast, bedrock systems, where slack water (v) and boulder 

berm (iv) deposits are most commonly found (Table 6), can resolve individual flood events, 

sometimes on annual to decadal scales (Benito et al., 2008, 2015). 

 

A widespread phase of alluvial aggradation at the onset of the LIA (1300–1400) has been identified 

(Fig. 4a), including records preserved in southeast Spain (Rambla Torrealvilla: Baartman et al., 2011; 

Aguas River: Schulte et al., 2002; Rambla de Librilla/Murta: Calmel-Avila, 2002), northeast Spain 

(arroyos Bisbal and Lluc: Schulte, 2003; Bardenas: Sancho et al., 2008; the Huerva Valley: Peña-

Monné et al., 2004; Guadalope Valley: Fuller et al., 1998), and southern Spain (Guadalete River: Wolf 

et al., 2013a; Tagus-Jarama rivers: Uribelarrea et al., 2003; Wolf et al., 2013b). The alluvial 

aggradation has evolved into an alluvial terrace that is at 2–3 m above the thalweg, and is commonly 

composed of laminated silts (including in some cases humic material), sand, and pebble deposits 

associated with high flows (Sancho et al., 2008; Schulte et al., 2008). The main controls on terrace 

aggradation probably involved a combination of: (a) high sediment availability from land use changes 

associated with deforestation and modification of agricultural practices during the Christian 

Reconquest (Schulte et al., 2002), which overlapped with a period of famine and a series of poor 

harvests; and (b) a series of droughts and flood episodes resulting in poor harvests, centered in the 

14th century (known as the “bad years” in the Kingdom of Aragon). Following the aridity crisis of 

the late Middle Ages (1290–1487), sediment delivery from Mediterranean river catchments to coastal 

areas led to progradation of current Iberian deltaic systems. These included the Ebro delta, which 

underwent a major construction phase between 1500 and 1650 (Guillén & Palanques, 1995; Xing et 

al., 2014), and in the Llobregat delta (Gámez et al., 2005) and the Vélez River (Málaga; Hoffmann, 

1988) between 1450 and 1800. The rate of estuary filling on the southern coast of Spain was up to 

1.8 m/yr during the 16th, 17th, and 18th centuries, particularly the latter (Lario et al., 1995; Dabrio et 

al., 1999). Fluvial aggradation is also recorded on floodplains and flood basins of Mediterranean 

rivers (Fig. 4). This phase of delta progradation and alluviation was attributed to anthropogenic 

activity (deforestation, agriculture, and mining), although it is likely that sediment connectivity from 

source areas to deltas was favored during episodes of flooding. 

 

Table 6 

 

Recent fluvial research has focused on extending flood chronologies through time and space as an 

indicator of change in atmospheric circulation patterns (Benito et al., 2015a). For Iberian Atlantic 

rivers, paleoflood records indicate a period of increased flooding associated with unusually wet 



 

 

winters between 1000 and 1200 (Benito et al., 2003b). A later dry period, between 1200 and 1400, is 

evidenced by colluvial deposits intercalated with the paleoflood sequences (e.g. Guadalentín River: 

Benito et al., 2010; Duero River: Machado et al., 2016). Regional radiocarbon-dated flood chronology 

has indicated several peaks in flood activity from 1400 to 1800 in Atlantic and Mediterranean Iberian 

rivers (Fig. 4b). However, caution is required in interpreting these results because of the relatively 

poor chronological resolution possible from radiocarbon dating based on the last 300 years (Benito 

et al., 2008). 

 

The prevailing cooler climate conditions during the LIA suggest an increased influence of cold polar 

continental air masses associated with northeast flow during winter and early spring. The hydrological 

response of the main rivers to this frequent circulation pattern would have resulted in decreasing 

average discharges (dry cold winters) and greater flood irregularity, and a smaller number of large 

floods compared with previous flood episodes recorded during the MCA (900–1200). 

 

Figure 4 

 

4.5 Speleothems 

Speleothems are among the best continental paleoclimate archives because of their greater dating 

accuracy, and the potential to reconstruct past climate conditions through isotope and elemental 

composition analysis (Fairchild & Baker, 2012). However, as speleothem growth is sensitive to 

climate conditions, their grow can be interrupted or cease during cold and/or dry periods (Genty et 

al., 2010). This, coupled with the fact that speleothem studies in the Iberian Peninsula have only 

recently occurred, explains the relative lack of speleothem paleoclimate reconstructions for Iberia 

that concern part or all of the LIA period (Table 7). 

 

Table 7 

 

Based on analysis of several speleothems from six caves located on the northern coast of Spain, Stoll 

et al. (2013) reported that significant speleothem growth had occurred during the LIA, although this 

interpretation was not generalized for all speleothems investigated. Following the rationale and 

interpretation used for other older climate periods, the formation of stalagmites during the LIA was 

probably related to humid conditions. However, this conclusion must be treated with caution as it is 

based on a small number of samples obtained from caves having clear anthropogenic influences. 

Similarly, for northwest Spain Railsback et al. (2011) reported short intervals of stalagmite growth 

separated by hiatuses during the Holocene, with one period of stasis coinciding with the LIA. The 

formation of speleothems during the LIA in these two studies suggests that there was sufficient 

humidity to maintain dripwater flow, at least in low elevation caves. 

 

For the majority of speleothems, particularly those at mid latitudes, it is difficult to distinguish the 

effects of temperature from hydrological changes based only analysis of calcite isotopes (δ18O and 

δ13C); trace element analyses can provide complementary information about humidity (Borsato et al., 

2007). The δ18O values for the Cantabrian Mountains reported by Domínguez-Villar et al. (2008) and 

Smith et al. (2016) were more negative, implying a wetter period during the LIA. On the other hand, 

at specific high elevation sites including the Alps the calcite δ18O has been shown to have been 

controlled mainly by temperature through seasonal effects (Boch et al., 2011). In recent studies of 

Pyrenean caves the relationship with temperature appears to be stronger than that with the 

precipitation amount, based on comparison of instrument records with results of recent analyses of 

stalagmites. This has also proved to be true for the cold Younger Dryas period (Bartolomé et al., 



 

 

2015b) and for the last 500 years in Seso Cave (Bartolomé et al., 2015a). Based on this interpretation, 

the onset of the LIA was characterized by cold conditions and a subsequent trend of warming. 

Similarly, based on analysis of carbon isotopes (δ13C) and Mg/Ca records from the same stalagmites, 

the LIA onset was more humid than the second part of the period, after 1600 AD. 

 

Based on a present-day monitoring survey, Martín-Chivelet et al. (2011) combined three speleothem 

δ13C records from northern Spain and interpreted the findings as being the result of temperature 

changes. The record clearly marks the LIA as a cold period having temperature minima occurring in 

the periods 1350–1450, 1600–1650, and 1800–1850. 

 

In summary, it can be concluded that despite the small number of speleothem records available, it is 

evident that the LIA in northern Iberian Peninsula was clearly a cold period having two hydrological 

phases: a humid period from 1300–1600 and a subsequent period of transition to drier (and possibly 

warmer) conditions. 

 

4.6 Dendroclimatology 

Among various paleoclimate proxies, tree ring records constitute an excellent means for examining 

relatively recent environmental changes (Fritts, 1991), including the LIA, as they provide high 

resolution temperature and precipitation estimates for recent centuries (Table 8). The first 

dendrochronological database for the Iberian Peninsula was developed during the late 1980s and early 

1990s, and was based on analysis of 1500 trees, particularly Pinus nigra, P. sylvestris, P. uncinata, 

and Quercus sp. Using these data, several temperature and precipitation reconstructions were 

developed for the Iberian Peninsula (e.g. Génova-Fuster et al., 1993). Most studies indicate the 

occurrence of a sustained period having high climatic variability during the first half of the 17th 

century. For instance, Génova (2012) identified a great number of extreme years in the Sierra 

Guadarrama, including the occurrence of severe droughts between 1600 and 1675, and detected a 

short period that was extremely unfavorable for tree growth during the first half of the 17th century. 

This was particularly the case for the period 1600–1602, which was attributed to the eruption of the 

Huaynaputina volcano (Peru); for the second half of the century and most of the 18th century there 

was no indication of a decrease in tree growth. Génova-Fuster et al. (1993) recorded similarly high 

climate variability for the Central Range and the western sector of the Iberian Range, with a greater 

occurrence of extreme years between 1700 and 1740. Climate variability was also evident at the 

beginning of the 19th century in the Central Range (Fernández-Cancio et al., 1996). In a review of 

dendroclimatic results in Spain related to precipitation since 1050 and to temperature since 1170, 

Manrique & Fernández-Cancio (2000) noted a high concentration of years having anomalous 

precipitation levels (above and below the mean values) between 1400 and 1550, with the coldest 

temperatures occurring in approximately 1500. Variability in both precipitation and temperature was 

also significant during the 15th and 16th centuries in the Ebro Valley, followed by a gradual decline 

until the 20th century. The lowest temperatures coincided with the 16th century (Creus-Novau et al., 

1996; Saz-Sánchez & Creus-Novau, 2008). 

 

For northern Spain, Saz (2003) developed several temperature reconstructions for the period since 

the 14th century. A decrease in temperature was detected in Galicia and the Cantabrian coast between 

1540 and 1590, followed by an increase until 1630, then a long decline in temperature until 1790. 

During the 19th century the temperature increased until 1820 and then declined until 1855. These 

changes coincide with the main stages of the LIA, including the likely beginning and end dates. The 

Maunder Minimum resulted in a temperature decline of 0.25–1.2C in winter and 0.25–0.5C in 



 

 

spring (Table 8). In Galicia, northwestern Spain, the coldest five-year periods occurred during the 

16th century, with mean temperatures 2C below the 1971–2000 average over some short periods 

(Saz-Sánchez et al., 2004). Saz-Sánchez & Creus-Novau (2001) also noted that the 16th century stood 

out in a reconstruction of climate for the central–eastern Pyrenees since the 14th century (using the 

Capdella weather station as reference), and found that this was followed by a high level of variability 

during the 17th and 18th centuries. Büntgen et al. (2008) reconstructed summer temperatures for two 

timberline sites in the Central Pyrenees, and identified the occurrence of warming periods during the 

14th century and the first half of the 15th century, and during the 20th century; these were separated 

by a long cooling period between 1450 and 1850. Six of the 10 warmest decades since the 14th 

century occurred in the 20th century, and the remaining four occurred during the period 1360–1440. 

The coldest summers corresponded to the end of the 15th century, between 1600–1700 and 

approximately 1820. Esper et al. (2015) found similar temporal patterns in the Pyrenees using isotopic 

analysis of the June-August temperature signal. Dorado-Liñán et al. (2014) reconstructed 800 years 

of summer temperature in southwest Spain and suggested that the LIA spanned a slightly longer time 

(1500–1930) than in other summer temperature reconstructions from the Alps and Pyrenees. 

 

Table 8 

 

Tejedor et al. (2017) recently updated the chronologies for the Iberian Range, and developed a 

maximum temperature reconstruction for 1602–2012. The 17th and 18th centuries were identified as 

the coldest period, with 73% and 80% of the years having temperatures below the long-term mean, 

respectively. In contrast, the 19th and the 20th centuries were the warmest, with 66% and 78% of the 

years exceeding the mean, respectively; this provides evidence of transition to the post-LIA climate. 

The main climate anomalies associated with major episodes are clearly inferred from 

dendroclimatological reconstructions, as is shown in Figure 5. For instance, the Maunder Minimum 

coincided with a cold period from 1645 to 1706, and the Dalton Minimum (1796–1830) is correlated 

with a cold stage spanning the years from 1810 to 1838. Four warm periods (1626–1637, 1800–1809, 

1845–1859, and 1986–2012) coincided with periods of increased solar activity. Based on annual 

values, the correlation between the reconstruction and solar activity was 0.34 (p < 0.0001), and 

increased to r = 0.49 if an 11-year low pass running mean filter was applied to both series. In addition, 

similar cold and warm phases were observed when these data were compared with reconstructions 

for the Pyrenees (Büntgen et al., 2008; Dorado-Liñán et al., 2012) and Cazorla (Dorado-Liñán et al., 

2014). 

 

Figure 5 

 

Based on the drought reconstruction for the Iberian Range reported by Tejedor et al. (2016), during 

the 18th century there was a high frequency of occurrence of extreme dry events and a low recurrence 

of extreme wet years. The 19th century showed fewer years having extreme events, and 38% of all 

extreme events occurred in the 20th century. Using an 11-year running mean, five dry periods during 

the LIA were identified (in order of severity: 1798–1809, 1744–1755, 1871–1882, 1701–1712, and 

1771–1782), while three wet phases were detected (1756–1766, 1883–1894, and 1810–1821). The 

most severe droughts occurred in 1725, 1726, 1741, 1803, and 1879. Some of these years (1803, 

1879) were also reported by Génova (2012) as being years of severe drought in central and 

northeastern Spain. In contrast, most of the extremely wet events occurred in the 20th century, while 

during the LIA phase only 1788 appears to have been an extremely wet year. Recently, Andreu et al. 

(2017), using stable isotopes, have showed in the Cantabrian range extreme dry periods around 1700 

and 1750 but general humid conditions during the first half of the ninetieth century. 



 

 

 

Although there is overlap in some extreme dry and wet years reported for the LIA compared with 

other drought reconstructions across Europe (1725, 1726, 1797: Akkemik et al., 2005; 1803, 1808: 

Esper et al., 2007; 1725: Levanic et al., 2013), what is remarkable is the consistency of the frequency 

of extreme events. The 18th century was characterized by a high frequency of extreme precipitation 

events; this decreased significantly during the 19th century, which could be related to the end of the 

LIA (Bradley & Jones, 1992). In northeast Spain, compared with the 16th and 17th centuries, the end 

of the LIA did not appear to be related to a temperature increase, but rather to a decrease in the 

interannual variability (Saz, 2003) and frequency of extreme drought events (Manrique & Fernández, 

2000). Nevertheless, the frequency of extreme events increased again during the 20th century, 

particularly after 1930. 

 

4.7 Historical sources 

A large variety of documentary sources are available to enable reconstruction of the climate variability 

for the Iberian Peninsula, particularly between the 14th and 19th centuries (Barriendos, 1999). 

However, the volume of data and the time required to consult the relevant documents and extract 

information have limited the number of studies focusing on historical climatology. The documentary 

sources commonly record climatic or meteorological events that altered daily activities, particularly 

agriculture (e.g. Fernández-Fernández et al., 2015). In Mediterranean areas, these events were mainly 

caused by anomalies in the precipitation regime; few references concern the temperature regime 

(González et al., 2013; Alberola, 2014). 

 

Analysis of temperature information has been reported in some studies (Table 9). Although the focus 

of these is temporally and spatially dispersed, they indicate that temperatures recorded between 1550 

and 1850 were lower than current temperatures. These anomalies have been quantified at 

approximately –1C during the period 1564–1599, with a minimum of –1.8C during the period 

1564–1575 in the Central Range (Bullón, 2008). Rodrigo et al. (2012) quantified the temperature 

anomaly at –0.4C during 1701–1850 in Andalusia. Other studies have not quantified the anomalies, 

but reports indicate the occurrence of cold periods in southwest Iberia in the 1690s, 1787–1790, 1805–

1808, 1818–1821, 1825–1827, and 1832–1837, and mild periods during 1777–1779, 1795–1800, and 

1823–1825 (Alcoforado et al., 2002; Fernández-Fernández et al., 2017). 

 

Table 9 

 

Droughts are one of the main climate hazards affecting crops in Iberia. The reconstruction of droughts 

has been carried out through the study of rogation ceremonies, which are a good proxy for agricultural 

droughts (Martín-Vide & Barriendos, 1995; Domínguez-Castro & García-Herrera, 2016). Most of the 

LIA droughts showed strong temporal and spatial variability. Domínguez-Castro et al. (2010, 2012a) 

studied droughts throughout the entire peninsula for the period 1650–1850. They showed that in the 

first half of the 16th century the droughts were localized in comparison with droughts from 1650 to 

1750, which affected greater areas, and the entire peninsula in 1664 and 1680. During the period 

1750–1850 the driest intervals were 1750–1754 and 1779–1783, and the most extensive drought was 

in 1817, and was probably partially driven by the Tambora eruption in 1815; this caused anomalous 

climate conditions over Europe in the following two winters (Trigo et al., 2009a). At regional scales, 

in northeast Iberia drought events of moderate severity occurred almost continuously, with the 

exception of two wet periods in 1570–1610 and 1830–1870, and a shorter stage between 1795 and 

1811 (Martín-Vide & Barriendos, 1995) (Fig. 6a). In the Ebro valley (Zaragoza) intense drought 



 

 

periods occurred in 1725–1775, 1765–1800, and 1814–1825, whereas in central Iberia (Toledo) 

drought periods were recorded in 1600–1675 and 1711–1775 (Domínguez-Castro et al., 2008). 

 

Figure 6 

 

Floods are also commonly recorded in the documentary sources, mainly when infrastructure damage 

occurred. High temporal and spatial variability in the frequency of floods during the LIA in Iberia is 

evident. Barriendos & Rodrigo (2006) analyzed 17 Iberian river basins and noted a major increase in 

flood frequency during the second half of 16th century and at the end of 18th century. At the regional 

scale, in northeast Iberia three periods of increased frequency of severe floods were recorded, in 

1580–1620, 1760–1800, and 1830–1915 (Barriendos & Martín-Vide, 1998) (Fig. 6b). In the Tagus 

basin high flood frequencies were recorded in 1160–1210, 1540–1640, 1730–1760, and 1780–1810 

(Benito et al., 2003a). In the southeast, high frequencies of large floods were recorded in 1440–1490, 

1520–1570, 1600–1740, 1770–1800, and 1820–1840 (Machado et al., 2011). 

 

These extreme hydrological flood and drought events have been used to build precipitation indexes 

and for reconstructions for various locations in Iberia for the last 500 years. Two dry periods (1501–

1589 and 1650–1775) and two wet periods (1590–1649 and 1776–1937) have been identified in 

Andalusia (Rodrigo et al., 2000). Rodrigo et al. (2012) reported positive seasonal rainfall anomalies 

(with respect to the reference period 1960–1990) of 43 mm, 35 mm, and 32 mm during winter, spring, 

and autumn, respectively, during the period 1701–1850. 

 

In the Mediterranean area similar precipitation patterns causing wet periods have been found for 

Barcelona (winter and spring), Murcia (spring), and Seville (spring) for the second half of the 18th 

and mid-19th centuries, and dry periods during the first half of the 16th century and from the mid-

17th century to the mid-18th century (Rodrigo & Barriendos, 2008). Central Iberia (Zamora and 

Toledo) were similar in having maximum rainfall around the 1660s and the first decades of the 19th 

century, and minimum rainfall levels in the first decades of the 17th century and around 1750 

(Rodrigo & Barriendos, 2008). In the Central Range, Bullón (2011) identified intense precipitation 

during 1585–1599. Fernández-Fernández et al. (2015) developed a precipitation index for 

Extremadura (Zafra), covering the period 1750–1840. This was based on weekly weather 

observations, and included reports describing extreme events. Their study identified two wet periods 

(1782–1789 and 1799–1807) and two dry periods (1796–1799 and 1816–1819). 

 

Domínguez-Castro et al. (2015) studied short periods in Portugal based on daily weather observations 

in Lisbon, and concluded that the period 1631–1632 was wetter than at present. In central–north 

Portugal the driest years occurred in the early 1780s, and the greatest precipitation was recorded from 

1784 onwards (Fragoso et al., 2015). In southern Portugal two intense droughts occurred, in 1694 and 

1714–1716. 

 

In summary, the documentary sources provide a large amount of information at high temporal and 

spatial resolution about the LIA climate and extreme climate events. In general terms the findings 

suggest that the conditions were colder and wetter, but many spatial and temporal differences are 

evident for this period, which must be considered within the framework of the non-stationary 

influence of the North Atlantic Oscillation (NAO) controlling changing precipitation patterns in 

western Europe (Vicente-Serrano & López-Moreno, 2008). 

 

4.8 Instrumental series 



 

 

A dense dataset of early instrument observations is available for the European continent, with climate 

series that commence in the 17th to 18th centuries. During the last three decades several initiatives 

aimed at detecting, digitizing, and recovering data from historical archives have commenced 

(Luterbacher et al., 1999; Camuffo & Jones, 2002; Brázdil et al., 2010; http://www.era-clim.eu). The 

results have been used to reconstruct gridded fields for temperature, precipitation, and pressure over 

Europe (Casty et al., 2007), and in many cases have been combined with a wide range of proxy data 

(Luterbacher et al., 2004; Pauling et al., 2006). Unfortunately, Iberia remains poorly represented in 

early instrument series (prior to 1850). The absence of official initiatives dedicated to developing an 

efficient network of weather stations (the first Spanish network commenced in 1858), and the 

historical context (including major wars in which many document archives were destroyed) explain 

the scarce and fragmented meteorological data available. Care must be taken in interpreting metadata, 

as many factors may have affected the homogeneity of the series (including the types and exposure 

of instruments, observers, and instrument relocations). As artifact-driven shifts often have the same 

magnitude as the climate signal, quality control and homogeneity testing is strongly recommended. 

However, as noted above almost no long-term series are available for comparison purposes 

concerning the period prior to 1850. While air temperature is a meteorological variable commonly 

available for the LIA period, rainfall data are less common, and only series for Gibraltar, Barcelona 

and Madrid provide data from the late 18th century. 

 

To date, the oldest and most continuous series are for: Gibraltar from 1777 (Wheeler, 2006, 2007, 

2011; Wheeler & Bell, 2012); Barcelona from 1780 (Rodríguez et al., 2001; Prohom et al., 2012, 

2016); and Cádiz from 1786 (Wheeler, 1995; Barriendos et al., 2002; Gallego et al., 2007; Rodrigo, 

2012). Recently, 16 new early series have been recovered for Madrid (1784–1850) and Valencia 

(1803–1850) (Domínguez-Castro et al., 2014). Portuguese series are also available, but they are quite 

short and sparse (Alcoforado et al., 2000, 2012; Domínguez-Castro et al., 2012b; Fragoso et al., 

2015). More abundant data are more available since 1850, and a new adjusted dataset composed of 

the 22 longest and most reliable Spanish daily temperature records covering the period 1850–2003 

has been provided (Brunet et al., 2007). 

 

Mean annual temperature for four Iberian sites covering the period 1780–2010 was computed for the 

present study (Fig. 7). The mean annual temperature during the 1780–1940 period was clearly below 

the mean for the 1961–1990 reference period. During the 19th century there was a widespread cold 

period covering approximately 1800–1850, with general negative anomalies less than –1C, and an 

even colder period from 1810 to 1820. A secondary minimum occurred in approximately the 1880 

decade, and a less clear one in the vicinity of 1910–1920. In contrast, the period 1860–1880 had 

temperatures similar to the mean, and warmer temperatures around 1900. The sharp temperature 

decrease during the 1810 decade was associated with two major external forcing factors: the solar 

Dalton Minimum and a period of frequent volcanic activity, including the large volcanic eruptions 

that occurred in 1809 (of unknown origin) and 1815 (Tambora volcano: Trigo et al., 2009a). 

 

Figure 7 

 

The temporal coverage of data concerning precipitation is poorer. In addition, precipitation has a high 

spatial and temporal variability that is especially high in mountainous areas and under Mediterranean 

climates. Therefore, only an overview of the general rainfall conditions can be undertaken for the 

transition of the LIA to the present. As no early instrument series are available for sites located in 

mountain areas, 12 yearly homogenized rainfall series from surrounding cities have been grouped for 

the areas of the Cantabrian Mountains, the Pyrenees and the Sierra Nevada. To aid interpretation, the 

http://www.era-clim.eu/


 

 

data were converted to percentages with respect to the 1961–1990 reference period, with 100% 

indicating a year having a total rainfall amount equal to the 1961–1990 mean (Fig. 8). For the 

Cantabrian Mountains and the Pyrenees areas, the 1885–1920 period included slightly negative 

anomalies, with values approximately 80% of the yearly mean precipitation. In contrast, and for the 

southernmost sector, wet years were more common during the 1870–1885 period. The Sierra Nevada 

area had higher internal variability compared with the other two areas, as a consequence of being 

more associated to a Mediterranean climate. Although no complete rainfall series are available for 

the period prior to 1850, the Barcelona series (starting date 1786) suggests there was a significant 

decrease in precipitation during the years 1810–1840 (Prohom et al., 2016). 

 

Figure 8 

 

4.9. Climate models 

Using external forcing data, models have reconstructed surface temperatures at global and 

hemispheric spatial scales with reasonable resemblance with proxy reconstructions (e.g., Ahmed et 

al., 2013; Neukom et al., 2014; Luterbacher et al., 2016). The use of climate models for the validation 

of reconstructions show some limitations since given the internal variability of the models it is not 

expected a perfect match with climate reconstruction, mostly at the annual and sub-annual scales 

(Cane et al., 2006; Zorita et al., 2007). Although simulations are physically consistent they are not a 

real representation of the past climate variability since unknown initial states of the oceans, 

insufficient resolution to capture important processes, such as convective rainfall, and simplifications 

of the basic climate system (Franke et al., 2011). Nevertheless, climate models have demonstrated 

that external forcing, such as the concentrations of stratospheric volcanic aerosols and changes in 

total solar irradiance, have affected European temperature variability throughout the past five 

centuries (Zorita et al., 2010; Hegerl et al., 2011). 

 

There are different simulations for the climate of the last millennium in Europe (Zorita et al., 2004; 

González-Rouco et al., 2003; Luterbacher et al., 2016; Ljungqvist et al., 2016). These simulations are 

run at very coarse horizontal spatial resolutions (2.5 – 3.5º) to allow detailed assessment of climate 

processes in the mountains of the Iberian Peninsula (Harrison et al., 2016), but downscaling 

approaches provide model simulations in the Iberian Peninsula at the sufficient spatial resolution to 

identify climate variability in the mountain areas over the past millennium (Gómez-Navarro et al., 

2011, 2012). Models in general support climate reconstructions of temperatures by 

dendrochronological reconstructions in different Iberian mountains (e.g. Dorado-Liñán et al., 2012, 

2015) but also recent comparison with robust dendrochronologies in Portugal and the Pyrenees have 

showed little agreement with climate model simulations (Santos et al., 2015; Büntgen et al., 2017). 

In any case, paleoclimatic modelling is physically consistent and it allows exploring the physical 

mechanisms that explain precipitation and temperature variability during the LIA, and determining 

the role of external forcing and climate internal variability. 

 

Gómez-Navarro et al. (2011) used the mesoscale model MM5, driven by the global model ECHO-G 

to downscale GCM simulations to 30 km of spatial resolution over the Iberian Peninsula for the last 

millennium (1001-1990). They used greenhouse gases concentrations, total solar irradiance and the 

global mean radiative forcing of stratospheric volcanic aerosols as external forcing. The model 

identified some important cold periods like the Spörer Minimum (around 1450), the Maunder 

Minimum (around 1700) and the Dalton Minimum (around 1810), coinciding, in general, with a 

reduction of total solar irradiance and increased volcanic activity. The models also showed that some 

minima can be identified in all seasons, such as the Spörer Minimum, whereas others, like the 



 

 

Maunder Minimum, can hardly be identified in winter, suggesting that the physical mechanisms under 

different cold periods could be very different. Gómez-Navarro et al. (2012) analysed in detail the role 

of the internal variability of the climate system and the external forcing over the past millennium 

using two different simulations, characterized by different initial conditions, of the same MM5 model. 

The model showed high agreement in the evolution of temperatures between both simulations, 

suggesting that external forcing seems to be the main driver of the temperature variability during the 

LIA in the Iberian Peninsula. Dorado-Liñán et al. (2012, 2014) used different GCMs to identify 

drivers of temperature variability in the Pyrenees and Cazorla (Southeast of the Iberian Peninsula) 

and showed that solar irradiance, but especially volcanism, had the main role to explain decadal to 

multidecadal summer temperature variability during the LIA. They showed that the combination of 

low solar irradiance and high volcanic activity coincided with cold phases identified with 

dendrochronological reconstructions in both regions, and suggested that volcanism could have had 

the main impact on the temperature variability during the LIA, being responsible of strong punctual 

decreases of temperatures and could even have cancelled the effect of the warming induced by 

maximum solar irradiance during the 16 and 17th centuries. For the Pyrenees, Büntgen et al. (2017) 

also showed general abrupt cooling of summer temperatures responding to the preindustrial eruptions. 

 

Although models considering external forcing may reproduce well some cold phases during the LIA, 

simulations also show strong uncertainty at the interannual scale. Thus, model simulations show large 

discrepancies in comparison to dendrochronological reconstructions, such as the duration and 

magnitude of warming or cooling events of particular climatic episodes (Büntgen et al., 2017). A 

likely reason for such differences is that at higher frequencies, i.e. decadal time scales, the agreement 

between model simulations and reconstructions is lower, because the climate variability at these time 

scales is mostly internal and not driven by the external forcing (Zorita et al., 2007; Gómez-Navarro 

et al., 2012). Thus, Gómez-Navarro et al. (2011) showed exceptions in the agreement between 

temperature variability by the MM5 model and the forcing conditions (e.g. around 1620, in which a 

cold phase was also recorded) and a similar pattern was found by Gómez-Navarro et al. (2015) to 

reproduce in Europe a warm period during the first decades of the 18th century. Therefore, the 

characteristic internal variability of the model can be an important source of uncertainty in the climate 

simulations. Thus, the different studies in the Iberian Peninsula have clearly showed that the 

amplitudes of the temperature variations are considerably larger in the model simulations than in the 

reconstructions (Dorado-Liñán, 2012, 2014; Gómez-Navarro et al., 2012; Santos et al., 2015), which 

is common in this kind of studies (von Storch et al., 2004). In any case, Gómez-Navarro et al. (2015) 

showed how simulated climate is physically consistent independently of the little agreement in the 

evolution of temperature reconstructions and simulations. 

 

Internal variability of models seems to be even more critical for precipitation. Simulations of 

precipitation showed a general mismatch between modelled and reconstructed precipitation for the 

Iberian Peninsula, suggesting that part of the variation in precipitation is probably caused internally 

and not related to external forcing but physical mechanisms and different atmospheric circulation 

processes (Gómez-Navarro et al., 2011, 2012; Santos et al., 2015) as occurs in the present-day climate 

(e.g., Trigo et al., 2000; Cortesi et al., 2014; Vicente-Serrano et al., 2016). Thus, volcanic forcing 

could only affect precipitation variability at decadal or longer time-scales via connection with the 

Atlantic multidecadal variability (Wang et al., 2017), as suggested in the Pyrenees by Büntgen et al. 

(2017). In any case, the model outputs clearly suggest a strong link between different atmospheric 

circulation mechanisms (mainly the NAO) and the precipitation variability during the LIA (Gómez-

Navarro et al., 2012). Thus, the Maunder and Dalton minima would be characterized by a positive 

precipitation anomaly linked to the strong minimum in the NAO index (Gómez-Navarro et al., 2012). 



 

 

Since NAO variability is mainly driven by the internal variability of the climate system (Rodwell et 

al., 1999; Hurrell et al., 2001), variability of precipitation in the Iberian Peninsula during the LIA is 

probably driven by these internal variability processes more than by external forcing. Recently, Gagen 

et al. (2016) have suggested that precipitation and cloud cover in Europe, linked to oscillations in the 

position of the summer storm track, are independent of external forcing at decadal timescales during 

the last millennium and equivalent to the atmospheric mechanisms under the current climate scenario. 

 

Gómez-Navarro et al. (2012) showed variable precipitation response between two independent 

precipitation simulations in the Iberian Peninsula, and stressed the difficulty of identifying an impact 

of the external forcing on the identified dry and wet periods, suggesting an important role of local 

circulation and the interaction with the orography. Thus, the spatial pattern of the NAO influence on 

precipitation variability in the Iberian Peninsula identified in the models is another sign of robustness 

of the internal variability hypothesis. Gómez-Navarro et al. (2012) showed strong spatial differences 

in the role of NAO on the precipitation across the Iberian Peninsula in the model simulations, and 

equivalent to those observed during the second half of the 20t century (Rodríguez-Puebla et al., 1998; 

Martín-Vide & Fernández, 2001; Trigo et al., 2004). In addition, they showed a noticeable negative 

correlation between temperature and precipitation in the main mountain chains of the Iberian 

Peninsula, which is also identified by Gagen et al. (2016) in climate simulations over Europe over the 

last millennium. This would suggest that cold periods would affect condensation level in mountains 

and favor precipitation, providing coherent physical mechanisms of the connection between cold and 

humid periods recorded during the LIA. Moreover, the connection would be robust in simulations 

since it is independent of the strong internal variability of precipitation that climate models provide. 

 

5 Environmental implications 

 

5.1 Geo-ecological dynamics 

A decrease of approximately 1C in the average temperature during the LIA would have caused geo-

ecological changes, particularly in the high mountains of the Iberian Peninsula. It is noteworthy that 

such a temperature decline represents a climatic altitudinal decrease of approximately 150 m, which 

would have affected the location of the tree line and the distribution of plant species, particularly 

those located in the subalpine and alpine belts, where a number of endemic species occur (Pauli et 

al., 2012). Recent studies in high European mountains have demonstrated that climate warming 

through the 20th century has resulted in a spatial contraction of alpine environments, including the 

Pyrenees, and the consequent decline of more cold-adapted species (Gottfried et al., 2012; Winkler 

et al., 2016), following a process contrasting with that which probably occurred during the LIA. 

 

There are very few reports of landscape changes during the LIA in the Iberian mountains. Some 

indirect information is available on the effects of temperature decline and sudden climatic changes, 

including the construction of neveras (snow huts), where people stored the snow that fell in winter 

for use in summer. The LIA period was associated with widespread enhanced construction of neveras, 

even at very low elevations (Capel, 1970). Near the Spanish east coast, some neveras have been found 

below 600 m (Giménez-Font, 2014-2015), at elevations where it would now be impossible to store 

snow or ice. Use of neveras ceased in the second half of the 19th century. Since then, snow cover has 

shown a continuous negative trend (López-Moreno, 2005), and this has directly affected river regimes 

and dam operations during the 20th century (López-Moreno & García-Ruiz, 2004; López-Moreno et 

al., 2008). 

 



 

 

It is difficult to distinguish the role of LIA cooling from that of land use changes. Not surprisingly, 

the cultivated area in mountains enlarged after the 16th century, and its maximum extent occurred in 

the middle of the 19th century (Lasanta, 1989), coinciding with the population maximum. 

Remarkably therefore, human factors (i.e. population growth) may have had greater influence than 

climate and its geo-ecological effects. For instance, the supply of large volumes of sediment from the 

hillslopes to the fluvial channels, which caused channel widening and braiding, may have been the 

consequence of more erosion linked to natural extreme events, or to human induced erosion caused 

by the enlargement of cultivated area on steep slopes, sometimes under shifting agriculture systems 

(see, for instance the example of the Ijuez River basin in the Upper Aragón Valley, central Pyrenees: 

Sanjuán et al., 2016). 

 

It is likely that fields located at the highest agronomical limit (e.g. at 1500–1650 m in the central 

Pyrenees) were not cultivated during the coldest stages of the LIA, because it was impossible for rye 

to mature under the prevailing conditions of cold temperatures, snowfall, frost, and some alternating 

extremely dry years. These fields, termed panares (Fig. 9a), were located on deep soils of morainic 

origin, and produced rye in a 13-month cycle. They were re-cultivated from the end of the 19th 

century, but finally abandoned in the second half of the 20th century because of generalized farmland 

abandonment in mountain areas following depopulation (Lasanta, 1989). In studies of the 

characteristics of sediments from lacustrine sequences from the central Pyrenees, Pérez-Sanz et al. 

(2013) and González-Sampériz et al. (2017) noted that many high mountain areas were affected by 

temporary abandonment of human activities during the second part of the LIA, because of the 

unfavorable weather conditions. In mid-mountain areas (e.g. the Pre-Pyrenees), forest recovery has 

been recorded to have occurred in approximately 1500, coinciding with a wetter climate, although a 

decline in recovery occurred after the 17th century, coinciding with the expansion of cultivated fields 

(Rull et al., 2011). In the Neila Sierra (Iberian Range, northern Iberian Peninsula) a retreat of the 

forest has been deduced from analysis of lacustrine sediments; this was correlated with the LIA and 

subsequent increasing anthropogenic influence (Vegas, 2007). 

 

Figure 9 

 

Ecotones in mountain areas are the best places to study the effect of climatic change on plant 

(particularly forest) spatial distribution. The ecotone between the subalpine forests and alpine 

grasslands typifies temperate mountain ranges, and represents a dramatic transition zone that has 

complex consequences for runoff generation, geomorphic processes, snow accumulation, snowmelt, 

and soil formation. The rapid transition between the tree line and the upper extreme of the krummholz 

(Troll, 1973; Ives & Hansen-Bristow, 1983) reflects a zone where conditions became progressively 

colder, including short summers having temperatures too low to enable tree seedling development 

and growth, and winters that are extremely cold, snowy, and windy, which causes the dwarfing and 

warping of shrubs and trees. Snow redistribution by wind enhances the role of topography on the 

sinuous form of the krummholz limits. 

 

However, it is particularly difficult to establish the natural tree line limits in the Iberian Peninsula 

ranges. The upper forest limit has commonly been artificially lowered to enlarge the area occupied 

by subalpine grasslands. In the case of the Urbión Sierra (Iberian Range, northeastern Iberian 

Peninsula) this commenced in Neolithic times, and continued during the Chalcolithic, the Bronze and 

Iron Ages, and the Middle Ages, based on 14C dates obtained for charcoal fragments from the soil 

(García-Ruiz et al., 2016a). Two ash layers were also found in a core from Tramacastilla Lake (central 

Pyrenees). The first (dated at 3500 14C cal yr BP) suggests the occurrence of a short period of fires 



 

 

during the Bronze Age, after which there was rapid forest recovery, and the second represents 

generalized deforestation that occurred during the Middle Ages, followed by intense erosion 

processes and rapid sedimentation in the lake (Montserrat, 1992). The consequence of deforestation 

of the subalpine belt was the triggering of many shallow landslides (García-Ruiz et al., 2010), the 

elevational lowering of the area affected by solifluction (Höllermann, 1985), the development of 

badlands on some shale outcrops, and the presence of large parallel rills on rectilinear slopes (García-

Ruiz & Puigdefábregas, 1982). The subalpine belt remained largely deforested after the Middle Ages 

because of the presence of large sheep flocks in summer, which made it difficult for the forest to re-

establish (Ameztegui & Coll, 2015). Thus, fires and grazing were responsible for the location of an 

artificial tree line below 1600–1700 m. 

 

What were the consequences of the LIA for the evolution of the ecotone forest/subalpine grasslands? 

It is widely accepted that the temperature decline during the LIA had no major effect on the position 

of the artificial tree line, as it was usually more than 500 m below the natural upper forest limit. 

Consequently, a theoretical decline of approximately 150 m in the upper forest limit would be unlikely 

to have had any significant effect on the tree line position. The contemporary uplift (in the second 

half of the 20th century) of the treeline is not a direct consequence of the upward trend in temperature 

because of global warming, as suggested by several authors, but because of land use changes, 

particularly the decreasing livestock pressure on some steep slopes of the subalpine grasslands (e.g. 

García-Ruiz et al., 2015, 2016b; Ameztegui et al., 2016). The uplift of the tree line has been estimated 

to be 50 m since 1956 on the south face of the Urbión Sierra (García de Celis et al., 2008) and the 

eastern Pyrenees (Ameztegui et al., 2016), and approximately 70 m in the central–western Pyrenees 

(unpublished data). Other authors consider that the recent evolution of the upper forest areas has been 

characterized more by increased tree density than by an upshift of the tree line (Camarero & Gutiérrez, 

2004, 2007; Ameztegui et al., 2016). 

 

Nevertheless, some evidence of changes during the LIA has been found in the few places where the 

natural tree line and timberline have been preserved. A dendroclimatic study in the headwater of the 

Escuaín Valley (Ordesa and Monte Perdido National Park, central Pyrenees) demonstrated that major 

changes occurred during the LIA in a small P. uncinata forest patch located at approximately 2300 

m. Figure 9b shows the presence of several dead trees and numerous young trees approximately 10–

12 years old. Many of the old trees recruited in the first half of the 18th century, coinciding with a 

relatively warm period, or in earlier warm periods. The pine deaths correspond to the cold transition 

period between the mid-17th and the early 18th centuries, and particularly from 1820 to 1860, when 

the temperature dropped rapidly at the end of the LIA (Camarero et al., 2015). A close relationship 

was found between the number of dead pines at the tree line and the coldest periods. Intense pine 

regeneration in the tree line confirms the rapid response of alpine tree lines to climate warming in the 

last 30 years. In semi-natural tree line places of the eastern Pyrenees, a moderate upward shift of 19.7 

m was reported by Ameztegui et al. (2016), suggesting a time lag of more than 50 years in relation to 

temperature changes Matías (2012). 

 

Thus, some changes in mountain landscapes of Iberia can be identified during the LIA, although many 

of them can be confused with changes caused by demographic growth in rural areas and the expansion 

of agricultural lands and grazing. In spite of that, the construction of neveras, the abandonment of the 

fields located at the highest altitudes, neighboring the subalpine belt, and the decline of the timberline 

in the few areas where the natural upper forest limit occurred, confirm that small changes in 

temperature and precipitation can affect human activities and the spatial organization of altitudinal 

belts in mountain areas. The end of the LIA represented the abandonment of neveras and the 



 

 

altitudinal recovery of the tree line, in the few sites where it could be considered “natural”. Other 

landscape changes in the montane and subalpine belts that occurred coinciding with the LIA could be 

related to land use changes rather than to climate changes. 

 

5.2 Social dimensions of climate impacts during the LIA 

Extreme climate and meteorological events can have serious impacts on populations, affecting 

material goods, human lives, and natural environments (Meehl et al., 2000). These events range 

widely in type, magnitude, and frequency. The most common extreme climate phenomena having 

major social and natural impacts in the Iberian Peninsula are droughts, floods, and cold and heat 

waves (e.g. Barriendos & Llasat, 2003; Domínguez-Castro et al., 2008). The LIA was associated with 

an unusually high frequency of severe climate impacts on society (Pfister & Brázdil, 1999). The social 

dimensions of these and the corresponding mitigating measures were related to the social context 

where they occurred (Luterbacher & Pfister, 2015). During the LIA, the populations exposed to these 

climate impacts and its negative effects on daily life had technological, economic, and human 

resources that were significantly different from those currently available. Thus, it is difficult to assess 

and evaluate in any detailed way the ability of the population to respond, because of the uniqueness 

of each case. Nonetheless, this ability can be considered in terms of the capacity for adaptation to 

short- or long-term events, and in terms of distinctions between rural and urban settings. 

 

Short-term events in the Iberian Peninsula are mainly floods and cold or heat waves; these showed 

relatively similar frequencies of occurrence (with the exception of the heat waves) during the LIA, in 

contrast to the present day situation. In rural contexts, and particularly in high mountain regions, the 

adverse climate conditions were managed relatively well. Self-protection responses and solidarity 

were the best resources during exposure to climate hazards (Blocker et al., 1991). Moreover, the 

return to normality was easier because of access to abundant natural resources (e.g. water, wood, 

food) and the lower population pressure than in other regions. On the other hand, in urban 

environments extreme climate impacts prevented the population from working, and they had limited 

resources available. The urban population had lost contact with the natural environment, and 

consequently did not have the experience or ability in obtaining contingency resources. 

 

Floods in the Iberian Peninsula are mainly the consequence of heavy rainfall events during autumn, 

and to a lesser extent rain-on-snow events during spring, which cause rapid thawing in high mountain 

regions (Sánchez-López et al., 2015; Pino et al., 2016). Both are short-term episodes of limited extent, 

but their impacts affect many human activities and types of infrastructure. Climate oscillations 

involving flood events were very common during the LIA (e.g. Benito et al., 2008; Moreno et al., 

2008; Morellón et al., 2011). Some of these produced extraordinary flows and involved multiple 

fluvial systems, but were not recorded during the instrument period. Among these are a flood event 

that occurred during November 1617 on the Mediterranean side of the peninsula (Thorndycraft et al., 

2006), and another in January 1626 on the Atlantic side (Barriendos & Rodrigo, 2006). The effects 

on the society were direct and indirect. The former involved damage to dwellings and infrastructures, 

and the loss of human lives, whereas the latter included economic impacts associated with 

reconstruction, in particular the loss of water-powered mills. These mills played a key role at local 

scales, because of their use in grinding cereals to make bread. The subsequent shortages of bread 

affected the health of poorer social classes, making them more susceptible to infectious diseases. In 

addition, the loss of roads and bridges during extreme floods increased the price of freight transport. 

Nevertheless, despite the negative social effects of the floods, a positive outcome was the supply of 

sediments and nutrients essential for crop production. 

 



 

 

Cold waves followed by heavy snowfalls were very frequent and particularly severe during the LIA 

(Rodrigo et al., 1998). Intense snowfall in mountain areas often triggered catastrophic avalanches, 

such as occurred in the Asturian Massif during the last decades of the LIA (García-Hernández et al., 

2017a, 2017b). However, the main impacts of cold episodes were related to human health and 

difficulties in sourcing fuel in urban areas. During extended events the impacts on livelihoods were 

often as a consequence of effects on transport by canals, rivers, and roads. In the long-term the greatest 

impact was damage to crops. The associated losses affected the seasonal harvest, but also caused 

death of livestock and affected Mediterranean woody crops (e.g. vineyards, olive and fruit trees), 

which are very slow to recover and return to production. Flat areas supporting Mediterranean crops 

were highly vulnerable to cold waves, and those that occurred during the Dalton solar minimum were 

particularly extreme (González-Trueba et al., 2008; García-Ruiz et al., 2014b). There are several 

reports of prayer ceremonies being performed in response to the extremely low temperatures that 

occurred in that period (i.e. Municipal Archive of La Seu d’Urgell, “Llibre de Consells”, 1826, fol. 

13r.). 

 

With their occurrence on the rise as a consequence of global warming (e.g. Barriopedro et al., 2011), 

heat waves are now considered to be a serious climate hazard in Iberia, with associated fires affecting 

large areas (Trigo et al., 2016) and significantly increasing associated loss of life (García-Herrera et 

al., 2005; Trigo et al., 2009b). However, there are few references to heat wave events during the LIA, 

suggesting that they were very unusual and had little impact on society. Some sources document 

inconvenience caused to some activities as a consequence of the heat (Fragoso et al., 2015), but in 

general heat effects were more associated with droughts. The impacts of these on crops through 

increased evapotranspiration produced a number of community responses, but these mainly involved 

religious services conducted to mitigate the effects of the droughts and to bring rain (pro pluvia 

rogations), rather than to end the heat wave. 

 

In terms of long-term drought events, the situation was slightly different during the LIA (Domínguez-

Castro et al., 2008). The agrarian setting was one of direct dependency on the crops, and in lowlands 

the limited access to irrigation systems during severe droughts became critical. In contrast, in high 

mountain areas water availability was better, enabling mitigation strategies to be developed. In urban 

settings there was even greater potential to develop mitigation strategies. Despite the high population 

density, the available technological and economic capabilities enabled the population to overcome 

long periods of drought. Some of the mitigation strategies included the substitution of water mills by 

wind mills, the deepening of wells and mines, and/or maximizing the maintenance of the piped water 

networks. Droughts have the most widespread and prolonged impacts on the Iberian Peninsula (e.g. 

Trigo & DaCamara, 2000; Vicente-Serrano et al., 2006). They had devastating effects during the LIA, 

negatively impacting food production, which was mainly based on cereals, and affecting large areas 

used for agriculture (Domínguez-Castro et al., 2012a). Furthermore, the decrease in river flow rates 

caused a severe hydraulic energy deficit, and reduced the flour supply to densely populated areas. 

Droughts are unique climate hazards that can trigger complete crises in subsistence economies. A 

one-year drought may be manageable, but two years of rainfall shortfall can result in conflicts and 

loss of populations in the most vulnerable social systems; sources have documented such processes, 

showing that two failed crop harvests at a local scale have led to market crises and eventual starvation. 

Opportunities for adaptation were very limited, and only available in specific regions; only areas of 

plain near large waterways, or mountain regions could respond to droughts using irrigation systems. 

However, these water resources were only effective if there was a large investment in construction of 

these systems, implying the need for major collective financial effort. 

 



 

 

In contrast to other areas including Greenland, where rapid cooling during the LIA also affected the 

bone isotope composition of local populations from the 15th to the 17th centuries (Fricke et al., 1995), 

no similar linkages are evident in Iberia. There is evidence of diet changes in individuals from a 

coastal necropolis in northwestern Spain (12–17th centuries) that suggests modifications in food 

production during climate anomalies. López-Costas (2012) found that the isotope composition 

indicated an increase in the consumption of marine resources and C4 plants (millet, and maize later), 

and that this coincided with periods of climate deterioration. This has been interpreted as a possible 

strategy to adapt to productivity decline, following a similar pattern to that detected in a nearby site 

during the Roman climate anomaly (López-Costas & Müldner, 2016). The short life cycles of millet 

and maize may have provided an advantage during harsh periods, when longer-growing crops were 

inhibited, and freed up areas for winter grazing (López-Costas et al., 2015). A similar isotope shift 

was observed in a 14–15th century population from Valencia (Mundee, 2010); although this was 

interpreted in terms of cultural and religious issues, the climate hypothesis cannot be dismissed. 

 

In many areas the LIA coincided with a period of travel and migration. Whether the increase in 

contacts as a result of population movements or climate deterioration were responsible for the 

expansion of diseases and dietary change is difficult to ascertain (Coltrain, 2009). It is well known 

that during this period many pandemics affected Europe. For example, the Black Death and cholera 

decimated human populations at the beginning and end of the LIA, respectively. There are also other 

proxies to be explored in relation to the LIA, including human longevity and stature. A study of 1200 

skeletons from different periods in Iberia showed a trend of increasing longevity that does not appear 

to have been affected by the occurrence of colder periods (Turbón et al., 1995). Stature has been 

suggested as a suitable proxy for climatic perturbations (Ahlstrom, 2011), though no particular trends 

have been found in this respect in the few necropolis sites that cover the period of the LIA (López-

Costas, 2012). 

 

6. Timing and climate conditions 

 

The LIA was the last stage of a sequence of six cold events recorded worldwide during the Holocene 

(Wanner et al., 2011). Its occurrence few centuries ago provides high resolution data from a wide 

range of well-preserved climate and environmental sources (natural and historical) enabling 

characterization of one of the coldest events since the Younger Dryas (Bradley et al., 2003). However, 

because of the various spatio-temporal patterns of climate variability that coexisted during the LIA, 

there is no clear agreement on the timing of the onset and end of the LIA in the northern Hemisphere 

or the Iberian Peninsula. 

 

Over recent decades the majority of studies in western Europe suggest that this climate shift 

commenced between the late 13th and the early 15th centuries. An example of this broad timing for 

the onset of the LIA is found in recent climate reconstructions; while some studies indicate it began 

in 1250 (e.g. Luterbacher et al., 2006, 2016), other recent records suggest a delay until as late as 1580 

(e.g. Schneider et al., 2015). These differences may be attributable to the different proxies used, and 

the lag response between climate/geomorphic processes and ecosystem dynamics. At high elevations 

in the Canadian Arctic and Iceland there is evidence that cold summers and ice growth began abruptly 

between 1275 and 1300, triggered by volcanic activity and sustained by sea ice/ocean feedbacks 

(Miller et al., 2012). In Iberia, the longest proxy records (i.e. lacustrine, peatlands and speleotherms) 

examined in this study suggest that the cooling began in approximately 1300 (Fig. 10), as also 

suggested by marine records from the nearby Alboran Sea (Nieto-Moreno et al., 2013) and continental 



 

 

lacustrine sediments from the Central Range (Sánchez-López et al., 2016). Although some Arabian 

texts have highlighted the presence of snow and ice on summits of the Sierra Nevada during summer 

in the late MCA (Oliva & Gómez-Ortiz, 2012), historical sources indicate a shift to cooling at the end 

of 13th century in northeast Iberia (vineyards abandoned in high mountain areas in the Urgell 

bishopric and Andorra). This trend paralleled enhanced climate variability during early decades of 

the 14th century (detected through catastrophic flood frequency based on data from the 

PREDIFLOOD Project Database). This increase in extreme climate events is also evident in other 

Iberian records, including an increase in floods recorded in the western Iberian Peninsula in 

approximately 1300 (Benito et al., 2015a, 2015b). 

 

Figure 10 

 

Therefore, the establishment of LIA climate conditions followed a staggered pattern from northern to 

southern latitudes, and at higher elevations, where it is occurred earlier than in the lowlands. The 

gradual transition from the MCA to the LIA has been suggested to have been driven by a shift from 

a persistent positive mode of the NAO to a prevailing negative mode (Trouet et al., 2009). 

Nevertheless, attribution to changes to the internal variability of the climate, driven by atmospheric 

circulation mechanisms, shows some uncertainties since the natural variability cannot be well 

reproduced by the climate models (as discussed above). In addition, atmospheric circulation 

mechanisms show strong seasonality at the European level, making really difficult the attribution of 

general periods to a single circulation pattern that only affects a particular season (like the case of the 

NAO). Moreover, climate reconstructions of atmospheric circulation variability show strong 

uncertainties and different reconstructions of the dominant circulation patterns in the North Atlantic 

sector can show strong differences (Ortega et al., 2015).  

 

In any case, assuming changes in the NAO as hypothesis of the climate variability during the LIA 

seems reasonable since the NAO has been considered in the framework of its interplay with the 

negative phase of the East Atlantic (EA) pattern (Sánchez-López et al., 2016). In Iberia, the positive 

NAO and EA modes that prevailed during the MCA led to a dry and warm climate regime that led to 

low lake levels, more xerophytic vegetation, a low frequency of floods, major Saharan aeolian fluxes, 

and less fluvial input to marine basins (Moreno et al., 2012; Sánchez-López et al. 2016). The changing 

climate patterns caused significant cooling during the LIA, the magnitude of which has been redefined 

for some regions based on new tree ring studies, which indicate warmer temperatures during the MCA 

(Esper et al., 2012). During the LIA, more persistent periods of negative NAO phases triggered 

frequent and large flood events. Nevertheless, the increasing variability of this index implies that 

there were also periods characterized by positive NAO phases, which favored prolonged and severe 

droughts in Iberia. 

 

The various natural records considered in this study show evidence of differences in the timing, 

magnitude, and type of responses by terrestrial and aquatic ecosystems to the highly variable climate 

conditions that prevailed during the LIA in the Iberian Peninsula. Some records show relatively rapid 

environmental changes to atmospheric oscillations (e.g. mass balances of small Iberian glaciers), 

while others show a more delayed response (e.g. periglacial processes). This is related to the response 

time for certain land systems; for example, periglacial mass movements will only respond following 

land system changes including vegetation density, release of clastic material, and sediment 

mobilization (Oliva et al., 2011). Furthermore, some records infer environmental dynamics involving 

other land systems, and therefore constitute complementary sources of paleoenvironmental 

information. For example, the lacustrine sediment sequences of La Mosca Lake, in the Sierra Nevada, 



 

 

have provided evidence of different phases of glacial and periglacial activity in this massif during the 

LIA (Oliva & Gómez-Ortiz, 2012). 

 

Therefore, our review underlines how the proxies reflect differently the changes occurring at the onset 

and the end of the LIA. This is related to the fact that each proxie relies in diferent environmental 

processess that exhibit contrasted times of response to climatic conditions: i.e. glaciers react slowly 

compared to tree growth or sediment characteristics, and the increase in flood frequency and 

magnitude does not necessarily coincide with the onset of colder conditions. The environmental and 

climate processes during the LIA showed complex interactions and they were activated at distinct 

temporal and spatial scales. Consequently, each proxy recorded the response of particular processes 

to changes at the onset and end of the LIA that could not be synchronous. The timing of the LIA 

phases and the internal structure are not also time and space transgressive, but also proxy (and 

process) dependent. In spite of this, most records indicate that colder conditions occurred from 1300 

to 1850 in the Iberian Peninsula, with several climate stages (discussed below) that triggered differing 

environmental responses in mountain ecosystems and in the surrounding lowlands (Fig. 11). 

 

Figure 11 

 

From 1300 to 1480 

This stage encompasses the first decades of increasing climate variability following the MCA, and 

overlaps with the economic and demographic crisis of the late Middle Ages in Europe, which was 

characterized by grain shortage and famine, Black Death, and demographic collapse. Temperatures 

started declining during the 14th century across Europe (Luterbacher et al, 2006) and Iberian records 

show evidence of moderate cooling (Fig. 11). Extreme rainfall events that triggered major floods 

occurred in rivers on the Mediterranean and Atlantic Ocean sides of the peninsula, particularly in the 

latter. Historical sources also record a concentration of torrential rain episodes that triggered 

devastating floods in two periods including approximately 1310–1330 and 1360–1390 (Llasat et al., 

2005; Barriendos & Rodrigo, 2006, PREDIFLOOD Project Database). The moderate cooling 

persisted during the first decades of the 15th century, and intensified during the middle of that century 

during the Early Spörer Minimum (1431–1440), when a succession of extremely cold and persistent 

winters triggered profound socio-economic consequences in central Europe (Miller et al., 2012; 

Camenisch et al., 2016). A peak of flood activity occurred in western Iberia during that time, probably 

associated with negative NAO modes. These climate patterns must have also involved increased 

moisture conditions in the Sierra Nevada, which together with low temperatures flavored the 

development of a glacier inside the Mulhacén cirque by approximately 1440 (Oliva & Gómez-Ortiz, 

2012). 

 

From 1480 to 1570 

The Spörer Minimum (approximately 1460–1550; Eddy, 1976) produced very cold conditions that 

brought severe famines across Europe (Camenisch et al., 2016), although the impact of this solar 

minimum is not clearly evident in the Iberian Peninsula (Fig. 11). Flood activity decreased in major 

rivers on the Atlantic Ocean side of the peninsula, except in the Guadalquivir basin (Benito et al., 

1996), where there was associated alluvial reactivation in the Guadalete River (Wolf et al., 2013a). 

In contrast, flood frequency increased in rivers on the Mediterranean side of the peninsula, in the 

Guadaletín-Segura, Júcar, and Turia basins. 

 

From 1570 to 1620 



 

 

The late 16th and early 17th centuries included decades in which the coldest summer temperatures 

during the LIA in central Europe were recorded, whereas the peak of cold reached southern Europe 

in the late 17th century (Luterbacher et al., 2016). The year 1601 has been described as the coldest 

year of the millennium (Jones et al., 1998). The combination of cold and high moisture conditions 

favored the maximum expansion of some glaciers in the European Alps around 1600, including the 

Lower Grindelwald glacier (Holzhauser & Zumbühl, 1996). In Iberia, gradual cooling of the climate 

is evident in many records, associated with the increasing occurrence of cold spells and snowstorms, 

and enhanced storminess. Glaciers expanded in the highest Iberian ranges, and periglacial processes 

reactivated at lower elevations during this stage (Oliva et al., 2016a). Though alluvial records show 

moderate flood activity, historical sources show evidence of frequent and severe floods in northeast 

Iberia between 1590 and 1620 (Barriendos & Martín-Vide, 1998; Llasat et al., 2005; Barriendos & 

Rodrigo, 2006), together with high levels of precipitation in southern Spain (Rodrigo et al., 1999). 

Documentary and sediment (paleoflood) records indicate that the 1617 flood was the most extreme 

event in northeast Iberia in approximately the last 700 years (Thorndycraft et al., 2006). The 

atmospheric pattern triggering this intense rainfall event, which lasted for an unusually long period 

(from the 2nd to the 6th November) was probably associated with a predominantly negative NAO 

phase and blocking anticyclonic conditions to the east of Iberia, coinciding with high altitude cold air 

over western Europe (Sousa et al., 2016). 

 

From 1620 to 1715 

These decades include the coldest climate conditions of the LIA in southern Europe (Luterbacher et 

al., 2016), particularly during the Maunder Minimum (Shindell et al., 2001), with 1691–1700 being 

the coldest decade of the millennium (Jones et al., 1998). A wide range of natural and historical 

sources provide evidence of the socio-economic impacts that the cooling brought to early modern 

European societies (Fagan, 2002). As shown in dendroclimatic records, this phase also encompassed 

some short stages having significantly warmer conditions that almost reached post-LIA values, 

particularly at the beginning (i.e. by 1630). Written sources reveal cold and very dry conditions in 

Iberia during the following decades, intensifying during the second half of the century (Domínguez-

Castro et al., 2010). Historical documents suggest a critical period occurred between 1680 and 1700, 

when severe cold and prolonged droughts caused serious famines in farming communities 

(Barriendos, 1997; Domínguez-Castro et al., 2010). These sources also indicate a moderate 

occurrence of other extreme events including floods and storms at the end of the 17th century, 

although sediment records suggest intense and frequent flooding in eastern Iberia. Marine and peat 

records from northwest Iberia also suggest that the coldest climate conditions during the LIA occurred 

around 1700 (Martínez-Cortizas et al., 1999; Desprat et al., 2003). 

 

From 1715 to 1760 

Increased solar radiation following the Maunder Minimum promoted warmer temperatures and 

relatively stable conditions in Europe until 1760, with a low frequency of extreme events. Therefore, 

this period can be considered to be a relative climate optimum, which led to an acceleration of 

population growth across Europe, from 120 to 187 million inhabitants (Bennassar et al., 1980); 

Barcelona, for instance, tripled in population (Vidal, 1984). These warmer conditions also promoted 

glacier retreat in the western and central European Alps during the first half of the 18th century until 

the 1760s (Nussbaumber et al., 2012). In the Sierra Nevada warmer conditions led to disappearance 

of the glacier that had been present in the Mulhacén cirque at the beginning of this period (Oliva & 

Gómez-Ortiz, 2012). 

 

From 1760 to 1800 



 

 

A clear deterioration in the climate occurred across Europe during this period, led by a rapid series of 

NAO negative/positive changes (Barriendos & Llasat, 2003) that brought a succession of episodes of 

alternating cold and heat, and floods and droughts, which had impacts on agricultural productivity 

throughout Europe (Fagan, 2002). Anomalous climate conditions were so persistent that various 

instances of social unrest and subsistence crises resulted. The deterioration in social conditions also 

favored the spread of epidemics including malaria (1783–1786), which infected approximately 1 

million people including some 100,000 in Iberia (Giménez, 2008). Volcanic eruptions cooled the 

climate for short periods. These included the Laki eruption of 1783–84, which led to colder 

temperatures in the Northern Hemisphere until 1785, and had severe socio-economic consequences 

(Highwood & Stevenson, 2003). Early instrument records for Iberia show evidence of these 

remarkable temperature and precipitation oscillations (Alcoforado et al., 2012; Prohom et al., 2016). 

Floods were frequent in Mediterranean rivers, giving rise to alluvial aggradation on floodplains 

(Guadalete, Torrealvilla) and infilled valleys (e.g. Bardenas; Fig. 4). 

 

From 1800 to 1850 

A relatively stable stage, which occurred between 1800 and 1815, ended in the late Dalton Minimum 

(1790–1820), when low solar forcing and large volcanic eruptions disrupted the stability of climate 

conditions in Iberia. The most significant event occurred following the Tambora eruption of 1815, 

which led to global cooling of approximately 0.5C (Fischer et al., 2007; Auchmann et al., 2012), and 

summer temperatures that were 2–3C colder in Iberia (Trigo et al., 2009a). Large tropical volcanic 

eruptions favored a shift to a positive NAO index, which determined the European climate over the 

following 1–2 years (Shindell et al., 2004), and produced extreme events (major floods, prolonged 

droughts, cold summers) between 1815 and 1835. Between 1835 and 1850 there was a slight increase 

in temperatures in parallel to enhanced hydrometeorological dynamics, including storms, persistent 

rain, and dramatic floods. The increased moisture favored glacier expansion in the Pyrenees during 

the first decades of the 19th century, as probably also occurred in the Cantabrian Mountains and the 

Sierra Nevada. In the western and central European Alps a major glacial advance occurred in 

approximately 1820 and a minor advance occurred in 1850 (Zumbühl et al., 2009; Nussbaumber et 

al., 2012). Instrument records from Iberia show evidence of these rapidly changing climate conditions 

during these decades (Fig. 7). 

 

Since 1850 

The second half of the 19th century has been widely referred to in the scientific literature as the end 

of the LIA, although some recent reconstructions bring it back to 1700 (Luterbacher et al., 2016). 

Based on the available data (retreating glaciers, increased organic deposition in lakes, low flood 

activity, dendroclimatic evidence) it seems reasonable to estimate that in Iberia the LIA had ended by 

1850. Between 1850 and 1870 there is a temperature increase of almost 1C, as shown in the evolution 

of the longest available temperature series in Spain (Fig. 7). By 1860 there were attempts to establish 

vine plantations in Andorra. Although these failed, the fact of efforts to establish vines in the central 

Pyrenees suggests that the climate conditions were significantly warmer than during previous 

decades, and that a less extreme climate prevailed in mountain environments (Martzluff & Mas, 

1992). Together with reduced precipitation, warmer conditions led to glacier retreat in all the glaciated 

mountain environments (Table 3). Temperatures remained almost stable during the following decade, 

and dropped further by approximately 1C between 1880 and 1890. During this period the large 

Krakatoa eruption of 1883 altered global climate, favoring a widespread reduction in temperatures at 

mid and high elevations (Bradley, 1988). In approximately 1890 this last cold phase of the 19th 



 

 

century, enhanced by volcanic activity, concluded with a sharp temperature increase, and by 1900 the 

temperatures had reached values similar to those recorded by 1870. 

 

The warming began in approximately 1850, and together with periods of reduced precipitation (Fig. 

8) there was gradual shrinking of the small LIA glaciers. This led to their complete disappearance 

from the Cantabrian Mountains and the Sierra Nevada during the first half of the 20th century, and 

for those still present in the Pyrenees an 80% reduction in volume relative to the LIA (Table 3). An 

increase in elevation of cold climate geomorphological processes was also observed for nival and 

periglacial dynamics, which shifted to the highest lands (Oliva et al., 2011). Geo-ecological processes 

responded to the warming with a spatial shrinking of alpine environments (García-Ruiz et al., 2015), 

a decrease in cold adapted species (Gottfried et al., 2012; Winkler et al., 2016), and an uplift of the 

tree line, triggered by reduced livestock pressure in the subalpine grasslands (e.g. García-Ruiz et al., 

2015, 2016b; Ameztegui et al., 2016). 

 

The magnitude of cooling during the LIA varied among regions, and was highly dependent on the 

reference period. Based on glacier records, Lampre (1994) reported an increase in the mean annual 

air temperature of 0.5–0.8C since the end of the LIA. Serrano (1996), Chueca et al. (1998), López-

Moreno (2000) and González-Trueba et al. (2008) reported increases of 0.76ºC, 0.9–0.95ºC, 0.85–

1ºC and 0.9 ºC, respectively, although these values could be underestimates because of lags in the 

response of glaciers to climatic change. The temperature increase in the Picos de Europa has been 

estimated to have been 1C (González-Trueba, 2006, 2007). From peat records in northwest ranges, 

Martínez-Cortizas et al. (1999) estimated that the coldest LIA mean temperatures were approximately 

1.7C below 1960–1990 values. The distribution of periglacial landforms and long-term snow patches 

suggests a temperature increase of 0.93C has occurred in the Sierra Nevada since the first decades 

of the 19th century (Oliva & Gómez-Ortiz, 2012). The recent climate trends in Iberia reveal an overall 

increase in solar radiation and surface air temperature (approximately 0.3C decade–1, particularly 

during summer), and a decline in relative humidity (Vicente-Serrano et al., 2017). 

 

7. Conclusions 

 

The review demonstrates a large impact of the LIA climate variability on mountain ecosystems and 

surface processes in the Iberian Peninsula, with distinct changes in environmental dynamics at the 

LIA onset (ca 1300 AD) and end (ca 1850 AD). Although reconstructed conditions were generally 

cooler, a complex internal structure shows large variability in humidity and extreme events. The 

impact of the LIA climate on mountain ecosystems is still evident in many Iberian mountain ranges, 

with environmental dynamics in some cases reacting to post-LIA warming. 

 

A multi-proxy analysis of natural and historical records for Iberian mountains provided evidence of 

the intensity of cooling and the timing of the LIA across Iberia. The reported spatio-temporal 

consequences for natural systems diverge, depending on the characteristics of the natural records, 

with rapid responses evident in some cases (e.g. tree rings) and delayed responses in others (e.g. 

glaciers). In general, natural archives, historical sources and climate models point to centuries of 

enhanced climate variability involving the occurrence of events including severe droughts, floods, 

and cold/heat waves; this occurred under persistently colder conditions than occur at present. 

 

The records suggest that the onset of the LIA resulted from a shift from the warmer climate conditions 

that prevailed during the MCA, associated to external forcing (mostly volcanic eruptions and solar 



 

 

irradiance reductions) that affected internal climate variability dominated by negative phases of the 

NAO and AE that brought more unstable air masses to Iberia. This climate pattern commenced around 

approximately 1300 and lasted until approximately 1850, with various phases mostly driven by 

variations in solar and volcanic activity, and by sea ice/ocean feedbacks. These factors determined 

the dominant atmospheric circulation patterns over western Europe, and thus over the Iberian 

Peninsula. The phases include: 

 

1300–1480: moderate cooling and increasing climate variability; 

1480–1570: relatively warmer conditions with low frequency of extreme events; 

1570–1620: gradual cooling with increasing occurrence of cold spells, snowstorms, and enhanced 

storminess; 

1620–1715: the coldest climate conditions of the LIA, particularly during the Maunder Minimum, 

and severe cold and prolonged droughts between 1680 and 1700; 

1715–1760: warmer temperatures and relatively stable conditions, with low frequency of extreme 

events; 

1760–1800: climate deterioration with cold and heat waves, floods, and droughts; 

1800–1850: highly variable climate conditions alternating with stable conditions (1800–1815), 

extreme events (1815–1835), and a slight trend of warming with intense 

hydrometeorological events (1835–1850); 

and since 1850: progressive and staggered temperature increase, with the occurrence of short cold 

phases and extreme events. 

 

In general, the temperatures during the coldest stages in the late 17th and early 18th centuries were 

on average of approximately 1C lower than those in 1850, and approximately 2C lower than 

present-day values. Significantly lower values occurred during years following major volcanic 

events. For example, 1816 is known as the year without summer, and it followed the Tambora eruption 

in April 1815. Therefore, since the end of the LIA the increase in mean annual temperature has been 

estimated to have been 1C, as suggested by both natural records and instrument data. 

 

Environmental responses to this cooling included expansion of glaciers, downslope migration of the 

periglacial belt, low lake productivity, increased sediment runoff, and periods having increased flood 

activity. In many mountain environments, the cooling also brought an increase of natural hazards (e.g. 

catastrophic avalanches), geo-ecological (e.g. tree lines) and land use (e.g. agriculture practices) 

changes. Subsequently, with the temperature increase that commenced in 1850 and population growth 

in mountain areas, some of the agricultural lands abandoned during the coldest phases of the LIA 

were re-cultivated. 

 

Post-LIA warming associated with changing precipitation patterns has impacted the mountain 

ecosystems in a wide variety of ways, including the gradual shrinking of glaciers, reduced periglacial 

activity and movement of periglacial activity to higher elevations, up-slope migration of certain plant 

species, enhanced soil development, and changes to the tree line level, which has been helped by the 

abandonment of the subalpine grasslands belt. It is expected that the forecasted climate scenarios for 

the coming decades, with temperatures projected to increase by more than 2C by the end of the 21st 

century (IPCC, 2013), will reinforce recent environmental dynamics, and that the spatial extent of 

cold climate processes will shrink in Iberian mountains. 
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Figure 1. Location of the Iberian Peninsula within Europe (a), and the sites mentioned in the text (b), 

including those relevant to natural, historical, and instrument records for the LIA. 

 

 
 

Figure 2. Comparison of glaciated environments during the LIA and present-day conditions in various 

cirques: (a) Monte Perdido glacier, the Pyrenees; (b) Cemba Vieya glacier, Western Massif of Picos 

de Europa; (c) Veleta glacier, the Sierra Nevada. 



 

 

 
Figure 3. Examples of periglacial features formed during the LIA: (a) Posets rock glacier, located at 

3040 m on the northeast face of Posets peak (3369 m, central Pyrenees); (b) LIA protalus rampart at 

2380 m on the northern face of Los Campanarios peak (Picos de Europa, Cantabrian Mountains); (c) 

weakly active sorted circle in the Ubiña Massif (2000 m, Cantabrian Mountains); and (d) currently 

inactive solifluction lobe in the Sierra Nevada (2900 m, Betic Range). 

 



 

 

 
Figure 4. (a) Radiocarbon dates for fluvial terraces and alluvial deposits in selected Iberian rivers 

over the last millennium. Data source: Torrent Lluc (Schulte, 2003); Aguas River (Schulte et al., 

2002), Torrealvilla stream (Baartman et al., 2011); Guadalete River (Wolf et al., 2013a); Bardenas 

(several streams, Sancho et al., 2008). (b) Cumulative probability density function (CPDF) obtained 

from the analysis of radiocarbon dates collected from units representing paleofloods and extreme 

fluvial events in rivers on the Mediterranean and Atlantic Ocean sides of the Iberian Peninsula (data 

from Benito et al., 2015a, 2015b). 

 
Figure 5. Maximum temperature reconstruction since AD 1602 for the Iberian Range. The blue 

shading indicates the LIA segment included in the reconstruction, the bold red curve is an 11-year 

running mean, the grey shading indicates the mean square error based on the calibration period 

correlation, and the yellow shading at the bottom shows solar forcing (figure adapted from Tejedor et 

al., 2017). 



 

 

 
Figure 6. (a) Weighted index for drought rogation ceremonies for selected coastal cities in northeast 

Iberia. Standardized values smoothed using 11-year moving averages (source: author data modified 

from Martín-Vide & Barriendos, 1995). (b) Catastrophic flood frequencies for selected cities in 

northeast Iberia. Standardized values smoothed using 31-year moving averages (source: author data 

modified from Martín-Vide & Barriendos, 1998). 

 



 

 

 
Figure 7. Mean annual temperature for Cádiz, Gibraltar, Madrid, and Barcelona during the period 

1780–2010. The values are expressed as departures from the control period 1961–1990. The red line 

is a 13-period Gaussian filter obtained when at least three series were available. 

 



 

 

 
Figure 8. Mean annual rainfall for a set of series derived from near the Cantabrian Mountains (top), 

the Pyrenees (middle), and the Sierra Nevada (bottom). The series cover the common period 1859–

2010, and the values are expressed as percentages with respect to the control period 1961–1990. The 

thick solid line is a 13-period Gaussian filter obtained when at least two series were available. 



 

 

 
Figure 9. (a) Fields in the Castanesa Valley, central Pyrenees, at approximately 1650 m. These fields 

are located in the ecotone between the montane belt and the subalpine belt. They were cultivated with 

rye on a 13-month cycle, and were probably abandoned during the coldest periods of the LIA. (b) 

Natural upper forest limit in the headwater of the Escuaín Valley. Young Pinus uncinata trees are 

occupying increasingly high positions because of global warming, whereas some dead trees are 

evidence of a lowering of the natural tree line during the 18th and 19th centuries. 

 
Figure 10. Onset and end of the LIA, based on natural records from the main Iberian mountain ranges 

(PYR: Pyrenees; CM: Cantabrian Mountains; CR: Central Range; IR: Iberian Range; SN: Sierra 

Nevada). 



 

 

 
Figure 11. Summary of climate conditions for the various stages of the LIA in the Iberian Peninsula, 

inferred from each of the studied proxies (symbols represent wide areas, not specific places). 

 

 

 

 

 

 



 

 

Table 1. Summary of the proxies examined, the nature of the evidence, and the time frame for each 

proxy for the last millennium. 

 

 

 

  

Proxy Evidence Time frame (AD) 

Glacial 
Sedimentological records (i.e. moraines), 

historical documents 

Discontinuous, from 1440 

onwards 

Periglacial 
Slope deposits, inactive landforms, ice 

caves 
Discontinuous, with few 14C 

dates 

Lake and peat records 
Biological and geochemical variations, 

sedimentation changes 
1000–2015 

Fluvial and alluvial records Various types of deposit, 

sedimentation changes 
1000–2000 

Speleothems 
Geochemical variations, sedimentation 

changes 
1200–2015 

Tree rings Tree-ring widths, stable carbon isotopes 1500–2000 

Historical sources 

Documents generated by local public 

administrations and ecclesiastical 

authorities, private documents 

1000–2015 

Instrument data 
Direct climate measurements from 

various cities across Iberia 
1780–2015 



 

 

Table 2. Number of proxies indicating prevailing cold temperatures (above) and wet conditions 

(below) for each period. In brackets the total number of proxies with information for that period and 

study area. 

 

 Pyrenees 
Cantabrian 

Mountains 
NW Ranges Central Range Iberian Range Sierra Nevada Total 

1300-1480 2 (2) 2 (2) 1 (1) 1 (1) - 1 (1) 7 (7) 

1480-1570 1 (1) 1 (1) 1 (1) 1 (1) - - 4 (4) 

1570-1620 3 (3) 1 (1) 2 (2) 1 (1) - 1 (1) 8 (8) 

1620-1715 4 (4) 3 (3) 0 (1) 1 (1) 1 (1) 2 (2) 11 (12) 

1715-1760 2 (3) 1 (1) 0 (1) 1 (1) 1 (1) 2 (2) 7 (9) 

1760-1800 3 (4) 2 (2) 0 (1) 1 (1) 1 (1) 2 (2) 9 (11) 

1800-1850 2 (3) 2 (2) 0 (1) 1 (1) 1 (1) 2 (2) 8 (10) 

Since 1850 0 (5) 0 (3) 0 (2) 0 (2) 0 (2) 0 (2) 0 (16) 

        

 Pyrenees Cantabrian NW Ranges Central Range Iberian Range Sierra Nevada Total 

1300-1480 4 (4) 2 (2) 1 (1) 1 (2) 1 (2) 2 (3) 11 (14) 

1480-1570 2 (3) 0 (1) 1 (1) 1 (2) 1 (2) 2 (3) 7 (12) 

1570-1620 3 (4) 1 (1) 1 (1) 2 (2) 2 (2) 3 (4) 12 (14) 

1620-1715 5 (5) 3 (4) - 1 (2) 2 (3) 4 (4) 15 (18) 

1715-1760 2 (3) 0 (2) - 2 (2) 1 (2) 2 (4) 7 (13) 

1760-1800 4 (4) 1 (3) - 2 (2) 2 (2) 4 (4) 13 (15) 

1800-1850 2 (3) 3 (3) - 1 (2) 1 (2) 4 (4) 11 (14) 

Since 1850 0 (3) 1 (3) - 1 (2) 0 (3) 1 (3) 3 (14) 

 

 



 

 

Table 3. Summary of geomorphological evidence of glacier activity in Iberian mountains during the LIA. 

 

Region Areas Evidence Chronological framework 
Climate conditions 

Pyrenees 
Highest cirques in the 

Central Pyrenees 

Development and/or expansion of glaciers in the 

highest northern and southern cirques (ELA ≥ 2600–

2950 m). The glaciers stayed within the cirques or 

nearby as small alpine glaciers, with the formation of 

moraines (frontal and latero-frontal). Presence of 

glacial erosion features (polished bedrock and glacial 

striae). 

Maximum glacial expansion in the last decades of the 17th 

century. 

Minor re-advances 1750 and 1800. 

Glacier advance 1805–1830. 

Glacier retreat 1850–1870. 

Minor re-advances and equilibrium 1890–1920. 

Glacier retreat during the 1930s. 

Drastic retreat since the end of 1980s. 

Glacier advance was driven by colder conditions 

and/or greater snowfall. Glacier retreat was 

favored by warmer temperatures. 

Long-term temperature increase since the 

second half of the 19th century. 

Cantabrian 

Mountains 

Highest northern cirques in 

the Picos de Europa 

Development of small glaciers in the highest northern 

cirques of the Western and Central Massifs of the 

Picos de Europa. ELA, northern face: 2250 m 

(Western Massif)/2340 m (Central Massif). Formation 

of frontal moraines. Presence of glacier erosion 

features (polished bedrock and glacier striae). 

Presence of six glaciers that gradually retreated during the 

second half of the 19th century, and had completely 

disappeared by the first third of the 20th century. 

Glacier advance was driven by colder conditions 

and/or greater snowfall. Long-term temperature 

increase since the second half of the 19th 

century.  

Sierra Nevada 

Highest northern cirques of 

the western part of the 

massif 

Development of small glaciers in the highest northern 

cirques at the foot of the Veleta and Mulhacén peaks 

(ELA ≥ 2900–3000 m). Formation of frontal moraines. 

Presence of two glaciers from mid 15th century that 

gradually retreated during the second half of the 19th 

century and had completely disappeared by 1947 (the 

Mulhacén glacial disappeared by 1710). 

Glacier advance was driven by colder conditions 

and/or greater snowfall. Long-term temperature 

increase since the second half of the 19th 

century.  

 

 

  



 

 

Table 4. Summary of geomorphological evidence from periglacial activity and ice caves in Iberian mountains during the LIA. 

 

Region Areas Evidence Chronological framework Climate conditions 

Pyrenees 
Environments above 

approximately 2000 m 

Reactivation of rock glaciers and protalus lobes above 

2000 m. Widespread permafrost conditions above 2500 

m. Development of patterned ground features and 

solifluction landforms. Intense cryoturbation and nivation 

processes. 

 

Ice accumulation in ice caves from several massifs. 

 

 

 

 

 

 

Between 950 and 1750 (and earlier in several cases). 

Colder conditions with oscillating moisture 

regimes. 

Cantabrian 

Mountains 

Highest lands of the highest 

massifs 

Intense nival dynamics with formation and/or reactivation 

of protalus ramparts and nivation hollows. Triggering of 

debris flows and other rapid mass movements. Intense 

development of nival karst in Picos de Europa and Ubiña 

massifs. Development of patterned ground features and 

solifluction landforms. 

 

Ice accumulation in ice caves from the Central Massif of 

the Picos de Europa. 

 

 

 

 

 

 

 

 

Between 950 and 1750 (and earlier in several cases). 

Colder conditions with oscillating moisture 

regimes. 

Northwest Ranges 
Highest lands of the highest 

massifs 

Active screes, formation of protalus ramparts and 

solifluction landforms. Increase in snow cover. 
 

Colder conditions with oscillating moisture 

regimes. 

Central Range 

 

Iberian Range 

Highest lands of the highest 

massifs 

Frost shattering reactivating the screes. Formation of 

nivation hollows. 
 

Colder conditions with oscillating moisture 

regimes. 

Sierra Nevada Environments above 2500 m 

More extensive snow fields. Development of patterned 

ground features in the flat summit plateaus and 

solifluction landforms, and debris flows on slopes in 

glacial cirques/valleys. 

Two phases with more intense solifluction activity between 

1550 and 1800. 

Colder conditions with oscillating moisture 

regimes. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 5. Summary of peat and lacustrine records in Iberian mountains during the LIA. 

 

  

Region Areas Evidence Chronological framework Environmental conditions 

Central 

Pyrenees 

Estany de Burg, Bassa Nera, Bassa de 

la Mora, Redon, Estanya 

Pollen, charcoal, geochemistry, mineralogy, fossil 

remains, sedimentary facies, organic matter. 

Radiocarbon dating and age-depth 

modeling. 

Proposed chronology for the LIA: 1542–1840. 

General humid conditions; heavy rainfall (1372–1452); dry episode 

(1606–1750); LIA onset warm; warmer summers and colder winters. 

Other: no evidence of landscape change at Estany de Burg; climate 

oscillations are not reflected by the mature forest; a shift from 

farming to livestock raising during the LIA at Bassa Nera. 

Western 

Pyrenees 
Atlantic zone, Arreo 

Pollen, sedimentary facies, mineralogy, 

geochemistry, fossil remains, charcoal, organic 

matter. 

Radiocarbon dating and age–depth 

modeling. 

General humid conditions. 

Other: anthropic pressure increases, diversification of farming 

activities, forest decline (in pulses).  

Cantabrian 

Mountains 

Monte Areo, Roñanzas, Huelga de 

Bayas 

Pollen, non-pollen palynomorph, physico-

chemical properties, geochemistry, peat organic 

chemistry. 

Radiocarbon dating and age–depth 

modeling. 

Humid period by 1260–1650; wetter conditions in approximately 

1460. 

Other: interference by human activities and the evolution of the peat 

deposits. 

Northwest Iberia 

Cruz do Bocelo, Borralleiras da Cal 

Grande, Pena da Cadela, Penido Vello, 

Sanabria  

Pollen, non-pollen palynomorphs, geochemistry, 

sedimentary facies, peat organic chemistry, 

physico-chemical properties, peat humification, 

organic matter, fossil remains. 

Radiocarbon dating and age–depth 

modeling. 

Prevailing wet conditions; wetter at the beginning and end of the LIA; 

wetter during solar minima; cooling since the Spörer, with lowest 

temperature in the Maunder and a slight cooling coinciding with the 

Dalton minima in insolation. 

Other: increased soil erosion, forest decline. 

Central Range 

 

 

 

Iberian Range 

Ayllón Range, Guadarrama Range, 

Gredos Range, Francia Range, Béjar 

Range, Gata Range 

 

Taravilla, Cañada del Hoyo, El Tobar 

Pollen, physico-chemical properties, 

sedimentary facies, organic matter, 

geochemistry, mineralogy, fossil remains. 

Radiocarbon dating and age–depth 

modeling. 

Generally cooler and wetter conditions are inferred from a slight 

altitudinal rise of Betula at high elevation settings. High abundance 

of dry and wet phase indicators suggest extreme events. 

Other: vegetation changes mostly related to human land-use and 

human induced landscape transformations (agricultural expansion 

and increasing impact of livestock); increased soil erosion. 

Southern Iberia 

Borreguiles de la Caldera y de la 

Virgen (Sierra Nevada), Zoñar, Tablas 

de Daimiel 

Pollen, non-pollen palynomorphs, charcoal, 

physico-chemical properties, fossil remains, 

geochemistry, organic matter, mineralogy. 

Radiocarbon dating and age–depth 

modeling. 

Rapid centennial-scale oscillations between 1300 and present. 

Enhanced humid conditions centered in approximately 1300, 1410, 

1550–1620, and 1810. Alternating with arid events. Some 

discrepancies among lowlands records. 



 

 

Table 6. Summary of fluvial records for Iberian mountain rivers during the LIA. 

 

  

Region Areas Evidence Chronological framework Climate conditions 

Iberian Peninsula Atlantic rivers Slackwater flood deposits 

Increasing flooding recorded in slackwater flood 

deposits during the last millennium at 850–1150 and 

1450–1650 cal AD. 

A period of increased flooding in Iberian Atlantic rivers between 1000 and 1200 

cal AD is also apparent in written documentary records (Benito et al., 2003b), 

and was associated with unusual wet winters in negative phases of the NAO 

index. In Iberian Mediterranean catchments, documentary sources indicate 

highest flood severity during 1580–1620 and 1840–1870. 

Northeast Spain 
Bisbal, Torrent del Lluc and 

Gralhera catchments 
Alluvial deposition 

Colluvial and alluvial aggradation phase after 1365 ± 

50 cal AD. 

Sedimentation of fluvial deposits started at the onset of the LIA, probably 

enhanced by deforestation. 

Ebro Basin 

Arroyo Caldero, Arroyo 

Bodegas, Arroyo Grande, 

Arroyo Salinero, Val de la 

Morea 

Infill sequence 

Generalized sedimentation in 900–1450 cal AD as a 

response to arid conditions and human activities 

during the MCA. Later fluvial incision and aggradation 

surface (MU4) composed of centimetric sequences of 

flood sediments dated at 1500–1940 cal AD. 

MU4 morpho-sedimentary unit associated with an increase in flood activity 

during the Maunder Minimum, associated with high hydroclimatic variance 

during the LIA. 

Southeast Spain 
Vera Basin: Rambla Ancha, 

Aguas and Antas River 
Fluvial terrace 

Historical terrace deposition during the early Middle 
Ages (terrace +2 m) dated at 1550 cal AD, correlated 
with either LIA climatic fluctuations or the Christian 
Reconquest. 

Aggradations interpreted as mainly climate-induced, although over the last 500 

years human activities in the landscape, related to land-use changes (e.g. 

Christian Reconquest and expulsion of the Muslims), may have influenced the 

river dynamics. 

Southeast Spain 
Librilla/la Murta, 

Guadalentin 
Alluvial deposits 

2–3 m above thalweg historic terrace, associated 
with aggradation episode roughly coinciding with 
the earliest signals of the LIA, and demographic 
fluctuations during the Christian Reconquest (dates 
1305–1374 cal AD; 1291–1471 cal AD). 

This terrace was built after the deep incision of iron deposits and Roman 

antiquity deposits, between the Medieval and the contemporary period. Less 

extensive than Middle Holocene fans, showing termination of large 

accumulation processes in Mediterranean arid climate environments. 

Southeast Spain 

Ramblas Torrealvilla, 

Estrecho, Guadalentín and 

Vélez rivers 

Alluvial infill terrace 
Historical terrace level deposition occurred in 

approximately 350, 1250, and 1550 cal AD. 

Asynchrony of erosion episodes between the Guadalentín and Rambla 

Torrealvilla rivers and the absence of younger terraces in the Velez River, 

interpreted as minor role of external drivers (climate) in river dynamics. 

Southwest Spain Guadalete River Active sedimentation 
Significant floodplain aggradation occurred in 

historical times starting in 1050 and 1550 cal AD. 

The high sedimentation rate at 1550 cal AD points to climate anomalies during 

the LIA. Anthropogenic signal not clearly distinguishable from that of climate. 



 

 

Table 7. Summary of speleothem records from Iberian caves during the LIA. 

 

 

  

Region Areas Evidence Chronological framework Climate conditions 

Pyrenees Seso Cave 
Speleothem growth, stable 

isotopes, trace elements 

Chronology is well-constrained for the four stalagmites, 

especially for two that have continued to grow to the 

present. Records were later combined to produce a stacked 

profile based on the good overlap of records. 

Correlation with instrument data enabled interpretation of δ18O 

oscillations in terms of temperature changes. Colder temperatures 

characterized the onset of the LIA, with cold events during solar 

irradiance minima. δ13C and Mg/Ca stacked records show good 

agreement, and were interpreted as hydrological changes. The LIA onset 

(approximately 1300–1650) was more humid than the previous period. 

Water availability decreased afterwards. 

Cantabrian 

lowlands 

El Pindal, La Vallina, and 

Cueva Fría caves 
Speleothem growth 

Record from El Pindal cave is well-dated but the other two 
samples (Guillermina and Patricia) based on 14C and U-Th 
were combined because of the problems associated with 
detrital particles (associated with flood layers). 

The growth of speleothems during the LIA in the three caves was 

interpreted as the result of a period of more humid conditions than in 

previous millennia. 

Matienzo, Cueva de Asiul Speleothem growth, δ18O records 
Combined and de-trended record based on two well-dated 

speleothems (δ18O record). 

Precipitation amount was the primary factor controlling the high 

frequency δ18O oscillations, and was related to variation in the NAO 

parameter. Thus, the LIA (at least from 1550 to 1650 cal AD) was related 

to a negative phase of the NAO, and characterized as a wet period. 

Cantabrian 

Mountains 

Cueva del Cobre, Kaite Cave, 

Cueva Mayor 
Speleothem growth, δ13C records 

Chronology was well constrained for the three stalagmites, 

and the records were later combined to produce a stacked 

profile based on the good overlap of the δ13C records. 

Variation in δ13C was interpreted as paleotemperature through its 

relationship to vegetation growth. During the LIA, lower values indicated 

a colder period (from 1200 to 1850 cal AD) with extremes occurring in 

1350–1450, 1600–1650, and 1800–1850 cal AD. 

Kaite Cave Speleothem growth, δ18O record 

Chronology was well-constrained for the studied stalagmite 

throughout the Holocene. No changes in growth rate during 

the LIA were detected relative to the previous interval.  

Precipitation amount was the primary factor controlling the high 

frequency δ18O oscillations, together with changes in the source of 

moisture. During the LIA the δ18O tended to lower values (wetter period) 

with marked oscillations, but this is not discussed in the text. 

Galicia 

inland 
Cova de Arcoia 

Speleothem growth, stable 

isotopes 

U-Th dates were not available for the LIA interval. A hiatus 
was defined within the LIA period (1300–1500) based on 
petrography, but not dated absolutely. 

Stable isotope data (δ18O and δ13C) were available but not interpreted at 

this time scale.  



 

 

Table 8. Summary of dendroclimatic records for the Iberian Peninsula during the LIA. 

 

 

 

 

  

Region Areas Evidence Chronological framework Climate conditions 

Northeast Spain 
Pyrenees, Northern Iberian 
Range 

Tree-ring width, maximum 
latewood density, stable carbon 
isotopes, temperature and 
precipitation signals 

Cold period during 1645–1706 (Maunder solar minimum). 

Cold period during 1810–1838 (Dalton solar minimum). 

Warm period during the mid-20th and 21st centuries (modern 

solar maximum). 

LIA was characterized by a cold phase having lower annual and 
summer temperatures relative to the long-term mean, consistent 
with the solar minima. 

Northwest Spain La Puebla de Lillo 
Stable isotopes, precipitation signal 

 

Frequent dry summers from 1665 to 1700. 

Greater occurrence of dry years during the late Maunder solar 

minimum. 

 

High degree of persistence of pluvial episodes during the mid-19th 

century. 

Lack of droughts, and more frequent and severe catastrophic 

floods. 

A greater recurrence of extreme dry summers was evident until 
the 19th century, when there appeared to be a shift to more 
frequent and severe catastrophic floods and an absence of 
droughts. Drivers affecting the northwest precipitation patterns 
were related to NAO oscillations. 

Ebro Basin Pallaruelo 
Tree-ring width, precipitation and 

temperature signals 

High inter-annual climate variability during the Maunder and 

Dalton solar minima. 

Decrease in the occurrence of extreme events during the 19th 

century. 

Cold phases during the 16th and 17th centuries. Multi-decadal 
fluctuations in precipitation and a high degree of recurrence of 
extreme events during the LIA. 

Central Spain 
Southern Iberian Range, Sierra 

de Guadarrama 

Tree-ring width, precipitation and 

temperature signals 

High level of recurrence of extreme magnitude dry events during 

the 18th century. 

 

19th century, low recurrence of extreme events. 

20th and 21st centuries, high recurrence and magnitude of 

extreme dry and wet events. 

High inter-annual variability of dry and extreme events during the 
18th century, but low variability in the 19th century. The 
magnitude and recurrence of the extreme dry and wet events in 
the 20th and 21st centuries was remarkable. 

Southeast  Spain Cazorla Tree-ring width, temperature signal 

Coldest period during 1500–1550, coinciding with the second half 

of the Spörer solar minimum. 

Cold period during 1800–1860 (Dalton solar minimum). 

The LIA spanned a longer period (1500–1930) than found in other 
European summer temperature reconstructions for the Alps and 
the Pyrenees. The 20th century did not show unprecedented 
warmth over the last 800 years. 



 

 

Table 9. Summary of documented records for the Iberian Peninsula during the LIA. 

 

Region Areas Evidence Chronological framework Climate conditions 

Spain 

Rogations: Bilbao, Santo Domingo, 
Calahorra, Girona, Vic, Barcelona, Cervera, 

Tarragona, Tortosa, Zaragoza, Teruel, 

Zamora, Toledo, Zafra, Seville, Murcia. 
Floods: Ter, Besos, Llobregat, Francolí, 

Ebro, Turia, Jucar, Segura, southern basins, 

Tajo, Guadalquivir, Segre, northern basins, 
Duero 

Chronologies of droughts 
(rogation ceremonies) and floods 

1500–1850 

During 1600–1650 droughts were characterized by their local character; from 1650–

1750 droughts affected broader regions and in some cases the entire peninsula. During 

the period 1750–1850 the more severe droughts periods occurred in 1750–1754 and 
1779–1782. 

 

Times of high flood occurrence: the middle and late 16th century, the end of the 18th 
century, and the second half of the 19th century. Times of low occurrence: the middle 

decades of the 15th century, the early 16th century, 1680–1730, and the early 19th 

century. 

Portugal 
Lisbon, Evora, Coimbra, Braga, Evora, 

Porto, Lamego, Mafra 

Chronologies of extreme events 

(drought/floods) (cold/warm) 
1675–1800 

1631–1632: rainier than present. 
1690s: the coldest decade with severe droughts in 1694 and 1714–1716. 

The highest variability was detected in the 1730s and the 1780s. The early 1780s were 

very dry. Heavy precipitation prevailed from 1784–1790. 

Northeast Spain 
Girona, Barcelona, Tarragona, Tortosa, La 
Seu d' Urgell, Vic, Cervera, Valencia, 

Balearic Island 

Chronologies of extreme events 

(drought/floods) 
1438–2000 

Drought events of moderate severity occurred almost continuously, with the exception 

of two wet periods (1570–1610 and 1830–1870) and a shorter wet stage between 1795 
and 1811. The most severe and extensive drought events took place in 1547–1550, 

1561–1567, 1752–1755, and 1819–1821. Three periods of increased frequency of 

severe floods occurred in 1580–1620, 1760–1800, and 1830–1915. 

Northern Spain Bilbao 
Chronologies of extreme events 

(drought/floods)  
1571–2000 Dry periods: 1650–1750, the 19th century, and the last decades of the 20th century. 

Ebro valley Zaragoza 
Chronologies of droughts 
(rogation ceremonies) 

1600–2000 Extreme drought periods: 1725–1755, 1765–1800, and 1814–125. 

Central Spain 
Madrid, Salamanca Valladolid, Zamora, 
Central Range, Toledo, Aranjuez, Talavera 

Chronologies of extreme events 
(drought/floods) (cold/warm) 

1100–2000 

Temperature anomalies: 1564–1587(-1.2ºC), 1564–1575 (−1.8C). 

Negative temperature anomalies were higher in 1634–1648 than in 1971–1985 (except 

summer). 
Precipitation: regular precipitation 1554–1575, with low-intensity floods; low 

precipitation levels 1576–1584, and few floods; intense precipitation 1585–1599, with 

large floods interspersed with long-lasting droughts. 
Intense drought periods: 1600–1675, 1711–1775. 

High flood frequencies: 1160–1210 (3%), 1540–1640 (11%; peak at 1590–1610), 1730–

1760 (5%), 1780–1810 (4%), 1870–1900 (19%), 1930–1950 (17%), and 1960–1980 
(12%). The largest floods took place during the periods 1168–1211, 1658–1706, 1870–

1900, and 1930–1950. 



 

 

Andalusia 
Seville, Guadalquivir basin, Granada, Sierra 

Nevada, Málaga 

Chronologies of extreme events 

(drought/floods) (cold/warm) 
1500–2000 

Wet periods: 1590–1649, 1776–1937. 

Dry periods: 1501–1589, 1650–1775. 

Winter temperature (1781–1850): 10.6 ± 0.1C (11.0C for 1960–1990). 

Rainfall (1701–1850): winter 267 ± 18 mm (224 mm for 1960–1990), spring 164 ± 1 

(129 mm for 1960–1990), autumn 194 ± 16 mm (162 mm for 1960–1990). 

Southeast Spain Murcia 
Chronologies of extreme events 

(drought/floods)  
1400–2000 

Dry periods: 1500–1550, 1650–1750, last decades of the 20th century. 

In autumn, a clear trend of decrease was observed, only interrupted during the second 

half of the 19th century and beginning of the 20th century. 
Drought conditions during autumn in approximately 1697 and 1759–1813. 

A long water deficit was recorded in Murcia between 1815 and 1830. 

High flood frequencies: 1440–1490, 1520–1570, 1600–1740, 1770–1800, 1820–1840, 
and 1870–1900. 

Southwest Spain Zafra Weekly weather observations 1750–1840 

Cold periods: 1787–1790, 1805–1808, 1818–1821, 1825–1827, 1832–1837. 
Warm periods: 1777–1779, 1795–1800, 1823–1825. 

Wet periods: 1782–1789, 1799–1807. 

Dry periods: 1796–1799, 1816–1819. 

 

 

 

 

 

 

 

 

 

 

 

 


