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A B S T R A C T

The study of oxygen isotopes in chitin and its use as a paleoclimatic proxy is still under development. The low 
oxygen content of chitin and the low sample weight of fossils have hindered this research topic, even though 
there is evidence of a strong correlation between the oxygen isotopic composition of chitin and the isotopic 
composition of the host water. In order to further this research we present a paleoclimatic reconstruction based 
on δ18O of cladoceran remains from the lake sediments of Laguna de Río Seco, Sierra Nevada, Spain. Here, 
modern water isotopic data were used as a modern analogue to establish an important influence on evaporative 
enrichment as the ice-free season advances. The oxygen isotope signal from Daphnia resting eggs was used as a 
proxy for autumn snapshots of the water isotopic composition at millennial time scales. Long-term changes were 
controlled by the moisture source and the summer insolation. Between deglaciation and 4.2 kyr BP, δ18O 
measurements exhibited generally depleted values only interrupted by a peak at ~ 7.2 kyr BP, concurrent with a 
temperature maximum inferred from earlier quantitative reconstructions. A predominantly Atlantic moisture 
source and changes in the evaporation related to seasonality explained the isotopic variability at that time. From 
4.2 kyr BP onwards, a notable enrichment in this isotopic signal occurred, which was consistent with greater 
influence of a Mediterranean precipitation source and higher evaporation at lower lake levels. This new isotope 
record provides a unique application of paleoclimates from cladocerans, which goes beyond the taxonomic and 
numerative methodology traditionally used in subfossil cladoceran analysis.

1. Introduction

Oxygen isotopes have become an essential tool used to reconstruct 
paleoenvironments in paleoecological studies, as they can provide in-
formation about past temperatures but also about distinct processes 
affecting the water cycle (Leng et al., 2006). The technique has been 
extensively applied to inorganic material – both biogenic and authigenic 
minerals – incorporated into lacustrine deposits (Leng and Marshall, 
2004), but its application to certain organic compounds is still under 
development (Holtvoeth et al., 2019). For example, in the cellulose of 
aquatic plants, a constant enrichment with respect to the source water 
of ~ 27–28 ‰ has been observed, which is independent of temperature 
(Yakir, 1992), plant species, and photosynthetic pathway (Epstein et al., 

1977; Sternberg and DeNiro, 1963; Sternberg et al., 1984, 1986). This 
well-established relationship has provided climate and lake-basin re-
constructions based on isotopic records of aquatic cellulose in a wide 
variety of ecosystems (Beuning et al., 2002, 1997; Liu et al., 2023; 
Street-Perrott et al., 2018). In other organic components, such as chitin, 
this approach has been less explored. Wooler et al., (2004) were the first 
to examine the relationship of δ18O on chironomid head capsules and 
lake water and found similar results (isotopic enrichment of ~ 28 ‰) to 
those reported for cellulose. Later on, other studies such as Chang et al., 
(2018), Lasher et al., (2017), Mayr et al. (2015), van Hardenbroek et al. 
(2012), and Verbruggen et al., (2011) also found a high correlation 
between the oxygen isotopic composition of chitin and the isotopic 
composition of the host water. Most of the recent advances were 
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summarized in van Hardenbroek et al. (2018).
Chitin is one of the most abundant polysaccharides in nature and is a 

major component of organisms like crustaceans, insects, fungi, and 
algae. Chitinous invertebrate remains are ubiquitous in aquatic envi-
ronments, and both exoskeleton fragments and resting stages of insect 
orders such as Diptera (e.g. chironomids) or crustaceans (e.g. cladoc-
erans) are commonly found in lake sediments (van Hardenbroek et al., 
2018). In cladocerans, Verbruggen et al., (2011) found a strong and 
positive correlation between the oxygen isotope composition of their 
resting eggs (ephippia) and the host water (r = 0.94; p < 0.01). How-
ever, even though this chitinous material can be considered as a proxy 
for the δ18O of the water, very few studies have measured the oxygen 
isotopic record of chitin over time in cladocerans. Available evidence 
suggests that δ18O in chitin may be used to track past climate variability; 
however, more laboratory experiments are needed to better constrain 
the effect of temperature on oxygen isotope fractionation (Schilder et al., 
2015). This young research field has been explored further in chiron-
omid fossils, where some studies have been published on the method-
ology, fractionation aspects, and down-core records (Chang et al., 2016; 
Griffiths et al., 2010; Heiri et al., 2012; Raposeiro et al., 2024; Ver-
bruggen et al., 2010b, 2010a). In cladocerans, one of the few contri-
butions was recently published by Edgerton et al., (2024), who 
measured the stable oxygen isotopes from head capsules of chironomids 
and cladoceran ephippia and found similar temporal variability 
throughout the record. The inferred temperatures based on the δ18O of 
chitin in their study were broadly consistent with paleotemperatures at 
boreal locations and demonstrated the high potential of this poorly 
developed approach.

Oxygen commonly makes up 30 % of the elemental weight of 
cladoceran ephippia and chironomid head capsules, respectively (van 
Hardenbroek et al., 2018). Thus, several hundreds of chitinous remains 
must be hand-picked for each δ18O measurement, which can partially 
explain the poor development of the technique in comparison with more 
abundant elements such as carbon (δ13C) (40–50 % of element weight) 
(Frossard et al., 2014; Perga, 2010; Perga and Gerdeaux, 2006; Schilder 
et al., 2017). Moreover, this polysaccharide has glucosamine or N-ace-
tylglucosamine with nitrogen as a building block (Janssen et al., 2017) 
and a nitrogen content of ca. 7 % (Tracey, 1955). The oxygen isotopic 
analysis of nitrogen-rich samples implies certain methodological com-
plications for the separation and detection of ions in the mass spec-
trometer. Chitin (and other nitrogen-rich samples) must be converted 
into gas by pyrolysis prior to the mass spectrometer analyses. As both N2 
and CO are formed in the reactor during pyrolysis, tailing N2 peaks could 
be collected during the isotopic analysis of CO because both have the 
same mass, thus affecting the accuracy and precision of the measured 
oxygen isotopes (Brodie et al., 2016). Therefore, methodological adap-
tations are required to achieve complete chromatographic separation of 
the peaks.

Here we present one of the first down-core records describing past 
changes based on the oxygen isotopic composition of cladoceran 
ephippia, based on the Holocene record from the Laguna de Río Seco 
(Sierra Nevada, Spain). Our aims are as follows: 1) To examine the main 
controls on the isotopic signal of fossil chitin in cladocerans by 
comparing the sedimentary signal with the modern meteoric framework 
at the study site and 2) To reconstruct key aspects affecting the water 
cycle that can explain the multicentennial changes detected in the chitin 
δ18O record by comparing the obtained isotopic signal with results from 
previous paleoenvironmental studies on the lake (e.g. Jiménez-Moreno 
et al., 2023a; López-Blanco et al., 2024; Toney et al., 2020). Given the 
complexity of factors affecting the isotopic composition of the water 
from this alpine lake at millennial scales, previous studies are essential 
to interpret the sedimentary signal obtained in fossil cladocerans. In 
addition to these contributions, we provided new methodological in-
formation (e.g. analytical standards, separation of N and CO peaks, 
sample size) that can help the future development of this proxy. The 
great advantage of this taxon-specific approach over bulk sedimentary 

organic matter/carbonate is that it can provide specific information on 
habitats and/or seasons when organic remains are produced which can 
eventually imply sub-annual resolution. A lower risk of terrestrial 
contamination is a further advantage of this material over cellulose and/ 
or silica (Heiri et al., 2012).

2. Study site and the regional setting

Laguna de Río Seco (LdRS) is located in the southeastern Iberian 
Peninsula which is characterized by a typical Mediterranean climate 
with minimal annual precipitation. Summers are dry, especially during 
July and August (Fig. 1). Most of the annual precipitation comes from 
the Atlantic Ocean and is influenced by changes in the North Atlantic 
Oscillation (NAO), particularly in winter (Araguas-Araguas and Tejeiro, 
2005). However, from the end of spring to autumn, humidity sourced 
from the Mediterranean Sea (WeMO) is a major component of the pre-
cipitation (Moreno et al., 2014). This influence is particularly high on 
the Mediterranean coast and the eastern part of the Iberian Peninsula 
(Araguas-Araguas and Tejeiro, 2005).

The total annual rainfall at LdRS is 725 ± 25 mm, and because the 
lake is situated at 3020 m asl, most of the precipitation (75 %) falls as 
snow. The mean annual temperature is ~ 4.4 ◦C, ranging from ~ 4 ◦C in 
the coldest month to ~ 18 ◦C in the warmest period (instrumental series 
data 1965–1993 Prado Llano-Albergue University at 2500 m asl; ~15 
km from the study site; Aemet Open data). The ice-free season usually 
lasts from June to October with high annual variability depending on the 
climatic conditions. LdRS has temporal inlets that during the ice-free 
season supply meltwater and rainwater to the basin (Fig. 1).

This small lake (0.42 ha) lies on mica schist bedrock and has a 
maximum depth of about 3 m. Physicochemical characteristics were 
described by Barea-Arco et al., (2001) and Morales-Baquero et al., 
(2006). The planktonic cladoceran community comprises Daphnia puli-
caria (Pérez-Martínez et al. 2007), whereas the littoral community is 
mainly composed of C. elegans, C. sphaericus, and A. quadrangularis 
(López-Blanco et al., 2024).

3. Methods

3.1. Modern water samples and meteorological data

Modern water samples and meteorological data were collected from 
the study site to aid the interpretation of stable isotopes in paleoeco-
logical reconstructions. Surface water samples for hydrogen and oxygen 
isotope analysis were obtained during the ice-free season (June, July, 
August, September, and October) for four consecutive years (2020, 
2021, 2022, 2023). Samples were collected in polyethylene bottles by 
refilling three times and capping the bottle underwater to remove any 
trapped air. After collection, samples were stored in a cooler and filtered 
in the lab using 0.45 µm filters. A film of parafilm oil was used in each 
sample to prevent evaporation. They were then kept refrigerated until 
analysis at the Centro de Instrumentación Cientifica (CIC) at the Uni-
versity of Granada. Filtered water samples were analyzed for δ18O and 
δD using a Picarro L2140-i cavity ring-down spectroscopy (CDRS) laser 
instrument; where each sample was measured 6–10 times from a 2 µL 
water injection. Repeated analysis of the standards (B2194, B2193, 
B2192) calibrated the data and gave a precision of ≤ 0.02 ‰ for δ18O 
and ≤ 0.3 ‰ for δD. Water isotopic data are reported in per-mill notation 
on the Vienna Standard Mean Ocean Water (‰ VSMOW) scale. To 
compare these data with the modern meteoric framework for Laguna de 
Río Seco, we also compiled data from the Global Network of Isotopes in 
Precipitation (GNIP; IAEA) to establish a local meteoric water line 
(LMWL) and modelled isotopic monthly values of meteoric water for 
Laguna de Río Seco using the Online Isotopes in Precipitation Calculator 
(OIPC, accessible at https://wateriso.utah.edu).

Data from air temperature were recovered from a HOBO TidbiT MX 
Temperature 400′ Data Logger situated on the lake, which allowed 
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remote temperature monitoring. This instrument recorded the temper-
ature each hour during the four consecutive years (2020, 2021, 2022, 
2023) and automatically computed the monthly average. From these 
data, the mean late spring temperature was calculated by considering 
the average data of May-June and was used to indicate the beginning of 
thawing.

3.2. Sediment sample collection

Selected sediment samples from a 150-cm sediment core (LdRS 
06–01) spanning the last 21 cal kyr BP were used for cladoceran isotopic 
analysis. Details of this core were originally published in Anderson et al. 
(2011) and the chronology was modified in Jiménez-Moreno et al. 
(2023a). As prolonged exposure to strong chemicals can alter the 

isotopic signal in chitin (Verbruggen et al. 2010a), our pretreatment 
only included water. Sediment samples were sieved at 100 µm and 
ephippia from Daphnia and carapaces from Chydorus sphaericus were 
sorted out. Before isotopic analyses, Daphnia ephippia were digitally 
photographed and measured as shown in López-Blanco et al. (2024). 
Then, the ephippia and carapaces were meticulously rinsed several 
times with distilled water and brushed under a stereomicroscope in case 
of residues of mineral and/or organic matter attached to the surface. 
Carbonate coating of these subfossil materials is highly unlikely in this 
lake, as the lake lies on acidic rocks. Once cleaned with water, each 
ephippium was separated and picked using soft Insect Forceps (Fine 
Science Tools, 26029–19). Ephippia and carapaces were then loaded 
into pre-weighed silver cups (5 x 3.5 mm, INTEC Analysis Elements). 
Previously, it was determined that only samples containing > 0.4 mg of 

Fig. 1. Study site. A) General oxygen isotope composition of precipitation in Europe (based on Bowen and Revenaugh 2003; Bowen et al. 2005 downloaded from 
https://wateriso.utah.edu) and location of the Laguna de Río Seco (LdRS) in the southern part of the Iberian Peninsula. B) Average monthly temperature (maximum 
and minimum) and precipitation from the Pradollano Meteorological Station for the last 30 years (Agencia Estatal de Meteorología, AEMET) and estimation of the 
δ18O of precipitation at LdRS modeled by the online Isotopes in Precipitation calculator (OIPC 3.1) (grey squares). C) Bathymetry of the LdRS indicating the coring 
point (modified from García-Alix et al., 2020) and selected aerial photographs (https://www.google.es/intl/es/earth/index.html) showing the temporal inlets/ 
outlets in the lake. Note that at the beginning of the ice-free season, several inlets drain water from the catchment (June 2021) and the lake becomes hydrologically 
closed as the ice-free season advances (i.e. August 2012).
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cladoceran tissue displayed stable δ18O values in the IRMS, indicating 
that more than 1200 carapaces of C. sphaericus and approximately 120 
ephippia of Daphnia were necessary to reach this amount in each sample. 
To obtain such a quantity of material, several consecutive samples from 
the sediment core were merged, which caused a loss in the temporal 
resolution of the data.

3.3. Stable isotope mass spectrometry

The cladoceran oxygen-isotope analyses were performed at the 
Laboratory of Stable Isotopes at the CIC-UGR using an EA IsoLink 
CNSOH connected to a Delta V Advantage IRMS via a ConFlo IV inter-
face (Thermo Fisher Scientific).

The dried samples were weighed on a precision balance to pack 0.5 
± 0.05 mg of sample into silver capsules and introduced into the py-
rolysis column filled with glassy carbon using a Zero Blank Autosampler 
(Costech Analytical). Samples were pyrolyzed at 1430 ◦C, and the 
resultant gases were separated using a chromatography column at 45 ◦C. 
Chitin from cladoceran subfossils contains nitrogen and thus N2 gas is 
produced during high-temperature conversion (HTC). This N2 gas reacts 
with trace amounts of oxygen in the mass spectrometer source to form 
14N16O (m/z 30), which creates isobaric interference with the 12C18O 
peak (m/z 30) of the sample. This interference results in less accurate 
δ18O values (Brodie et al., 2016). To improve the accuracy of the mea-
surements, we ensured good chromatographic separation and diluted 
the nitrogen peak during the analysis using the dilution options of the 
ConFlo IV interface during the IRMS methods. Analytical uncertainties 
were ≤ ±0.4 ‰ based on repeat analyses of four international reference 
and nitrogen-rich standards (USGS42 Tibetan human hair, USFS43 In-
dian human hair, CBS Caribou Hoof Standard and KHS Kudu Horn 
Standard). Stable isotopic compositions were expressed in standard 
delta (δ) notation in ‰ relative to V-SMOW (Vienna Standard Mean 
Ocean Water). Once the results were obtained, a Mann-Kendall trend 
test (PAST software) was applied to isotope data to detect significant 
trends over the period of study.

4. Results

4.1. Modern isotopic variability

Surface water samples recovered during the ice-free season for LdRS 
fall below both the Global Meteoric Water line (GMWL, δ2H = 8δ18O +
10), the Western Mediterranean Meteoric Water Line (WMMWL, δ2H =
8δ 18O + 22), and the modeled LMWL at LdRS (δ2H = 7.156δ 18O + 5.6) 
(Fig. 2). The mean values (n = 31) were − 4.4 ‰ for δ18O and − 37.9 for 
δ2H. The maximum and minimum were − 0.84 ‰ and − 9.4 ‰ for δ18O 
and − 18.9 ‰ and − 62.9 ‰ for δ2H, respectively.

The seasonality of the oxygen isotope data of lake water is further 
explored in Fig. 2B, where the data exhibit a clear seasonal pattern in 
isotope enrichment as the summer advances, with minimum values in 
June-July and maximum in September-October. The average differences 
between maximum and minimum values were 5.89 ‰ in 2020, 6.28 % 
in 2021, 5.01 ‰ in 2022 and 5.96 ‰ in 2023. Differences in absolute 
numbers were especially evident between 2020, as this year displayed 
more depleted values than the rest of the studied periods. In 2020, the 
late spring temperature (mean values from May and June) was also 
notably lower, with mean values of 3.8 ◦C in comparison with 5.7 ◦C and 
5.2 ◦C registered in 2022 and 2023, respectively (Fig. 2).

4.2. Oxygen isotopes in the fossil Daphnia

The Daphnia ephippia concentration in 2 cm3 of sandy sediment from 
the bottommost part of the sedimentary core was low, with an average 
number of 25 ephippia in the Late Pleistocene (LP) and Early Holocene 
(EH) (Fig. 3). Concentrations slowly increased in the Middle Holocene 
(MH) and peaked around 5.5 cal kyr BP, with 200 ephippia per sample. 

Thereafter they decreased toward the Late Holocene (LH), only inter-
rupted by a peak in maximum abundance around 4.0 cal kyr BP, where 
around 400 ephippia were recovered per sample (Fig. 3). This material 
allowed us to obtain an oxygen isotope signal of Daphnia ephippia for the 
entire Holocene and part of the deglaciation sensu lato. The Mann- 
Kendall test showed a statistically significant increasing trend of oxy-
gen isotopes over the studied period. δ18O of Daphnia ephippia showed 
mean values of + 11.82 ‰. The δ18O profile showed less positive values 
during the deglaciation with an increasing tendency toward the Middle 
Holocene. The most positive values reached about 7.3 cal kyr BP in the 
transition between the Early and Middle Holocene. After this period, 
there was a sharp depletion, and the oxygen isotope stratigraphy dis-
played the lowest values at ~ 6.5 cal kyr BP. In the Late Holocene, 
especially after 4.2 cal kyr BP, oscillations occurred within a general 

Fig. 2. (A) Scatter plots of δ2Hw versus δ18Ow, western Mediterranean Water 
Line (WMWL), Global Meteoric Water Line (GMWL) and Local Meteoric Water 
Line (LMWL) (B) Temporal evolution of δ18Ow during the ice-free season in four 
consecutive years of sampling in the Laguna de Río Seco and (C) Variation of 
monthly air temperature (◦C) during 2020, 2022 and 2023. Note that the spring 
(May-June average) temperature is indicated for each sampling year.
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tendency towards more positive values in the direction of the top of the 
sediment core.

The relatively smaller size and weight of Chydorus carapaces in 
comparison with Daphnia implied merging more samples to reach the 
required amount for isotope analysis. This issue resulted in insufficient 
measured depths to establish long-term tendencies throughout the Ho-
locene and prevented comparisons with the stratigraphy of Daphnia, 
although values in Chydorus are nearly 2 ‰ higher than in Daphnia.

5. Discussion

5.1. Paleoecological meaning of oxygen isotopes of Daphnia ephippia

In the contemporaneous lake, Daphnia ephippia are formed every 
year just before the beginning of the ice season (end September-October) 
as a mechanism of the species to persist in the sediment and hatch with 
the next thawing (Pérez-Martínez et al., 2007). Assuming a strong pos-
itive correlation between the oxygen-isotope ratio of host water (δ18Ow) 
and invertebrate ephippia (δ18Oephippia)(Verbruggen et al., 2011; Wooler 
et al., 2004), we presume that the oxygen isotope signal in Daphnia 
resting eggs reflect early-autumn snapshots of the oxygen isotope values 
of the lake water. However, we have no certainty if the seasonal timing 
of ephippia production (and hence the period represented by Daphnia 
δ18O values) remained constant throughout the Holocene. If so, the 
oxygen isotope signal from Daphnia resting eggs in LdRS might provide 
early-autumn snapshots of the water isotopic composition at millennial 
scales, where each point would represent the autumn δ18O water 
average of hundreds of years.

The oxygen isotope composition of the water is largely affected by 
the lake paleohydrology, which depends on several factors including the 
moisture source, temperature or residence time. Traditionally, open 
lakes are considered to be subject to minimal evaporation, with the 

isotope composition of the water usually reflecting the precipitation, 
both rainfall and snowfall, received in the catchment (Leng et al., 2006). 
LdRS exhibits a bimodal pattern of open then closed lake concerning the 
hydrology, with temporal inlets that drain water from the catchment at 
the beginning of the thawing (open lake → short residence time), but as 
the ice-free season advances, the lake becomes a closed system when the 
inlets/outlets disappear (Fig. 1C). This fact explains why contempora-
neous isotopic data were situated below the meteoric water lines and 
displayed a slope of 4.9 (Fig. 2), indicating a highly evaporated system 
(Craig, 1961). The shared seasonality pattern detected in all sampled 
years indicated enrichment in heavier isotopes as the ice-free season 
progressed (Fig. 2). Any effect of the summer rainfall, which is very 
scarce at these latitudes (Fig. 1B), is in general negligible compared with 
the evaporative concentration. However, it can eventually influence the 
isotopic composition as shown in depleted oxygen isotopic values in 
October 2020 (Fig. 2B). If occurring, summer/early autumn rainfall 
shows relatively enriched oxygen isotopic values, as it is mainly sourced 
by the Mediterranean moisture. In sedimentary records, however, other 
processes might come into play when considering changes over multiple 
millenia.

5.2. Paleohydrological reconstruction

5.2.1. Before the 4.2 kyr event: Atlantic influence and changes in summer 
insolation (evaporation)

Understanding the controls of the oxygen isotopic composition of the 
water before reaching the lake is crucial for explaining the lake 
δ18Oephippia sedimentary variations. Relatively low δ18Oephippia in the 
bottom part of the sequence (Late Pleistocene-Early Holocene) (Figs. 3, 
4) is consistent with the low inferred temperatures and low evaporation 
during deglaciation (Jiménez-Moreno et al., 2023a) (Fig. 4C) because 
fractionation during the first episodes of snow/ice melting onto liquid 

Fig. 3. (A) Number of Daphnia ephippia recovered from each sediment sample (2 cm3), (B) oxygen isotope stratigraphy (δ18O) of Daphnia ephippia, and (C) δ18O of 
Chydorus carapaces for the LdRS06-01 sediment core.
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water led to the depletion of δ 18O (and 2H) in the liquid phase. As the 
temperature (Jiménez-Moreno et al., 2023a) and lake level increased 
(López-Blanco et al., 2024) (Fig. 4C, E, F) toward the Middle Holocene, a 
higher portion of heavier meltwater flowed into the lake and led to 
progressively enriched water. Additional contemporaneous and un-
published data directly retrieved from meltwater in Sierra Nevada 
showed highly negative values at the beginning of the melting (for 
example δ18O = -10.25 in June 2020) and a progressive enrichment in 
heavier isotopes of meltwater (δ18O = -8.82 in July 2020). Several 
studies have also provided evidence of progressive enrichment in heavy 

isotopes in the liquid runoff during the melt season in both glacier and 
non-glacier sites (Penn et al., 2023; Taylor et al., 2001). Regional studies 
in Laguna Seca (Jiménez-Moreno et al., 2023b) and Padul (Camuera 
et al., 2019) also provided evidence of cold conditions around 15 cal kyr 
BP, possibly related to low summer insolation at that time (Laskar, 
2004) (Fig. 4C). Biological activity was reduced here at LdRS by the low 
temperatures, as documented by the lowest numbers of diatoms 
(Llodrà-Llavrés et al., 2024), cladocerans (López-Blanco et al., 2024), 
and chironomids (Jiménez-Moreno et al., 2023a) encountered at this 
section in the LdRS sediment core. Steppic-like vegetation dominated by 
Artemisia and detritic sedimentation derived from early glacier melting 
were also key features of this section of the sediment core 
(Jiménez-Moreno et al., 2023a). Quantitative reconstructions based on 
membrane lipids (brGDGTs) also indicated low temperatures in a 
lower-elevation lake in the Sierra Nevada (Rodrigo-Gámiz et al., 2022).

The peak detected in the δ18Oephippia around 7.2 cal kyr BP may be 
related to the existence of highly evaporated waters at the end of the 
summer, which were probably forced by higher spring and summer 
temperatures at the Holocene Thermal Maximum (HTM) in Sierra 
Nevada. This peak broadly agrees with the maximum in quantitative 
temperature inferences by chironomids (Jiménez-Moreno et al. 2023) 
and by branched glycerol dialkyl glycerol tetraether (brGDGTs) 
(Rodrigo-Gámiz et al. in preparation) from the same core. Seasonality 
was high in the Early Holocene, as reflected by the large differences 
between the winter and the summer insolation represented in Fig. 4C 
(Laskar et al. 2004). Here, precipitation and lake level were elevated 
(López-Blanco et al. 2024; Fig. 4F) but higher summer temperatures 
increased the summer evaporation and resulted on heavier oxygen iso-
topes in the early-autumn waters. According to our contemporaneous 
data, higher spring temperatures might have also contributed to an early 
thawing onset and a high δ18Oephippia at the end of the ice-free season. In 
fact, coupled contemporaneous data of the spring and summer tem-
perature and oxygen isotopic data during the four sampling years sup-
port this interpretation. In 2020, spring temperatures exhibited mean 
values of 3.8 ◦C, which probably caused a delay in the thawing onset 
compared with 2022 and 2023, when the mean spring temperatures 
were 5.7 ◦C and 5.2 ◦C, respectively. An early thawing onset in 2022 and 
2023 triggered by higher temperatures might explain the highly evap-
orated waters and high δ18O values at the end of the summer (Fig. 2). 
The amount of snow may have also had a secondary influence in the 
values observed in this part of the sedimentary record, expanding the 
effect of high temperatures on heavy isotope values when the snow mass 
was low, but moderating this outcome in a scenario of increased snow 
cover (see indicators of precipitation in Fig. 4E and 4F).

Minimum δ18Oephippia values around 6.5 cal kyr BP may result from 
reduced summer temperatures and reduced seasonality (Fig. 4C, E), 
causing a delayed thawing and less evaporation in the summer and 
resulting in an opposite impact to that described above for enriched 
oxygen isotopes. Precipitation was still high at this time (Fig. 4 F) and 
the high snow mass during this period might have further lowered the 
δ18O. Reduced summer temperatures around this period have been 
described in several quantitative reconstructions at local scales. 
Jiménez-Moreno et al., (2023a) inferred a rapid cooling of ca. 1.5 ◦C in 
LdRS between 7.2 and 6.5 cal kyr BP whereas Rodrigo-Gámiz et al. 
(2022) also detected a temperature decline around 7.0 cal kyr BP in the 
Padul paleolake. At the regional scale and considering the insolation 
orbital forcing, different timings are expected derived from distinct 
patterns of summer/winter insolation at different latitudes. For the sake 
of example, quantitative reconstructions presented in Tarrats et al., 
(2018) also showed a summer temperature decline of 1.5 ◦C but at 6.0 
cal kyr BP in the Pyrenees (42◦ N).

5.2.2. After the 4.2 kyr event: Increasing Mediterranean influence and 
evaporation at lower lake levels

From 4.2 kyr BP onwards, there is a strong change in the tendency 
and the δ18Oephippia signal exhibits an overall enrichment in absolute 

Fig. 4. Comparison of the oxygen isotope stratigraphy (δ18O) of Daphnia 
ephippia (E) with selected proxies from the same LdRS06-01 core: (A) 
Hydrogen isotopic composition of the terrestrial C29 and C31 n-alkanes (δDwax) 
(Toney et al., 2020); (B) Hydrogen isotopic composition of the aquatic C23 and 
C25 n-alkanes (δDaq) (Toney et al., 2020); (C) 37◦N mean monthly summer 
insolation obtained online (https://vo.imcce.fr/insola/earth/online/earth/ 
online/index.php) from Laskar (2004); (D) July Air Temperature (◦C) infer-
red from chironomid (Jiménez-Moreno et al., 2023a); (F) inferred lake-level 
changes from cladoceran subfossils (López-Blanco et al., 2024) and (G) Pollen 
Climate Index (PCI), calculated from Anderson et al., (2011). Temporal di-
visions (Deglaciation sensu lato and Early Holocene sensu lato) were performed 
in concordance with Jiménez-Moreno et al. (2023a).
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values (Fig. 4D). This is probably caused by a source effect, which is the 
influence of moisture masses from different sources that have distinct 
δ18O values. In the Sierra Nevada, both the Atlantic Ocean and the 
Mediterranean Sea are important sources of atmospheric moisture 
(Fig. 1). Mediterranean waters are naturally more enriched (about 0.5 
‰–1 ‰) than the Atlantic, but additionally, the Atlantic moisture 
showed a gradual depletion in heavy isotopes during the sequential 
rainout as air masses travel from the source to the Sierra Nevada, 
exhibiting significantly lower oxygen isotope values compared to 
Mediterranean-derived precipitation (Araguas-Araguas and Tejeiro, 
2005). The enrichment from 4.2 kyr BP onwards suggests a major role of 
the Mediterranean water as the main source of precipitation, which was 
probably amplified by a higher residence time and evaporation under a 
scenario of lower lake levels (Fig. 4E, F). Summer insolation decreases 
here and reconstructed temperatures during this period were lower 
(Jiménez-Moreno et al. 2023a; Rodrigo-Gámiz et al. in preparation) but 
evaporation was probably enhanced by the lower volume of the lake, as 
precipitation was reduced (López-Blanco et al. 2024: Fig. 4E). Toney 
et al. (2020) also recorded high δDaq and δDwax values in LdRS from this 
time onwards and inferred a major role of the precipitation source and 
amount of precipitation in the long-term signal. Notably, the δ18Oephippia 
stratigraphy from 4.2 kyr BP onwards is highly concordant with the δDaq 
(Fig. 4B, D), as both signals recorded the environmental source water 
used by aquatic plants and cladocerans. Multiple proxies having distinct 
environmental links agreed at inferring a drier stage and lower lake level 
from 5.0 cal kyr BP (Anderson et al., 2011; García-Alix et al., 2012; 
Jiménez-Espejo et al., 2014; Jiménez-Moreno and Anderson, 2012; 
López-Blanco et al., 2024), which might have also influenced the overall 
heavy isotopic signal detected from the 4.2 kyr BP event. The 4.2 kyr BP 
event was a phase of intense aridity caused by a significant weakening of 
the Atlantic Meridional Overturning Circulation (AMOC) and a south-
ward shift of the Intertropical Convergence Zone (ITCZ) (Yan and Liu, 
2019). A positive North Atlantic Oscillation (NAO)-like pattern in the 
atmosphere was also believed to be responsible for a drastic reduction in 
precipitation, mostly in the winter season (Bini et al., 2019 and refer-
ences therein). Negative Western Mediterranean Oscillation (WeMO) 
conditions started to dominate the current climatic system in the 
southeastern Peninsula from this period onwards (Schirrmacher et al., 
2020). WeMO is characterized by relatively warm and humid easterly 
winds and might have enhanced Mediterranean-sourced precipitation, 
resulting in high δ18Oephippia in our sequence. Further evidence sug-
gested shifts in the winter and Atlantic-sourced precipitation from the 
Early Holocene to a spring and more Mediterranean-derived rainfall in 
the Late Holocene (García-Alix et al., 2021; Toney et al., 2020; Zielhofer 
et al., 2017). Those changes are in phase with the overall enrichment of 
the δ18O signal in LdRS and with documented shifts in the dominance of 
modes of climatic variability (NAO/WeMO) in the past.

5.3. Methodological constraints

The taxon-specific approach used here has allowed the use of the 
chemical composition of ubiquitous chitinous invertebrates to go 
beyond the traditional approach consisting of fossil counting. The 
method is still constrained by the small size and weight of the chitinous 
remains, which limits the application of the method only to larger/ 
heavy remains such as Daphnia ephippia. Technically, the application in 
smaller remains belonging to Chydoridae is possible, but the isolation of 
thousands of remains is required. Thus, sacrificing such a quantity of 
sediment only for this analysis does not seem a realistic scenario in most 
paleoecological studies. In sediment cores with high sedimentation rates 
and sufficient chitinous material, the δ18Ochitin from different taxa might 
provide distinct snapshots of the isotopic composition of the water 
throughout the year. For example, the low-resolution δ18OChydorus signal 
presented here probably reflects the isotopic composition of the water 
during the entire ice-free season, as carapaces of this taxon are formed 
during this period, in contrast with the δ18Oepphipia, which probably 

represent the early autumn aquatic environment. Quantitative differ-
ences between both signals might be caused by seasonal changes but 
could also be ascribed to vital effects and the influence of other envi-
ronmental parameters that need to be explored in the future.

6. Conclusions

Here we provide one of the first records describing past changes 
based on the oxygen isotopic composition of cladoceran ephippia in a 
well-studied lake sedimentary record in southern Iberia, where each 
data point is likely to represent the autumn δ18O water average of 
hundreds of years, assuming the current seasonal timing of ephippia 
production. Long-term changes in the δ18O stratigraphy are controlled 
by large-scale shifts in the dominance of distinct modes of climatic 
variability in the Sierra Nevada. The main change in our signal is coeval 
with the 4.2 kyr BP event, which separated generally depleted samples 
from those that are overall enriched. Depleted δ18O values between the 
deglaciation and 4.2 cal kyr BP correspond to the onset of Holocene 
warming and the predominance of Atlantic precipitation with oscilla-
tions triggered by the summer insolation. Highly depleted isotopic 
values followed by a general enrichment suggest a significant influence 
of Mediterranean-source precipitation after the 4.2 kyr BP, probably 
enhanced by arid conditions from 5.0 cal kyr BP. Minor oscillations 
within the two described periods were probably controlled by small- 
scale or local conditions. The detected patterns in ephippia δ18O 
appear to be largely consistent with the other independent paleoclimate 
proxies, suggesting that they most likely reflect broadscale hydrological 
changes.

Our research showed that oxygen isotope analysis in cladocerans is 
achievable in large remains, such as Daphnia resting eggs. Sorting out 
and getting isotopic signals in smaller cladocerans such as chydorids is 
technically feasible, but it takes a significant amount of effort and 
sediment, and probably results in a loss of resolution. Recognizing the 
potential of this application, more research is needed to fully understand 
the environmental controls on the cladoceran isotopic signal.
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