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A B S T R A C T   

Obtaining accurate temperature reconstructions from the past is crucial in understanding the consequences of 
changes in external climate forcings, such as orbital-scale insolation or multidecadal to centennial-scale vari
ability on the climate system and the environment. In addition, these reconstructions help in comprehending the 
amplitude of natural temperature changes in the past, which can assist in evaluating the amplitude and rate of 
recent anthropogenic global warming. Here we present the first detailed Holocene mean July air temperature 
reconstruction based on chironomid assemblages from sediments retrieved from Laguna de Río Seco, an alpine 
lake in Sierra Nevada, southern Spain. Coldest climate conditions are recorded during the last glacial maximum 
and the last deglaciation. Warming occurred in the Early Holocene and warmest summer temperature conditions 
and the Holocene thermal maximum (HTM) occurred in the interval roughly between 9000 and 7200 cal yr BP, 
concurrent with summer insolation maxima. Rapid cooling of ~1.5 ◦C occurred after the warmest maximum and 
between ~7200 and 6500 cal yr BP, and temperatures stabilized between ~6500 and 3000 cal yr BP. A further 
cooling began ~3000 cal yr BP and culminated with coldest summer conditions during the Dark Ages (DA) and 
Little Ice Age (LIA) at ~1550 cal yr BP (~400 CE) and ~200 cal yr BP (~1750 CE), respectively. This cooling 
temperature trend was interrupted by warmer conditions during the Iberian-Roman Humid Period (IRHP) 
~2000 cal yr BP and during the Medieval Climate Anomaly (MCA) at ~1000 cal yr BP. Our reconstruction shows 
a greater than two-degree cooling during the Middle and Late Holocene, agreeing with global mean surface 
temperature (GMST) reconstructions. Modern climate warming (MCW) during summer exceeds the two-degree 
Celsius forecasted for the future due to anthropogenic greenhouse gases, suggesting that recent warming is 
amplified at high elevations. Alpine environments and the biodiversity contained there are thus in danger if the 
observed temperature trend continues in the next decades.   

1. Introduction 

The Intergovernmental Panel on Climate Change (IPCC et al., 2022) 
predicts a possible increase in global temperatures of ~2 ◦C (higher than 
the period 1850–1900 CE) by the end of the 21st century. Impacts of 
increasing temperatures in mountains have been documented in recent 
decades with observable and serious consequences for societies, biodi
versity, and ecosystems. These include, for example, changing seasonal 

weather patterns, reductions in snow cover extent and duration at low 
elevation, loss of glacier mass, increased permafrost thaw, changes in 
the timing of glacier- and snow-melt discharge, enhanced fire activity, 
and changing natural distribution of plant and animal species shifting to 
higher elevations (IPCC et al., 2022). Previous studies show that 
warming will be more pronounced in high altitude alpine areas (Pepin 
et al., 2022) causing dramatic impacts to those environments. Some 
areas of southern Europe are the most responsive regions to MCW, 

* Corresponding author. 
E-mail address: gonzaloj@ugr.es (G. Jiménez-Moreno).  
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especially in summer (Lorenzo and Alvarez, 2022). In addition, the 
Mediterranean side of southern Iberia appears to be especially sensitive 
as the occurrence of summer heatwaves has increased by 4% per decade 
between 1950 and 2020 CE (Díaz-Poso et al., 2023). 

Understanding the long-term relationship between environmental 
change caused by climate change in mountain areas from the Mediter
ranean basin is paramount to comprehend ecosystem response to 
increasing temperatures in this climate-sensitive area. To accomplish 
this, detailed paleoecological and paleoclimatic studies are necessary, 
especially for periods that are warmer than present. In this respect, the 
sedimentary record from the alpine lake Laguna de Río Seco (LdRS; 
Fig. 1) has already provided detailed insights into environmental change 
in the Sierra Nevada range of southern Spain and the western Mediter
ranean area in general (sedimentation, eolian input, vegetation and lake 
environmental geochemistry) including information on past climate 
variations and human impact during the Holocene (~last 12,000 years; 
Anderson et al., 2011; García-Alix et al., 2013, 2018, 2020; 
Jiménez-Espejo et al., 2014; Jiménez et al., 2018, 2019; Toney et al., 
2020). However, most of these previous paleoenvironmental studies 
were only interpreted in terms of qualitative paleoclimatic change and 
the only available temperature reconstruction comes from algae-derived 
long-chain diol analysis (García-Alix et al., 2020; Toney et al., 2020). 
Accurate quantitative temperature reconstructions are crucial to cali
brate responses of the climate system to external forcing such as 
orbital-scale changes in insolation or multidecadal to centennial-scale 
climate variability and to help modelers parameterize their climate 
projections under different scenarios in the past, thereby contributing to 
more accurate climate predictions for the future (e.g., Heiri et al., 2014; 
PAGES 2k-PMIP3 group, 2015; Samartin et al., 2017). 

Here we show a detailed fossil chironomid analysis of the Laguna de 
Río Seco record (LdRS-01, covering the past ~21,000 cal yr BP; Fig. 2). 

Remains of chironomid larvae, mainly their chitinous head capsules, are 
preserved well in Pleistocene and Holocene lake sediments (Bolland 
et al., 2020, 2021; Bennike et al., 2023). The head capsules of the 
different species possess unique morphological characteristics permit
ting their identification at the generic, species-group, or morphotype 
levels (Brooks et al., 2007). Chironomid assemblages are known to be 
sensitive to summer temperatures in continental environments (Brooks, 
2006; Eggermont and Heiri, 2012) and can be used to estimate past 
summer temperature variability based on changes in species assem
blages (e.g., Brooks and Birks, 2001; Samartin et al., 2017). The LdRS-01 
chironomid record, therefore, allows the development of a quantitative 
summer temperature reconstruction for the Sierra Nevada region since 
the end of the Last Glacial Maximum (LGM). The comparison of this 
summer temperature record with other paleoclimate records will help 
refine our understanding of regional climate dynamics during the 
deglaciation and the Holocene, the extent that recent climate warming 
exceeds this baseline variability, and the impacts of climatic change on 
the environment in a mountain area in southern Spain. 

2. Study site and regional setting 

LdRS (37◦03′7′′N, 3◦20′44′′W, 3029 m a.s.l.) is in a south-facing 
glacial cirque basin located in the Sierra Nevada range, southern 
Spain (Fig. 1). The lake has a maximum depth of ~3 m, a surface area of 
0.42 ha, and a drainage basin of 9.9 ha (Morales-Baquero et al., 1999). 

Climate in the area is Mediterranean, with hot and dry summers. 
Meteorological records at 2500 m a.s.l. show mean annual temperature 
of ~4.4 ◦C, ranging from ~18 ◦C in summer to ~ − 4 ◦C in winter. The 
annual precipitation at this elevation is between ~700 and 750 mm and 
mainly falls as snow between October and May (Observatorio del cam
bio global de Sierra Nevada, 2020; Spanish National Weather Agency – 

Fig. 1. Location (A and B) and photos (C and D) of LdRS in Sierra Nevada, southern Spain. (A) Map of the Sierra Nevada (SN in A) mountain range, southern Iberian 
Peninsula (modified from Jiménez-Moreno et al., 2022). The rectangle shows the magnified area shown in (B). (C) Satellite photo of the LdRS area from Google Earth. 
(D) Field photo of LdRS with the location of the core taken in September 2006. The Mulhacén, the highest peak in the Iberian Peninsula with 3479 m a.s.l., is in 
the background. 
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AEMet Open Data, 2022). The LdRS lake water temperature has been 
monitored since 2011 and oscillates between ~0 ◦C in February–March 
and ~16 ◦C in July–August, with a mean temperature in July of 14.7 ◦C 
and a mean temperature for the summer months (June-July-August) of 
12 ◦C. Surface air temperatures around LdRS have been measured from 
2019 to 2022 and range from − 5 to 15 ◦C, with a mean annual air 
temperature of 2.7 ◦C, mean July temperature of 14 ◦C and a mean 
temperature for the summer months of 13 ◦C. 

LdRS is meso-oligotrophic (TP = 16 μg/L, TN = 403 μg/L; Chloro
phyll: ~0.5-2 μ g/L) (Jiménez et al., 2019; Morales-Baquero and 
Conde-Porcuna, 2000) and its very narrow shoreline is covered by 
bryophytes. It has intermittent water inflows, providing water to the 
lake during late spring and early summer, and a small outlet that is only 
active during the highest lake water level (in June–July). The lake is 
covered in ice and snow from around October–November until 
May–June, depending on the year. The pH values range from 6 to 7.4, 
conductivity does not exceed 80 μS/cm, and the dissolved organic car
bon values range from 0.74 to 3.40 mg/L. It does not thermally stratify 
(see thermistor data in García-Jurado et al., 2011) so the bottom is 
highly oxygenated, and during the ice-free period, Secchi disk visibility 
exceeds the water depth. It is a fishless lake with low planktonic di
versity (Jiménez et al., 2019). More detailed limnological data are 
compiled by e.g. Sánchez-Castillo et al. (1989), Morales-Baquero et al. 
(1999) and Reche et al. (2005). 

LdRS (37◦03′N, 3◦20′W) is situated above the treeline (above ~2500 
m a.s.l.), where extreme climate conditions occur. Vegetation in these 
alpine environments is typically cryoromediterranean, characterized by 
tundra-like open grassland and plants with basal rosettes (Valle, 2003; 
Anderson et al., 2011). The LdRS catchment area is partially vegetated 
(~15%) by alpine meadows, primarily made up of sedges (Cyperaceae) 
and grasses (Poaceae), and xerophytic shrubland (Anderson et al., 
2011). The rest of the catchment area is characterized by bare rocks that 
like the lake bedrock are mainly composed of mica schists (Díaz de 
Federico, 1980). 

3. Materials and methods 

Two adjacent sediment cores were collected in September 2006 at 
the depocenter of LdRS from a floating platform anchored to the shore. 
These included a 150 cm-long core (LdRS-06-01) using a Livingstone 
square-rod piston corer, and a 37 cm-long core (LdRS-06-02) using a 
universal corer with a plexiglass tube (Aquatic Research, Inc.) to recover 
the unconsolidated upper sediments. Maximum depth of the lake when 
cored was 1.7 m. 

Sediment characteristics for both cores were described in the labo
ratory (see Anderson et al., 2011 for more details; Fig. 2). Magnetic 
susceptibility (MS) for LdRS-06-01 was determined using a Bartington 
MS2E meter with measurements taken every 5 mm throughout the 
length of the core (Fig. 2). MS was not done on core LdRS-06-02 as the 
sediments were sampled in the field and were put in whirlpack bags. 
Nine bulk sediment samples in the LdRS-06-01 core were previously 
analyzed for radiocarbon dating and 11 samples from the upper 16 cm of 
core LdRS-06-02 were previously analyzed for 210Pb and 137Cs dating 
(Anderson et al., 2011). In this study, a further batch of twelve bulk 
sediment samples were taken from the lowermost and uppermost parts 
of the LdRS-06-01 core for radiocarbon analysis (Table 1; Fig. 2). All the 
results from radiocarbon analyses (21 radiocarbon dates in total) were 
converted to calibrated radiocarbon years before present (cal yr BP, with 
present taken at 1950 CE by convention) using the IntCal20 calibration 
curve (Reimer et al., 2020) and a revised Bayesian age-model has been 
calculated using the R-based Bacon package, version 3.1.0 (Blaauw and 
Christen, 2011, Fig. 2). Two seemingly old samples (in red in Table 1) 
were not included in the age-depth model. The age-depth model that 
provided the lowest uncertainties was obtained by computing Markov 
Chain Monte Carlo (MCMC) interrelations in 30 sections of 5 cm with 
the accumulation priors 2.25 (shape) and 100 (mean). Low values were 
set for the memory priors (memory strength = 5 and memory mean =
0.1) due to the large shifts in the accumulation rates at the top and at the 
bottom of the core (Fig. 2). 

Fig. 2. Lithology, Bayesian age-depth model, and MS for the LdRS record. Lithology and MS were previously described in Anderson et al. (2011). On the left, SC 
stands for short core RS recovered in 2008 (see details in Jiménez et al., 2019). Blue areas in the age-depth model represent the calibrated radiocarbon ages along 
with their uncertainties, the red line indicates the weighted median ages and the dotted line around the grey shaded area shows the 95% confidence interval of the 
modelled ages. The different parameters and priors of the model are explained in the text. 
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Forty-eight samples of 2 cm3 from core LdRS-06-01 were processed 
for chironomid analysis, which involved chemical treatment with so
dium hexametaphosphate, sieving at 100-μm, sorting of chironomids 
from sieve residue at ca. 30x magnification, and identification of chi
ronomids on slides with Euparal medium with a light-transmitted mi
croscope at 100x - 400x magnification (Brooks et al., 2007). The 
taxonomical identifications mostly followed Brooks et al. (2007) 
(Fig. 3). These chironomid counts were combined with previously 
published chironomid data from ten samples from another short core 
taken from the depocenter of the LdRS basin, RS, covering 155 to − 55 
cal yr BP (Jiménez et al., 2019). This way, a composite chironomid re
cord of chironomid assemblage change in LdRS was produced from two 
cores, LdRS-06-01 and RS, which were independently dated and were 
correlated by chronostratigraphy. Chironomid relative abundances (%) 
were calculated with respect to the total chironomid count in each 
sample and were plotted using TILIA (Grimm, 1992) in a detailed dia
gram shown in Fig. 4 where all the identified taxa are shown. A con
strained incremental sum of squares cluster analysis (CONISS, Grimm, 
1987) was performed to determine periods with similar chironomid 
assemblages (Fig. 4). 

A Detrended correspondence analysis (DCA) was applied to the 
chironomid data to determine whether linear (PCA) or unimodal sta
tistical (CA) techniques are the most appropriate to model the species 
response, estimated as units of compositional turnover in standard de
viation (SD) of the first major gradient of the DCA. As the length of the 
exploratory DCA for the squared-root transformed data of chironomids 

was 2.5 SD, the assemblage variation is within a relatively narrow range 
and linear methods such as PCA are appropriate (Lepš and Šmilauer, 
2003; Legendre and Birks, 2012). PCA was run on the chironomid per
centage data using the Past4 software (Hammer et al., 2001). PCA de
termines variables (components) that represent, as much as possible, the 
variance of the multivariate data (Hammer et al., 2001). These new 
components are linear combinations of the original variables. The PCA 
can be used to summarize the data to, for example, only two variables 
(the first two components) for comparison in graphs. A PCA correlation 
loading and scatter biplot diagrams are shown in Fig. 5. 

The most climate-sensitive indicators from chironomid (Micropsectra 
radialis type), pollen (Artemisia) and MS data are plotted together for 
visual comparison on Fig. 6. 

Based on the fossil chironomid percentage data mean July air tem
perature estimations were produced using a 274-lake chironomid- 
temperature calibration dataset and transfer function from the Swiss 
Alps and Norway that covers a mean July air temperature gradient from 
4 to 18.4 ◦C and a wide range of arctic, alpine, subalpine and temperate 
lakes (Heiri et al., 2011). This reconstruction was developed using the 
program C2 (Juggins, 2007) and the applied transfer function was based 
on weighted averaging partial least squares regression (WA-PLS; Ter 
Braak and Juggins, 1993; Ter Braak et al., 1993). The model featured a 
cross-validated r2 of 0.9 and a root-mean-square error of prediction 
(RMSEP) of 1.39 ◦C. The RMSEP, coefficient of determination (R2) and 
sample-specific errors of prediction (eSEPs) were calculated based on 
9999 bootstrapping cycles in C2. Chironomid assemblage percentage 
data were square root transformed before the calculation of WA-PLS and 
distance metrics. A total of 19 sites with unusual hydrological or 
ecological conditions and high prediction residuals were deleted from 
the model as outliers as described in Heiri et al. (2011). 

The quantitative summer (June-July-August) temperature from 
LdRS was also reconstructed using the pollen record (Anderson et al., 
2011), which includes 69 fossil pollen samples from cores LdRS-06-01 
and LdRS-06-02. In order to get an accurate reconstruction of a west
ern European high-altitude mountain area, we used the Eurasian Mod
ern Pollen Database v2 (EMPDv2) (Davis et al., 2020) delimited to 
latitude 25◦-50◦N and longitude 15◦W-5◦E, and excluding low-altitude 
(below 1500 m a.s.l.) modern pollen sites. The pollen taxonomy was 
harmonized using the Plants of the World online database (www.plantso 
ftheworldonline.org) and the Integrated Taxonomic Information System 
(www.itis.gov). Aquatic plants were removed, assuming that the dis
tribution of these plants could be affected by other factors not related to 
climate. Therefore, the training set is based on 300 modern pollen sites 
and 194 harmonized pollen taxa. The recent temperature for each 
modern pollen site was obtained from the WorldClim v2.1 database 
under a 30 s resolution (www.worldclim.org) (Fick and Hijmans, 2017). 
The pollen-based transfer function from LdRS was developed using the 
C2 software under version 1.7.7 (Juggins, 2007). We used the 
two-component WA-PLS method under leave-one-out cross-validation. 
The WA-PLS method assumes that each taxon has a unimodal distribu
tion with respect to climatic parameters and it is robust to spatial 
autocorrelation (Telford and Birks, 2005). The square-root species 
transformation was used to reduce the noise of the data. The WA-PLS of 
the summer temperature provided a leave-one-out, cross validated R2 

value of 0.71 and a RMSEP of 1.8 ◦C. 

4. Results 

4.1. New chronology for LdRS record 

The twelve new radiocarbon analyses, together with the nine pre
vious analyses, indicate that the LdRS-06-01 core contains a record of 
the past ~21,000 cal yr BP (Fig. 2; Table 1). The revised chronology 
shows that the LdRS sedimentary record is older than previously thought 
(~12,000 cal yr BP; Anderson et al., 2011), now dating back to at least 
the end of the LGM. This new chronology mostly concerns the 

Table 1 
Radiometric ages from Laguna de Río Seco cores 06-01 and 06-02. In bold the 
twelve new radiocarbon analyses carried out in this study. In red the dates that 
were rejected for the age model construction. Radiocarbon ages were cali
brated using the IntCal 20 calibration curve (Reimer et al., 2020). 

6
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Fig. 3. Photos of chironomid remains from the LdRS sedimentary record: A - Micropsectra radialis type- LdRS Dr.03 10–11 cm; B - Chironomus plumosus type- LdRS 
Dr.02 10–11 cm; C - Corynoneura arctica type- LdRS Dr.01a 20–21 cm; D - Corynoneura arctica type LdRS Dr01a 20–21, head capsule surface ornamentation detail; E −
Metriocnemus- LdRS Dr.01 64–65 cm; F - Psectrocladius sordidellus type LdRS Dr.01a 20–21 cm; Psectrocladius (Alloseptrocladius) flavus type- LdRS Dr.03 6–7 cm; 
Micropsectra insignilobus type- LdRS Dr.01 84–85 cm; Heterotrissocladius marcidus type- LdRS Dr.02 30–31 cm. 
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bottommost part of the LdRS record, dilating the previous record from 
Early Holocene (EH) to the Latest Pleistocene age. The accumulation 
rate of the bottommost part of the record is very low 0.0007 cm/yr, 
contrasting with the mean sedimentation rate of the uppermost 135 cm 
(0.014 cm/yr). As the new radiocarbon datings for the bottommost part 
of the core are somehow ambiguous (25,862 yr BP at 136 cm, 19,803 yr 
BP at 140 cm and 20,930 yr BP at 143 cm), we use a conservative 
approach for the pre-Holocene section and used general terms as 
“Deglaciation sensu lato” or “Late Pleistocene” (see below). 

4.2. Chironomid results 

Fifteen morphotypes of chironomid taxa were identified in the 
composite chironomid record that consists of 48 analyzed samples from 
core LdRS-06-01 and 10 previously published chironomid samples from 
Jiménez et al. (2019). Chironomid concentrations in 2 cm3 of sandy 
sediments from the bottommost part of the sedimentary record were 
low, with an average number of 50 identified head capsules, due to their 
very inorganic nature (Fig. 4). However, chironomid abundance 
increased considerably in the EH and remained high (average of 130) 
during the rest of the Holocene. Photographs of the most common and 
climatically significant taxa are shown in Fig. 3. Chironomid diversity in 

Fig. 4. Detailed diagram of chironomid assemblages changing over time in the LdRS record. Shadings show 5x exaggeration. On the right are the six chironomid 
zones identified using constrained incremental sum of squares (CONISS; Grimm, 1987) (see text for explanation). 

Fig. 5. Principal component analyses (PCA) from the LdRS chironomid data (A and B). A PCA correlation loading (to component 1) is shown in (A) and scatter biplot 
diagram is shown in (B). The analysis was carried out using PAST 4.10 (Hammer et al., 2001). Interpreted PCA groups are shown (see text for explanation). 
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the studied samples is relatively low, with 3–9 morphotypes per sample. 
Micropsectra radialis type, Psectrocladius sordidellus type and Corynoneura 
arctica type are the most abundant taxa in the sedimentary record 
(Figs. 3 and 4). Pronounced changes are observed in these and other taxa 
and with the help of the cluster analysis and visual observation we were 
able to distinguish the following periods (zones). 

4.2.1. Deglaciation sensu lato (DG) - (146.5–132 cm; ~20,900–9000 cal 
yr BP) 

The assemblages during this period including the latest Pleistocene 
and part of the EH are characterized by the abundance of Micropsectra 
radialis type, the dominant taxon with abundances between 80 and 
100%, and Psectrocladius (Allopsectrocladius) flavus type. 

4.2.2. Early Holocene sensu lato (EH) – (132-107 cm; ~9000-7100 cal yr 
BP) 

Psectrocladius sordidellus type and Corynoneura arctica type appeared 
and increased during the EH and early MH, reaching around 50 and 
40%, respectively. Chironomus plumosus type also appeared at the 
beginning of this period and disappeared at the end of it, showing 
average relative abundance of around 5%. Micropsectra radialis type 
decreased considerably to percentages lower than 5% and decreases of 
Psectrocladius (Allopsectrocladius) flavus type are also observed during 
this zone. Chironomus anthracinus type occurred at the beginning of this 
period. This period is also characterized by the occurrence of Hetero
trissocladius marcidus type and Metriocnemus type, both reaching a 
maximum abundance of around 1%. 

4.2.3. Middle Holocene (MH) - (107-59 cm; ~7100-4200 cal yr BP) 
Psectrocladius sordidellus type displays an increasing trend during this 

period, reaching maxima higher than 85% at ~5800 and 4500 cal yr BP. 
Corynoneura arctica type seems to show a decreasing trend, with marked 
variability opposite to the abundances of Psectrocladius sordidellus type, 
and features minima at ~5800 and 4500 cal yr BP of around 12%. 
Psectrocladius (Allopsectrocladius) flavus type continued decreasing in 
this zone and disappeared at the end of it. Micropsectra radialis type 
occurred with percentages around 5% or lower in this period. 

4.2.4. Late Holocene 1 (LH1) - (59-26 cm; ~4200-2000 cal yr BP) 
Psectrocladius sordidellus type shows a decreasing trend at the 

beginning of this zone, reaching minima with percentages of 55% at 
4000 and 3600 cal yr BP and an increasing trend at the end of the zone 
with values around 70%. Corynoneura arctica type shows the opposite 
trends, increasing first, reaching maxima (42%) around 3600 and 3100 
cal yr BP and then decreasing down to 20% at the end of the period. 
Micropsectra radialis type increased at the end of this zone, reaching a 
peak of 10% between ~2700-2600 cal yr BP. 

4.2.5. Late Holocene 2 (LH2) - (26–5.75 cm; ~2000-0 cal yr BP) 
Psectrocladius sordidellus type depicts an increasing trend in this zone, 

reaching values above 85% at the end of it at ~900 and 0 cal yr BP. 
Corynoneura arctica type decreased considerably, reaching a minimum 
of almost 0% at ~900 and between 100 and 50 cal yr BP. Micropsectra 
radialis type continued increasing in this period to a peak of ~30% at 
~1600 cal yr BP, subsequently decreased to ~12% at ~900 cal yr BP 
and increased again to 25% at the end of this zone at ~150 and 78 cal yr 
BP. 

Fig. 6. Comparison of individual chironomid (Micropsectra radialis type), and pollen (Artemisia) taxa with sedimentation data (MS) from LdRS. MS and Artemisia data 
were previously published in Anderson et al. (2011). Note the visual covariation between the independent LdRS environmental indicators and chironomid data. Late 
Pleistocene and Early, Middle and Late Holocene boundaries are shown with dashed lines. IRHP, DA, MCA and LIA stand for Iberian Roman Humid Period, Dark 
Ages, Medieval Climate Anomaly and Little Ice Age. 
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4.2.6. Modern climatic warming (MCW) - (5.75–0 cm; 0 to − 58 cal yr BP; 
1950–2008 CE) 

The most noteworthy characteristic of this period consists of the 
renewed arrival of Chironomus plumosus type and Heterotrissocladius 
marcidus type, taxa that were previously abundant in the EH, as well as 
of Micropsectra insignilobus type (Fig. 4). M. insignilobus type increased in 
the past 50 years and reaches around 20% at present. Heterotrissocladius 
marcidus type and Chironomus plumosus type, which last occurred at 
~8500 and 7000 cal yr BP in the LdRS record, respectively, reappeared 
again since 1970 CE. 

4.3. PCA analysis of chironomid data 

PCA indicates that principal component axis 1 (PC1) accounts for 
much of the variability of the data, explaining 73.5% of the variance. 
PC2 explains 24.9% of the variance. The PCA correlation loadings and 
scatter diagram shown in Fig. 5 illustrate to what degree the different 
taxa correlate with the different components. PCA shows two main 
groups of distinctive taxa (Fig. 5). One group (A), characterised by 
positive correlation to PC1, is mostly made up of Corynoneura arctica 
type and Psectrocladius sordidellus type but also by Metriocnemus, 
Micropsectra insignilobus type, M. contracta type and Chironomus plumosus 
type. A second group (B) is characterised by negative correlation values 
to PC1 and is mostly characterized by Micropsectra radialis type but also 
by Psectrocladius (Allopsectrocladius) flavus type. A subdivision of group 
A would be possible between taxa that show positive correlations to PC2 
(A+), mostly characterized by Corynoneura arctica type, and taxa that 
show a negative correlation to PC2 (A-) dominated by Psectrocladius 
sordidellus type (Fig. 5B). 

Cluster analysis of the chironomid data agrees with the PCA with 
chironomid zone DG characterized by high relative abundances of 

chironomids in the PCA B group (dominated by Micropsectra radialis 
type), zones EH, MH and LH1 by maxima of taxa belonging to the PCA A 
group, such as Corynoneura arctica type and Psectrocladius sordidellus 
type, with varying abundances of taxa in the A+ and A-groups. LH2 is 
characterized by an increase in chironomid taxa from PCA B group and 
MCW with higher abundances of those in the A group (Figs. 4 and 5). 

4.4. Chironomid-inferred temperature results 

Chironomid-inferred July air temperatures during zone DG oscillate 
between 4.5 and 7.5 ◦C (mean temperature around 6 ◦C), the lowest 
values in the record, and increase distinctly at the end of this period and 
onset of the Holocene (Fig. 7). The increasing temperature trend con
tinues during the EH, reaching temperature maxima of 10.5–10.8 ◦C 
between ~8600 and 7200 cal yr BP. A minimum temperature of ~9.2 ◦C 
is recorded between those two maxima at ~7350 cal yr BP. Decreasing 
temperatures are observed during the beginning of the MH, reaching a 
plateau of around 9 ◦C between ~6500 and 3000 cal yr BP. Tempera
tures remained stable during the first part of LH1 until ~3000 cal yr BP 
when they decrease down to around 8.5 ◦C at ~2700 cal yr BP. A slight 
increase in temperatures to 9 ◦C occurs at the end of LH1 and the 
beginning of LH2 between ~2250 and 1800 cal yr BP. A decrease in 
temperatures occurs subsequently, recording a minimum below 8 ◦C at 
~1550 cal yr BP. An increase occurs afterwards and a peak slightly 
above ~8 ◦C is observed at ~1200 cal yr BP (~700 CE) (Fig. 8). Tem
peratures decrease later on and a minimum around 8 ◦C is reached be
tween ~1450-1800 and 1900 CE, separated by an increase to 8.5 ◦C at 
~1850 CE. The chironomid-based air summer temperature reconstruc
tion suggests an increasing trend from 1950 CE until the present 
reaching ~10.6 ◦C, one of the highest temperature values reached 
during the Holocene (Figs. 8 and 9). 

Fig. 7. Chironomid-inferred July air temperatures from the LdRS composite record (solid lines) and associated temperature estimate error (eSEP; dashed lines) for 
each sample. IRHP, DA, MCA, LIA and MCW stand for Iberian Roman Humid Period, Dark Ages, Medieval Climate Anomaly, Little Ice Age and Modern 
Climate Warming. 
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4.5. Pollen-inferred temperature results 

The pollen-based summer temperature reconstruction for the last 
12,000 cal yr BP shows values oscillating between 9 ◦C and 13.7 ◦C 
(Fig. 8). The increasing temperature trend occurs during the EH, 
reaching the Holocene maxima of 13.7 ◦C at 6800 cal yr BP, with 
average summer temperature values of 12.1 ◦C between 7700 and 6300 
cal yr BP. A temperature decrease of ~1 ◦C is observed between 6300 
and 5600 cal yr BP (average value of 11.2 ◦C), reaching a minimum 
temperature of 10.5 ◦C. Although temperature increases again to above 
12 ◦C at ~5500 cal yr BP, a decreasing trend characterized the end of the 
MH and the LH, with three minima of 9.9, 9.6 and 9 ◦C at ~3000, 2000 
and 100 cal yr BP, respectively. An increase of more than 2 ◦C occurred 
after 1850 CE (100 cal yr BP), reaching values of ~11.4 ◦C during the 
last century, indicating temperatures similar or higher than the average 
recorded during the warmest Holocene period mentioned above (7700- 
6300 cal yr BP). 

5. Discussion 

The modern, present-day distribution of chironomid assemblages 
identified in different altitude-distributed lakes has been shown to be 
strongly related to the mean summer air and summer surface water 
temperatures (Heiri et al., 2011; Eggermont and Heiri, 2012). In 
high-altitude lakes most biological activity, and also the emergence of 
adult chironomids, takes place in the summer months when the lakes are 
ice-free (e.g. Walker, 2001). Therefore, fossil chironomid records can 
provide detailed information on past chironomid assemblage changes, 
and indirectly also on past temperature conditions. 

Fossil chironomid assemblages in lake records have been proven to 
be sensitive to climate changes, especially in summer air and water 
temperature, during the late glacial and present interglacial (Heiri et al., 
2014; Ilyashuk et al., 2011; Bolland et al., 2020). The PCA run on our 
fossil chironomid data indicates that temperature is the main environ
mental factor controlling the chironomid assemblage changes in LdRS. 
This is deduced from the clear negative correlation of Micropsectra 
radialis type, a cold chironomid species at present (Heiri et al., 2011), 
and the positive correlation of warmer indicators such as Psectrocladius 
sordidellus type and Corynoneura arctica type, to PC1 (Fig. 5). Changes in 
chironomid assemblages could also be due to hydrological changes such 
as lake level (Bolland et al., 2021). However, the small size and water 
depth of the LdRS (see above) and the short sedimentary record (~150 
cm long) imply that the variations in lake level, even though previously 
noted by Anderson et al. (2011), were in the order of maximum 1 m, and 
unlikely to produce significant changes in the chironomid associations 
or affect the chironomid-based temperature reconstruction. This is 
confirmed by the absence or extremely sporadic abundance (e.g., Met
riocnemus) of chironomid taxa typical for very shallow or semiterrestrial 
environments and by the good preservation of chitinous remains, which 
indicates that the lake remained an open water, limnic environment 
during its entire existence. Both LdRS-06-01 and RS cores studied here 
were taken from approximately the same location and depth (i.e., the 
depocenter of the lake: Anderson et al., 2011; Jiménez et al., 2019) and 
thus the chironomid changes observed are not due to environmental 
differences, such as depth, in the location of the two cores. Changes in 
productivity and/or the amount of dissolved oxygen also play a role in 
conditioning certain chironomid assemblages, such as the occurrence 
and abundance of Chironomus species, in present-day lakes (e.g., 

Raposeiro et al., 2018). However, a previous study from the studied 
LdRS-06-01 core shows that the peak in organic content (TOC) and thus 
productivity at 5500 cal yr BP (Jiménez-Espejo et al., 2014) occurred 
asynchronously with the maximum occurrence of C. plumosus at 7800 
cal yr BP, suggesting little or no relationship. These studies also show no 
evidence of major changes in the lake water oxygenation at LdRS 
(Anderson et al., 2011; Jiménez-Espejo et al., 2014; García-Alix et al., 
2013, 2018). 

The chironomid-based temperature reconstruction relies on a cali
bration dataset that documents the range of chironomid assemblage 
compositions that are found under varying environmental and particular 
temperature conditions. Based on these calibration data numerical 
models, e.g., based on weighted averaging partial least squares (WA- 
PLS) or maximum likelihood regression (e.g., Brooks and Birks, 2001; 
Heiri et al., 2011) are then developed that predict the most likely tem
perature conditions for a particular chironomid assemblage observed in 
a sediment record. For Europe a number of regional 
chironomid-temperature calibration datasets have been developed, e.g., 
from Finland (Luoto, 2009), northern Sweden (Larocque et al., 2001), 
Norway (Brooks and Birks, 2001) or Switzerland (Heiri and Lotter, 
2010). However, for southern European mountain regions no dedicated, 
local chironomid-temperature calibration dataset is presently available. 
For our reconstruction, we relied on the joined 274-lake 
chironomid-temperature calibration dataset and transfer function from 
the Swiss Alps and Norway. The dataset covers a wide range of altitudes 
and temperature conditions in both Norway and the Swiss Alps and has 
been successfully applied to southern European mountain lakes for 
temperature reconstruction (Samartin et al., 2017; Tarrats et al., 2018; 
Jiménez et al., 2019). All the morphotypes found in LdRS are well 
represented in these data and particularly in samples from high-altitude 
lakes in the Alps. 

Comparisons of individual geophysical, vegetation and chironomid 
curves show similar changes in the LdRS record (Fig. 6). For example, 
the deglaciation (Late Pleistocene and earliest Holocene) section of the 
record is characterized by high MS values, high Artemisia percentages 
and high values in M. radialis-type, a cold indicating chironomid taxon. 
At the Pleistocene-to-Holocene transition all three curves show abrupt 
changes, showing that changes in the lake catchment and lake ecosystem 
were closely coupled. Similarly, Artemisia and M. radialis-type show 
synchronous increases in the LH, indicating synchronous climate im
pacts on lake catchment and LdRS during the past millennia. 

5.1. Late Pleistocene coldest maxima 

Based on the LdRS record, the coldest conditions occurred during the 
last glacial maximum and deglaciation between ~21,000 and 13,000 
cal yr BP in the Sierra Nevada. This is indicated by the coldest 
chironomid-inferred July air temperature reconstruction around 6 ◦C 
(4.5–7.5 ◦C) (Fig. 7), largely a consequence of the highest abundances of 
Micropsectra radialis type in five samples studied from the lowermost 
part of the LdRS record (Figs. 3 and 6). M. radialis is dominant in the 
coldest lakes in the Alps and Norway (Heiri et al., 2011), occurring 
commonly above 2000 m in Spain (Rieradevall et al., 1999). Coldest 
conditions were possibly related to summer insolation minima at that 
time (Laskar et al., 2004, Fig. 7) generating generally cold, ice-age 
conditions that characterized the North Atlantic and adjacent regions 
(Clark et al., 2012). Micropsectra radialis type is leading to the coldest 
reconstructed temperatures of the Late Pleistocene. Cold conditions 

Fig. 8. Comparison of the chironomid-inferred July air temperature from LdRS (A) with (B) a stacked and spliced chironomid-based July air temperature recon
struction from the Alps (Heiri and Lotter, 2005), (C) global mean surface temperature (GMST) composite for 30-60◦N (Kaufman et al., 2020a), (D) summer tem
perature reconstruction based on the pollen data from LdRS (thick purple line is a loess smoothing) and associated error estimates (dashed pink lines), (E) arboreal 
pollen (AP) data from LdRS (Anderson et al., 2011), (F) arboreal pollen (AP) data from Padul-15-05 (Ramos-Román et al., 2018), and (G) 37◦N summer insolation 
(Laskar et al., 2004). IRHP, DA, MCA, LIA and MCW stand for Iberian Roman Humid Period, Dark Ages, Medieval Climate Anomaly, Little Ice Age and Modern 
Climate Warming. Red shading indicates warmest summer temperatures in LdRS. 
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within the lake basin could have also been amplified due to the influence 
of cold melt-water from LGM or YD glacial melting, as this may have led 
to lower temperatures than expected due to ambient air temperatures. 
The low number of chironomid capsules occurring in the sediments 
deposited during this time of very low sedimentary rates could also be 

explained by the low temperatures that probably reduced the biological 
activity in the lake in this period. Coldest conditions are also deduced by 
the abundance of the steppe-like vegetation dominated by Artemisia in 
the area and high, possibly glacier-derived, detritic sedimentation (and 
thus high MS) in the LdRS lake (Fig. 6; Anderson et al., 2011). Harsh 

Fig. 9. Comparison of the (A) chironomid-inferred July air temperature from LdRS for the last 1700 cal yr BP with (B) the LDI mean annual temperature recon
struction from LdRS (García-Alix et al., 2020), (C) a stacked and spliced July air temperature reconstruction from the Alps based on chironomids (Heiri and Lotter, 
2005) and (D) the Mutterbergersee Lake (MUT; Eastern Alps) (Ilyashuk et al., 2019). DA, MCA, LIA and MCW stand for Dark Ages, Medieval Climate Anomaly, Little 
Ice Age and Modern Climate Warming. Red shadings highlight warm periods in LdRS. Blue shadings indicate cold periods recorded in LdRS. 
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environmental and climate conditions were also registered in the sedi
ments from Laguna Seca, another alpine lake from Sierra Nevada. 
López-Avilés et al. (2022) interpreted the sedimentary facies recorded 
between 17,700 and 15,700 cal yr BP as glaciogenic deposits (till) or 
nivation sediments product of seasonal climate oscillations under very 
cold and arid conditions. At the Sierra Nevada, glacier maximum 
advance occurred during the last glaciation, followed by a massive 
deglaciation at ~20,000–19,000 yr, until a new glacier advance 
occurred during HS1 (Palacios et al., 2016). After HS1 a probable almost 
total disappearance of the glaciers took place and only small cirque 
glaciers formed during the Younger Dryas (Palacios et al., 2020). Mean 
annual air temperatures (MAAT) based on the distribution of specific 
bacterial membrane lipids, known as brGDGTs, have shown minimum 
values of 12 ◦C during the Heinrich Stadial 1 (HS1) in the Padul record, a 
low elevation paleolake in Sierra Nevada (Rodrigo-Gámiz et al., 2022). 
Differences in absolute temperature values, which are in order of ~6◦

higher in Padul than in LdRS records, are expected due to the difference 
in elevation (more than 2000 m between the two sites) and the different 
biological sources to infer air temperatures. Marine records also regis
tered the lowest sea surface temperatures (SST) of the last 22,000 yr 
during the last deglaciation, especially during the Heinrich stadial 1 (18, 
000–14,900 cal yr BP) with SST ~6 ◦C in the South Iberian Atlantic 
margin (Sierro et al., 2020) and 6 to 10 ◦C, depending of the used proxy 
in the South Iberian Mediterranean margin (Morcillo-Montalbá et al., 
2021). 

Our study also updates the chronology of the previous works done on 
the LdRS sedimentary record. Previously, no radiocarbon dates beyond 
9540 cal yr BP were obtained (Fig. 2; Table 1), leading to a relatively 
poor age control for the organic-poor lowermost part of the sedimentary 
record. As a consequence, previous studies from LdRS interpret this part 
showing high percentages of Artemisia and other steppic and cold in
dicators as the transition from Younger Dryas (YD) to EH or earliest 
Holocene (Anderson et al., 2011; García-Alix et al., 2013, 2018, 2020; 
Jiménez-Espejo et al., 2014; Jiménez et al., 2018, 2019; Toney et al., 
2020). Our new age data and the chironomid assemblages show that the 
bottommost part of the LdRS sedimentary record could have been 
deposited during very cold conditions and related to the end of the last 
glaciation, the LGM, or last deglaciation cold periods HS1 or YD (Figs. 6 
and 7). 

5.2. Holocene thermal maximum (HTM): Timing and warming amplitude 

Based on the chironomid record, summer temperature warming 
occurred in the LdRS in the latest Pleistocene and EH, with an estimated 
warming rate of ~6 ◦C, from ~4.5 to 10.5 ◦C from ~13,000–8600 cal yr 
BP (Figs. 7 and 8). Based on our new radiocarbon dates the timing of this 
warming now seems to be later than expected based on earlier studies 
(Anderson et al., 2011; García-Alix et al., 2013, 2018; Jiménez-Espejo 
et al., 2014). However, the age of this section of the record is mainly 
constrained by a single radiocarbon date (9481 cal yr BP) at 134 cm 
depth (Table 1) and the ages of this section of the sediment record 
should be interpreted with caution. Irrespective of the exact age of this 
transition, the increase in summer temperatures is represented by an 
increase in the total number of head capsules (Fig. 4) together with a 
distinct change in the chironomid assemblages. Notably, there is a 
decrease in Micropsectra radialis type and an increase in warmer adapted 
taxa such as Chironomus plumosus type, Chironomus anthracinus type, 
Heterotrissocladius marcidus type, Metriocnemus and taxa with a broader 
temperature distribution such as Psectrocladius sordidellus type and Cor
ynoneura arctica type (Heiri et al., 2011). Particularly head capsules of 
Chironomus plumosus type are rarely found in high-elevation lakes. For 
example, in the Alps they are restricted to July temperatures above 
10 ◦C. Warming generated the disappearance of glaciers of the studied 
massif at that time (Oliva et al., 2020) and was associated with signifi
cant vegetation changes with the increase in mesic tree forest species 
(represented by AP in Fig. 8) such as Pinus, deciduous Quercus or Betula 

in the Sierra Nevada area (Anderson et al., 2011). 
The LdRS chironomid summer temperature reconstruction shows 

that the HTM is recorded during the EH and early MH between ~9000 
and 7200 cal yr BP, although the earliest part of the Holocene is again 
less well constrained by radiocarbon ages than later sections and the MH 
to LH. July temperature estimations based on chironomids are above 
10 ◦C and a maximum peak of 10.8 ◦C at ~7250 cal yr BP, more than two 
degrees higher than preindustrial times (e.g., 1850 CE) (Figs. 7–9). In a 
recent reconstruction of global mean surface temperatures (GMST), the 
highest temperatures of the Holocene were inferred to be at ~6500 cal 
yr BP, which were ~0.6 ◦C warmer than the 1800–1900 CE reference 
period (Kaufman et al., 2020a, 2020b), although this study represents 
mean annual rather than summer temperatures. With respect to the 
timing of the HTM, the only chironomid-inferred summer temperature 
record from Spain, the Basa de la Mora Lake record at lower elevation 
than LdRS (1914 m a.s.l.), also shows a later HTM between 8000 and 
6000 cal yr BP (Tarrats et al., 2018), similar to chironomid-based tem
perature reconstructions based on chironomid records from the Italian 
Apennines (Lago Gemini inferiore: 1349 m a.s.l. and Lago Verdarolo: 
1390 m a.s.l.; Samartin et al., 2017). Irrespective of the EH dating un
certainties, our study suggests that the HTM was reached earlier at LdRS 
with a relatively higher amplitude of temperature change. Our study 
agrees with a chironomid-based temperature reconstruction from a 
high-altitude lake in the Alps, Schwarzsee ob Sölden (Tyrol, Austria), 
which also shows an HTM prior to 8000 cal yr BP and between 9500 and 
9000 cal yr BP (Ilyashuk et al., 2011), suggesting some regional varia
tion in respect to the timing of the HTM across European sites. A 
reconstruction based on climate model of intermediate complexity 
shows a HTM between 8000 and 5000 cal yr BP in Europe (Renssen 
et al., 2009). However, that study also shows that the timing and 
magnitude of the HTM vary depending on the location, confirming that 
besides insolation there are other major forcings and feedbacks con
trolling climate at a certain site such as albedo, topography, the 
persistence of ice sheets such as the Fennonscandian and Laurentide ice 
sheets into the Holocene (persisting until ~9000 and 7000-6000 cal yr 
BP respectively) and ocean heat transport, a finding supported by 
various proxy records. For example, many studies in North America and 
the North Atlantic show a delay in the HTM with respect to summer 
insolation mostly related to the influence of the Laurentide Ice Sheet and 
its disappearance around 7000-6000 cal yr BP from North America 
(Kaufman et al., 2004; Renssen et al., 2009). Although the LdRS 
chironomid-based temperature record shows a delayed warming in the 
EH (with the limitation of the poor age control for this part of the re
cord), it does not resemble the temperature development expected for 
sites influenced by the lingering effects of the Laurentide Ice Sheet dy
namics and instead represents changes expected for locations predom
inantly conditioned by orbital-induced summer insolation (Fig. 8). 
Rapid warming and melting of glaciers in the Sierra Nevada in the EH 
facilitated the expansion of forest towards higher elevation and 
tundra-like vegetation in alpine areas (Anderson et al., 2011), 
most-likely reducing surface albedo and producing a positive tempera
ture feedback in-phase with summer insolation. The effect of elevation 
and/or latitude on climate could account for some of the differences in 
the timing of HTM in the European chironomid-inferred temperature 
records. This is supported by the observation that a chironomid-based 
temperature record from a high-elevation site from the Austrian Alps 
(Schwarzsee ob Sölden at 2796 m a.s.l.) resembles the LdRS (3029 m a.s. 
l.) temperature features and shows a relatively early HTM during the EH 
between 10,000 and 8600 cal yr BP followed by a temperature decrease 
(Ilyashuk et al., 2011). However, a chironomid-based summer temper
ature stack from the Alps shows a more prolonged HTM, from 9200 to 
4700 cal yr BP during the EH and MH (Heiri and Lotter, 2005, Fig. 8), 
with temperatures only decreasing later, indicating differences also in 
the duration of the HTM. Paleoclimatic disparities over the elevational 
gradient were also previously suggested for the Sierra Nevada based on 
asynchronicities in the timing of the Holocene mesophytic maximum 
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(combining temperature and precipitation) in pollen records from 
high-elevation alpine sites from the Sierra Nevada and the Holocene 
mesophytic maximum deduced from lower elevation paleoclimatic sites 
from the same region (Anderson et al., 2011). The earlier timing of the 
mesophytic maximum during the EH in the higher elevation Sierra 
Nevada area was explained by maxima in seasonality, which generated 
greater snowpack in winter that translated into overall more humidity 
throughout the year and higher lake levels, while in adjacent lowlands 
highest summer insolation produced warmer temperatures during 
summer, generating higher evaporation and evapotranspiration and less 
humidity than at higher elevations (Anderson et al., 2011; 
Ramos-Román et al., 2018). The timing of the HTM and particularly the 
early decrease of the maximum temperatures at LdRS seems to resemble 
more the GMST dynamics in northern high latitudes (60-90◦N) forced 
principally by summer insolation (Kaufman et al., 2020a, 2020b). 
Climate changes are also amplified in polar (high-latitude) and alpine 
(high-altitude) regions (IPCC et al., 2022), probably due to the fast 
reduction in surface albedo, generating a positive temperature feedback 
in-phase with summer insolation. 

The comparison of the chironomid-inferred July temperature esti
mations with the previously published pollen data from LdRS and our 
new summer temperature estimations obtained from the LdRS pollen 
data show differences in timing between the HTM in the temperature 
record and the Holocene maximum in arboreal pollen (Fig. 8), a pollen 
category often interpreted as indicating maximum temperatures in 
pollen records, particularly at high-latitude and high-altitude sites. 
Summer temperatures reconstructed from the pollen data also suggest a 
mid-Holocene summer temperature maximum like the chironomid data, 
but with maximum values ca. 1500 years later and relatively warm 
temperatures lasting until ca. 4500 cal yr BP. In contrast chironomid 
inferred temperatures already decrease from ca. 7000 cal yr BP onwards. 
However, in the Mediterranean region, vegetation responds to temper
atures but also to changes in precipitation and evapotranspiration 
(Jiménez-Moreno and Anderson, 2012; Samartin et al., 2017; Kaufman 
et al., 2020a, 2020b). The delay and prolonged climatic optimum for 
trees shown by arboreal pollen data from LdRS and Padul and the LdRS 
pollen temperature estimations (Fig. 8) could be explained by the 
response of the vegetation to reducing summer insolation during the MH 
and thus reduction in evapotranspiration that could have favored 
enhanced humidity and the later development and persistence of tree 
species such as deciduous Quercus, Betula or pine trees in the area. 

In the LdRS chironomid record, the HTM is interrupted by a short- 
term minimum in temperature of ~9.2 ◦C at ~7350 cal yr BP. The 
MAAT temperature reconstruction based on brGDGTs from the Padul- 
15-05 sedimentary core also recorded a minimum temperature value 
of 13 ◦C at around 7400 cal yr BP (Rodrigo-Gámiz et al., 2022). This 
agrees with a forest reduction at that time also recorded in the same 
Padul record (Ramos-Román et al., 2018, Fig. 8), pointing to a regional 
temperature feature. Reduced summer temperatures have also been 
described in southern Europe (i.e., Joannin et al., 2012), northern 
Fennoscandia at ~7200 cal yr BP (Korhola et al., 2000) and N Poland at 
~7500 cal yr BP (Pędziszewska et al., 2015) and westernmost Medi
terranean SST (Jiménez-Espejo et al., 2008; Morcillo-Montalbá et al., 
2021), and recent studies point to an almost global cold event at this 
time (Hou et al., 2023). Ice-rafted debris events in the North Atlantic 
occurred at ~7500 cal yr BP indicating cold conditions in the North 
Atlantic area (Bond et al., 1997). Perhaps the cold event recorded in 
LdRS was related to a regional Northern Hemisphere feature in climate 
that could have also caused a cooling in the North Atlantic, (e.g., a 
glacial lake outburst in the drainage area of the Lake-Agassiz-Obijway as 
described by Carlson et al. (2008) in the interval 7500–7000 cal yr BP), 
but it remains uncertain due to relatively low sampling resolution and 
the dating uncertainties of our record. 

5.3. Middle and Late Holocene cooling 

Rapid cooling of ~1.5 ◦C occurred in the chironomid-inferred tem
peratures after the HTM and between ~7200 and 6500 cal yr BP and was 
associated with a change in the chironomid assemblages with the 
decrease in some thermophilous taxa (see above) and the increase in 
Psectrocladius sordidellus type (Figs. 4 and 7). This cooling deduced by 
the chironomid record coincided in time with the highest summer 
temperature reconstructions deduced by the pollen (Fig. 8). This shows a 
delayed maximum temperature for the pollen estimations with respect 
to the chironomids, which could have been produced by a bias in the 
pollen record induced by the increase in soil humidity as indicated 
above. Another explanation for this difference might be the different 
meaning of the paleoclimatic signal, more regional for pollen and local 
for chironomids. 

Our reconstruction shows a progressive cooling of more than two- 
degree Celsius during the MH and LH, a trend which also agrees with 
reconstructions of the global mean surface temperature (Kaufman et al., 
2020a, Fig. 8) but particularly also with other qualitative and quanti
tative temperature records from southern Europe. For example, a similar 
1.5 ◦C cooling was observed in the Pyrenees but starting later on at 6000 
cal yr BP (Tarrats et al., 2018) with similar decreases recorded in other 
chironomid-based temperature reconstructions from Central and 
southern European mountain ranges (e.g., Heiri et al. 2015; Toth et al., 
2015; Samartin et al., 2017). This decrease in summer temperatures was 
probably related to a progressive orbitally triggered Northern Hemi
sphere reduction in summer insolation in the MH and LH (Laskar et al., 
2004, Fig. 8). This cooling, together with an aridification process 
generated by the decrease in winter precipitation, likely produced the 
decrease in forest vegetation in the study area observed in the last 
millennia (Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; 
Ramos-Román et al., 2016, 2018; Mesa-Fernández et al., 2018; Gar
cía-Alix et al., 2021; Jiménez-Moreno et al., 2022). 

Chironomid-estimated summer temperatures from LdRS show a 
plateau between ~6500 and 3000 cal yr BP (Fig. 8). A similar temper
ature plateau though with some variability was also noticed between 
7000 and 3000 cal yr BP in the Austrian Alps (Ilyashuk et al., 2011), 
perhaps pointing to a common feature in the European summer tem
perature evolution at high elevation sites. 

Our study shows that further cooling occurred during the LH. This is 
indicated by the increase in M. radialis type that reflects a progressive 
cooling in the chironomid fauna (Figs. 4 and 6). A cold event apparently 
occurred at ~2700 cal yr BP, which produced a change in the chiron
omid association with the peak in M. radialis type, a reduction in forest 
species in the area (Anderson et al., 2011; Jiménez-Moreno et al., 2022, 
Figs. 6 and 8) and the development of small glaciers in the northern 
cirques in the Sierra Nevada between 2800 and 2700 cal yr BP (Oliva 
et al., 2020). The resolution of the chironomid record is not sufficient to 
provide details about the duration or the centennial scale amplitude of 
this event. However, a short-term, decadal to centennial-scale solar 
minimum and associated climatic changes have been reported for 
Europe around this time (Martín-Puertas et al., 2012). These changes 
coincided with a cooling centered at 2700 cal yr BP recorded in North 
Atlantic sediments (Bond et al., 1997) and the temperature decrease at 
LdRS may possibly be related to this event. Slightly warmer conditions 
occurred between 2200 and 1700 cal yr BP, mostly coincident with the 
well-known Iberian Roman Humid Period (IRHP, 2600-1600 cal yr BP; 
Martín-Puertas et al., 2009), agreeing with regional records also 
showing slightly warmer and more humid conditions around that time 
(Jiménez-Moreno et al., 2013; López-Avilés et al., 2021). Higher 
development of forest vegetation (fuel) together with higher tempera
tures triggered an increase in forest fires in the Sierra Nevada area 
during the IRHP (Jiménez-Moreno et al., 2013; Ramos-Román et al., 
2016). 

Summer temperature variations in our chironomid-based record are 
relatively minor during the last two millennia and well within the 
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prediction error of the model (Figs. 7 and 9). However, the timing of 
these minor variations agrees well with expected temperature changes 
for this period, with two temperature minima of 7.7 ◦C around 1550 cal 
yr BP (~400 CE) and 7.9 ◦C at ~200 cal yr BP (~1750 CE), at the 
beginning of the Dark Ages (DA) and Little Ice Age (LIA), respectively 
(Figs. 8 and 9). A slight warming is apparent at around 1250-1000 cal yr 
BP during the DA and Medieval Climate Anomaly (MCA) with an esti
mated increase in temperature up to 8.3 ◦C (Figs. 8 and 9). Again, the 
resolution of our record is not sufficient to determine the exact timing 
and duration of these temperature variations. However, it agrees with 
other results indicating that relatively warm conditions characterized 
the MCA in the Iberian Peninsula (Moreno et al., 2012), confirmed in the 
Sierra Nevada by the long chain diol index (LDI)-derived temperature 
record (García-Alix et al., 2020, Fig. 9b). Relatively cold values char
acterizing our summer temperature record between 1500 and 1800 CE 
(Fig. 9), with a minimum around 1750–1800 CE, also agree with 
regional temperature reconstructions during the LIA (1500–1850 CE) 
(Moreno et al., 2012). Cold conditions during the LIA, particularly 
during summer, allowed glacier advances in the main mountain areas in 
the Iberian Peninsula such as in the Pyrenees and Picos de Europa 
(González Trueba et al., 2008). In the Sierra Nevada, there is also evi
dence of glaciers reappearing again during the LIA in locations above 
2950 m a.s.l. such as the Mulhacén and Veleta cirques (Oliva and 
Gómez-Ortiz, 2012; Oliva et al., 2020). Coldest conditions during the 
LIA between 1750 and 1800 CE are also registered in other 
chironomid-deduced summer air temperature records, such as the stack 
from the Alps between 1400 and 1800 CE (Heiri and Lotter, 2005, 
Fig. 9c) or the chironomid record from Schwarzsee ob Sölden from the 
Eastern Alps (Ilyashuk et al., 2019, Fig. 9d), which points to a wider 
regional pattern in temperature dynamics. 

A brief warming seems to have occurred in the Sierra Nevada be
tween 1800 and 1840 CE. Our summer air temperature reconstruction 
records a peak of 8.4 ◦C around 1840 CE, agreeing with warming 
recorded with the independent LDI mean annual temperature recon
struction from LdRS (this study and García-Alix et al., 2020, Fig. 9). 
Glaciers shrunk at this time due to warming and the Mulhacén glacier 
disappeared between the 18th and 19th centuries (Oliva and 
Gómez-Ortiz, 2012; Oliva et al., 2020). This warming is also reflected in 
the high-resolution chironomid-inferred summer temperature record 
from the high-elevation Austrian Alps (Ilyashuk et al., 2019). A mini
mum in reconstructed summer air temperatures of 7.8 ◦C occurred again 
around 1870 CE, which also agrees with the mean annual temperature 
reconstruction based on LDI data from LdRS (García-Alix et al., 2020). In 
summary, although the temporal resolution of our chironomid record is 
limited in the latest Holocene and reconstructed temperature variations 
are well within the errors of the applied inference model, local maxima 
and minima agree surprisingly well with known local and European 
climate events (e.g., MCA, LIA) and the independent temperature 
reconstruction from LdRS based on LDI data, indicating an exceptional 
sensitivity of chironomid assemblages in this lake to past climatic 
change. 

5.4. Modern climate warming (MCW) 

Chironomid-estimated summer temperatures increased more than 
2 ◦C from 7.8 to 10.6 ◦C from 1870 CE to the present, especially since 
1950 CE (from 8.7 to 10.6 ◦C). Such a fast-warming rate is unusual in the 
LdRS chironomid-inferred temperature record and its amplitude is only 
comparable to the temperature evolution during the last deglaciation 
and the early Holocene before the HTM (see above; Fig. 7). A similar 
steep rate of warming during the MCW was also obtained by the mean 
annual temperature estimation based on the LDI record from LdRS 
(García-Alix et al., 2020, Fig. 9), confirming that the extreme warming 
rate observed at LdRS is not proxy dependent. The more than two-degree 
warming rate estimated from LdRS during the MCW is higher than the 
1 ◦C temperature warming estimated by GMST between the past decade 

(2011–2019) and 1850–1900 CE (Kaufman et al., 2020a), suggesting 
that the recent warming at LdRS is exceptional compared with the mean 
annual temperature increase during this period. However, Kaufman 
et al. (2020a) argue that relatively minor warming depicted in their 
GMST reconstruction during the MCW could have been due to a bias 
towards cooler temperatures caused by poor recovery of the topmost 
part of the aquatic environment sedimentary sequences rich in water 
content. Chironomid-inferred July air temperatures for MCW at the 
LdRS record are in the same order of magnitude as the GMST increase 
projected for the rest of this century and beyond of 1.5–2 ◦C (IPCC et al., 
2022), and exceed the goal of limiting global warming in the near term 
(2021–2040 CE) to 1.5 ◦C, a threshold which is considered to present 
multiple risks to ecosystems and humans (IPPC, 2022). Although global 
mean temperature development can only be compared to a limited 
extent with temperature amplitudes recorded at an individual site, such 
as LdRS, these comparisons do show that the recorded MCW tempera
ture increase was major in the Sierra Nevada and of a sufficient ampli
tude to cause major changes in the natural landscape and ecosystems. A 
recent study shows enhanced warming during the MCW at higher ele
vations compared with lowlands (Pepin et al., 2022). Snow-albedo 
feedback, enhancing warming where snow is decreasing, seems to be 
the main mechanism responsible for such rapid temperature increases in 
alpine areas (Pepin and Lundquist, 2008; Scherrer et al., 2012). This 
process could have been further amplified due to the increase in black 
carbon or Saharan dust deposition in alpine mountain areas in the last 
decades (Mesa-Fernández et al., 2018; García-Alix et al., 2020; 
López-Avilés et al., 2021), particularly in the Sierra Nevada which is 
exceptionally susceptible to dust transport from the Sahara 
(Jiménez-Espejo et al., 2014). The IPCC et al. (2022) also shows that 
warming greater than the global annual average is occurring in many 
continental regions such as the Arctic. They also show that warming is 
generally higher over land than over the ocean. Our study confirms that 
climate change is accelerating in the high mountain areas of the Sierra 
Nevada and will have profound environmental impacts in these 
extremely sensitive environments. Marine proxy and instrumental data 
in the western Mediterranean show a SST rise of ~2.2 ◦C during the 20th 
century (Sicre et al., 2016) and Mediterranean outflow bottom waters 
also indicate warming trends of 0.33 ◦C/decade in the 21st century 
(García-Lafuente et al., 2021). In this sense, a warming 3 times faster 
than the global average has also been observed in the Mediterranean Sea 
waters during recent decades, likely due to its enclosed nature (Varga
s-Yáñez et al., 2010). 

A maximum in summer temperatures around 10.6 ◦C inferred for the 
MCW is only slightly lower than the estimations obtained during the 
HTM of 10.8 ◦C (Fig. 8), confirming that summer temperatures at LdRS 
are close to their Holocene maximum values and future warming will 
therefore clearly exceed these. This indicates that at local scales Holo
cene maximum values are or will soon be exceeded in southwestern 
Europe, an interpretation that has also been suggested – for very 
different spatial scales and for mean rather than seasonal temperatures – 
based on global GMST reconstructions (Kaufman et al., 2020a). Small 
glaciers that occurred during the LIA and persisted later under critical 
conditions have shrunk and now disappeared, agreeing with the last 
historical written mention of glaciers in the Sierra Nevada during the 
mid-20th century (Oliva and Gómez-Ortiz, 2012; Oliva et al., 2020). 

Few temperature reconstructions from lake sedimentary records 
from Europe show such a distinct temperature increase during the MCW 
(e.g., Ilyashuk et al., 2019). This is most-likely due to the strong imprint 
by anthropogenic activities (e.g., pasturing, fish introductions, hydro
logical modifications) on many European lakes, especially at low ele
vations, which have distorted the relationship between chironomid 
assemblage composition and summer temperature conditions (e.g., 
Heiri and Lotter, 2003, 2005; Eggermont and Heiri, 2012). As a conse
quence, other environmental variables will in many cases have become 
more important drivers of chironomid assemblage composition. In this 
respect, the LdRS record from the Sierra Nevada, where human impact 
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was very low, has been shown to be of high value (Anderson et al., 2011; 
Jiménez et al., 2019; García-Alix et al., 2020; Toney et al., 2020). 
Similarly, it may also be that hydrological processes (e.g., snow melting, 
cool groundwater input during summer months) may have counteracted 
summer warming in hydrologically more complicated catchment basins, 
whereas LdRS is a very simple basin where summer surface water 
temperatures can be expected to be closely related to air temperatures. A 
further reason why similar results are not available for other mountain 
regions could be that few mountain lakes have been analyzed at 
high-resolution for chironomids in the uppermost sedimentary layers. 

6. Conclusions 

This study provides the first detailed Late Pleistocene and Holocene 
chironomid-inferred summer air temperature reconstruction from the 
Sierra Nevada, southern Spain and southern Europe. This reconstruction 
shows minima in summer temperature of the last 21,000 cal yr BP, 
during the LGM or YD. Temperatures rose significantly by about ~6 ◦C 
during the EH and the highest temperatures (the HTM) were reached in 
the EH and early-MH between ~9000 and 7200 cal yr BP. This contrasts 
with the GMST reconstructions from the northern hemisphere between 
30 and 60◦N, and with other summer temperature reconstructions from 
European mountain regions, which shows a later MH climatic optimum 
with highest temperatures around 6000 cal yr BP. This is possibly 
related to the high elevation of the study site at ca. 3000 m a.s.l. and to 
the impacts of the EH summer insolation maxima and various positive- 
feedback mechanisms. 

A continuous cooling trend is observed during the MH and LH until 
~1550 and ~200 cal yr BP (~400 and 1750 CE), corresponding to the 
beginning of the DA and LIA, when minima in Holocene temperatures 
were reached in the Sierra Nevada. This resembles locally and for 
summer temperature the trend that has been reported based on a wide 
range of proxy records for the GMST reconstruction (Kaufman et al., 
2020a), which indicate a decreasing trend from the MH onwards to 
minimum values in the LIA. 

Our study shows warming of higher than two-degrees Celsius during 
the last decades, showing that temperatures are rising at exceptional 
rates at high elevations in the Sierra Nevada, and, therefore, in the 
climatically sensitive high-altitude areas of the western Mediterranean 
region. Based on our record, the last time when an acute temperature 
increase was experienced in southwestern Iberia was at the Lateglacial 
to Holocene transition. Serious consequences are expected for biodi
versity and ecosystems in the Sierra Nevada and similar mountain 
ranges in southern Europe if temperatures continue to increase at this 
rate in alpine areas. 
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Jiménez-Espejo, F.J., García-Alix, A., Jiménez-Moreno, G., Martínez-Ruiz, F., 
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Palacios, D., Oliva, M., Gómez-Ortiz, A., Andrés, N., Fernández-Fernández, J.M., 
Schimmelpfennig, I., et al., 2020. Climate sensitivity and geomorphological response 
of cirque glaciers from the late glacial to the Holocene, Sierra Nevada, Spain. Quat. 
Sci. Rev. 248, 106617. 

Pędziszewska, A., Tylmann, W., Witak, M., Piotrowska, N., Maciejewska, E., 
Latałowa, M., 2015. Holocene environmental changes reflected by pollen, diatoms, 
and geochemistry of annually laminated sediments of Lake Suminko in the 
Kashubian Lake District (N Poland). Rev. Palaeobot. Palynol. 216, 55–75. 

Pepin, N.C., Lundquist, J.D., 2008. Temperature trends at high elevations: patterns across 
the globe. Geophys. Res. Lett. 35 (14), L14701. 

Pepin, N.C., Arnone, E., Gobiet, A., Haslinger, K., Kotlarski, S., Notarnicola, C., et al., 
2022. Climate changes and their elevational patterns in the mountains of the world. 
Rev. Geophys. 60, e2020RG000730. 
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Vargas-Yáñez, M., Mora, F., García-Martínez, M.C., Tel, E., Zunino, P., Plaza, F., Salat, J., 
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