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a b s t r a c t
Sub-fossil Cladocera were studied in a core from Gerzensee (Swiss Plateau) for the late-glacial periods of Oldest
Dryas, Bølling, and Allerød. Cladocera assemblages were dominated by cold-tolerant littoral taxa Chydorus
sphaericus, Acroperus harpae, Alonella nana, Alona afﬁnis, and Alonella excisa. The rapid warming at the beginning
of the Bølling (GI-1e) ca. 14,650 yr before present (BP: before AD 1950) was indicated by an abrupt 2‰ shift in
carbonate δ18O and a clear change in pollen assemblages. Cladocera assemblages, in contrast, changed more
gradually. C. sphaericus and A. harpae are the most cold-tolerant, and their abundance was highest in the earliest
part of the record. Only 150–200 years after the beginning of the Bølling warming we observed an increase in
less cold-tolerant A. excisa and A. afﬁnis. The establishment of Alona guttata, A. guttata var. tuberculata, and
Pleuroxus unicatus was delayed by ca. 350, 770, and 800 years respectively after the onset of the Bølling. The development of the Cladocera assemblages suggests increasing water temperatures during the Bølling/Allerød,
which agrees with the interpretation by von Grafenstein et al. (2013-this issue) that decreasing δ18O values in
carbonates in this period reﬂect increasing summer water temperatures at the sediment–water interface.
Other processes also affected the Cladocera community, including the development and diversiﬁcation of aquatic
vegetation favourable for Cladocera. The record is clearly dominated by Chydoridae, as expected for a littoral
core. Yet, the planktonic Eubosmina-group occurred throughout the core, with the exception of a period at ca.
13,760–13,420 yr BP. Lake levels reconstructed for this period are relatively low, indicating that the littoral location might have become too shallow for Eubosmina in that period.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Cladocera (Crustacea: Branchiopoda; water ﬂeas) play an important role in freshwater ecosystems because of their central position
in the food web, between bottom-up factors (phytoplankton availability and quality) and top-down regulators (ﬁsh and invertebrate
predators). The intermediary position of Cladocera in lacustrine
food webs underlies their signiﬁcance as sensitive indicators for environmental change (Korhola and Rautio, 2001). Since the pioneer
work of Frey (1955, 1958), Cladocera have been recognised as a valuable palaeoecological indicator group in lakes, because their skeletal
parts (including head shields, carapaces, and postabdominal claws),
and ephippia (resting eggs) are well preserved in lake sediments
(Frey, 1988). Fossil Cladocera assemblages can provide information
about various environmental factors, including temperature (Lotter
et al., 1997, 2012; Kattel et al., 2008), trophic state (Lotter et al.,
1998; Davidson et al., 2007), predation by ﬁsh (Jeppesen et al.,
1996), acidiﬁcation (Korhola, 1992; Jeziorski et al., 2008), and water
level (Sarmaja-Korjonen and Hyvärinen, 1999; Korhola et al., 2005).
⁎ Corresponding author. Tel.: +41 31 631 3868; fax: +41 31 631 4942.
E-mail address: maarten.vanhardenbroek@ips.unibe.ch (M. van Hardenbroek).
0031-0182/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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The aim of this study is to understand better the responses of
Cladocera communities in Gerzensee (Switzerland) to the rapidly rising temperatures at the transition from the Oldest Dryas to the
Bølling. We therefore studied the lake sediments for this interval at
a high sampling resolution and a well-constrained timescale based
on the ice core age scale GICC-05 from NGRIP (van Raden et al.,
2013-this issue). Changes in the Cladocera assemblage were compared with oxygen-isotope ratios of sedimentary carbonates and a
lake-level reconstruction based on carbonate morphotypes (Magny,
2013-this issue) from the same core. These relationships have rarely
been investigated, although they can provide new insights into
late-glacial ecological dynamics in this lake. Furthermore, we compared our results to changes in Cladocera assemblages in Gerzensee
during the later phase of rapid warming at the Younger Dryas–Holocene transition (Hofmann, 2000; Lotter et al., 2000).
2. Material and methods
2.1. Site location
The core GEJK studied for Cladocera analysis was collected from
Gerzensee, located on the Swiss Plateau (46° 49′ 56.95″ N, 7° 33′
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00.63″ E, 603 m a.s.l. (Fig. 1)), at the interﬂuve between the rivers Aare
and Gürbe, where till of the Aare glacier was deposited during the Last
Glaciation. The lake surface today has an area of 25.16 ha, but it was
probably twice that size during the Late-Glacial (Eicher, 1979). The
maximum water depth at present is 10.7 m, and the lake has no
major in- or outﬂow. The coring site lies in the reed belt (Phragmites
australis) of the present-day littoral zone near the eastern shore of the
lake. This is very close (b20 m) to the coring sites used by Eicher and
Siegenthaler (1976) and Hofmann (2000). Two adjacent cores GEJ and
GEK were taken in September 2000 with a Streif- modiﬁcation of a Livingstone corer of 8 cm diameter (Merkt and Streif, 1970). Cores GEJ and
GEK are horizontally less than 50 cm apart and are vertically shifted by
50 cm in their core sections. The parallel cores were correlated on the
basis of oxygen isotopes (van Raden et al., 2013-this issue), and a detailed site description and stratigraphy of the combined GEJK core proﬁle are provided by Ammann et al. (2013a-this issue).
2.2. Chronology
The chronology (expressed in yr BP, equivalent to yr before AD 1950)
is based on the oxygen-isotope stratigraphy established in core GEJK and
other cores in Lake Gerzensee and a comparison with oxygen isotopes in
the NGRIP ice core, using the GICC-05 time scale anchored at 1950 AD in
order to correlate events with those based on radiocarbon dates in terrestrial, marine, and archaeological sites, assuming that changes in oxygen isotopes were synchronous in Greenland and Europe. van Raden
et al. (2013-this issue) provide a detailed discussion of the age–depth relationship in the core. For the nomenclature of the different late-glacial
climatic phases and biozones we refer to Ammann and Lotter (1989)
and Lotter et al. (1992). The terminology of Björck et al. (1998) was
used for the late-glacial stable oxygen-isotope stages in the Greenland
ice cores. The sediment sequence starts ca. 15,675 yr BP and includes
the end of Greenland Stadial 2a (GS-2a) and Greenland Interstadial 1
(GI-1e to GI-1b) up to the Laachersee tephra at 272 cm dated to
13,035 yr BP. The temporal resolution is 18.2 ±6.7 yr cm −1 on average
(± standard deviation) for the section of the core analysed in this study.
2.3. Sample preparation
We focussed on the period of rapid climatic warming during Oldest
Dryas/Bølling transition (Termination 1a). The core was sampled every
2 cm in the sections 414–392, 358–320, and 293–273 cm and every
1 cm in the sections 390–361 and 319–295 cm. For sample preparation,
standard methods developed by Frey (1986) were slightly modiﬁed, as
follows; samples of 4 cm3 volume were taken from 1 cm thick slices.
The fresh sediment was soaked in distilled water for a few hours, heated
at 80 °C for 5 min in 5% HCl to dissolve the calcium carbonates,
centrifuged, and washed. Next, samples were heated at 80 °C for
5 min in 10% KOH to remove the non-chitinous organic content,
centrifuged and washed, and decanted to remove sand. The material
was then sieved with Nitex-screens of 55 and 37 μm, and the two fractions were analysed separately. A known quantity of Lycopodium spores
was added to each sample to determine the concentration of Cladocera
remains (Stockmarr, 1971). 96% alcohol was used for dehydration, and
ﬁnally the samples were heated at 70 °C for 4 min in 85% glycerine to
evaporate the alcohol. Lactic blue was used for staining during slide
preparation, since this colourant only adheres to chitinous fragments.
At least 250–300 remains of Cladocera were counted in each sample
(3–5 slides). This is considered sufﬁcient to get a reliable representation
of the fossil assemblage (Kurek et al., 2010). For identiﬁcation the descriptions by Frey (1958, 1959) and Flössner (1972) were used. The nomenclature follows Flössner (1972). For each taxon a minimum number
of individuals was calculated from the different exoskeletal remains
(head shields, carapaces, postabdomens, claws) and ephippia according
to Frey (1986). These numbers were used to calculate relative abundances and concentrations, which were plotted stratigraphically using
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Tilia software (Grimm, 1991). Zonation methods follow the recommendations of Bennett (1996). Numerical zonation was carried out by optimal sum of squares partition, and the number of statistically signiﬁcant
splits was determined with the broken-stick model (MacArthur, 1957).
3. Results
The subfossil cladoceran fauna from Gerzensee is represented by 12
taxa and dominated by Chydoridae that had a relative abundance of
42–100% (average 83%) throughout the sequence (Fig. 2). The most frequently occurring taxa are Chydorus sphaericus, Acroperus harpae, Alona
afﬁnis, Alonella excisa, and Alonella nana, all of which have relative abundances of 10–55% throughout the record (Fig. 2). Alona quadrangularis,
Alonopsis elongata, Alona guttata, and Pleuroxus uncinatus occur with relative abundances b 10% and were not found continuously. The most important planktonic taxon is the Eubosmina-group (relative abundance
17–58%), whereas ephippia of Daphnia longispina-group were found sporadically. Cladocera concentrations range between 219 and 2428
(average 688) specimens cm−3 wet sediment throughout the record.
Highest concentrations are found at 304–311 cm depth (13,582–
13,653 yr BP). Six statistically signiﬁcantly different zones were identiﬁed on the basis of changes in the Cladocera assemblages (Fig. 2):
Zone GRZcl-1 (414–389.5 cm, 15,676–15,066 yr BP)
The Cladocera assemblage from the Oldest Dryas consists of only
few species, including Acroperus harpae, Chydorus sphaericus,
Alonella excisa, Alonella nana, and the Eubosmina-group, all occurring with similar relative abundances.
Zone GRZcl-2 (389.5–373.5 cm, 15,066–14,672 yr BP)
Alonella nana increased to 55% during this period, whereas Alona
afﬁnis, Alonella excisa, and Acroperus harpae decreased to below
8%. The number of taxa in the assemblage increased in this period,
with the sparse appearance of Alona quadrangularis, Alona guttata,
and Alonopsis elongata.
Zone GRZcl-3 (373.5–355 cm, 14,672–14,279 yr BP)
A rapid increase in δ 18O at 374–370 cm is indicated at the beginning of the Late-Glacial Interstadial (Bølling–Allerød or GI-1e). In
this zone, the largest lake-level changes were observed (Magny,
2013-this issue). Alonella nana decrease to similar abundances as
in zone GRZcl-1, whereas Chydorus sphaericus and Eubosmina are
most abundant. Alonella excisa and Alona afﬁnis become more
abundant again from 364 cm onwards. Alona quadrangularis,
Alona guttata, and Alonopsis elongata continue to be part of the assemblage at low relative abundances.
Zone GRZcl-4 (355–327 cm, 14,279–13,763 yr BP)
This zone is characterized by the beginning of a shift towards
higher abundances of Alona afﬁnis and Alonella excisa, and the establishment of Alona guttata. At the same time Chydorus sphaericus
and Acroperus harpae decreased. The assemblage also became
more diverse with the appearance of Alona guttata var. tuberculata
and Pleuroxus uncinatus.
Zone GRZcl-5 (327–290 cm, 13,763–13,380 yr BP)
The most prominent features in this zone are low abundances
(b10%) of the Eubosmina-group and high abundances (23–56%) of
Alonella excisa. We also observed the nearly continuous presence
of Alona guttata var. tuberculata, Pleuroxus uncinatus, and Alonopsis
elongata, which only occurred sporadically in other parts of the record. At 330–305 cm we found the highest Cladocera inﬂux
(40–230 remains cm−2 y−1). The inﬂux of Eubosmina was highest
between 330–324 cm and then decreased rapidly, followed by
high inﬂux of Chydoridae at 320–305 cm. The high inﬂux coincided with the highest Cladocera concentrations (up to 2400
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Fig. 1. Location of Lake Gerzensee (a), and location of core GEJK in the former littoral of the lake (b) after van Raden et al. (2013-this issue).

remains per ml wet sediment) and highest sediment accumulation rates (0.1–0.15 cm y − 1) in this study. Usually, high sedimentation rates lead to a dilution of fossil remains, but this is
not the case during this interval. The high Cladocera concentrations in this section make it unlikely that this is an artefact of
the age model.
Zone GRZcl-6 (290–273 cm, 13,380–13,048 yr BP)
The Eubosmina-group was found again at high relative abundances (20–58%), and Alona guttata var. tuberculata increased to
its highest abundance in the record. Simultaneously, we found a
decrease of Chydorus sphaericus, Acroperus harpae, Pleuroxus
uncinatus, and to a lesser extent Alonella nana.
4. Discussion
4.1. Response to climatic change
The dominant chydorid species, Chydorus sphaericus, Acroperus
harpae, Alonella nana, Alonella excisa, and Alona afﬁnis are described
as cold-tolerant species living in oligotrophic, clear water lakes
(Harmsworth, 1968; Whiteside, 1970), and they occur today most
abundantly in Alpine lakes above 1500 m a.s.l. (Flössner, 1972; Lotter
et al., 1997). C. sphaericus has been found in sediment records from
full glacial conditions in northern Germany (Frey, 1958) and was dominant in Lac du Bouchet (Massif Central) during the Pleniglacial
(Hofmann, 1991). After the rapid warming at the beginning of the
Bølling (GI-1e) ca. 14,650 yr BP we observed gradual shifts in relative
abundance of species rather than abrupt changes. For example, the
abundance of C. sphaericus does not decrease immediately but only
after 14,350 yr BP. It is possible that the decrease of C. sphaericus is
the result of stronger competition with less cold-adapted taxa like A.
excisa, A. afﬁnis, and Alona guttata, which increase in abundance after
14,520, 14,480, and 14,340 yr BP, respectively.
The ﬁve cold-tolerant chydorid species that are dominant in the
Oldest Dryas period of our record have also been found in Younger
Dryas sediments at several locations across Europe (e.g., Frey, 1958;
Hofmann, 2000; Szeroczynska, 2006), including Gerzensee itself.
Hofmann (2000) describes the Cladocera assemblage changes in a littoral core b20 m from core GEJK, starting where this study ends at the
level of the Laachersee tephra (ca. 13,035 yr BP) and continuing

through the Younger Dryas into the early Holocene. Hofmann
(2000) found that the abundances of Acroperus harpae were lower
during the Allerød and early Holocene and higher during the Younger
Dryas, whereas the opposite pattern was observed for Alona guttata
and Alonella excisa. Therefore, A. harpae was considered the most
cold tolerant, followed by A. excisa, and A. guttata, indicating more
temperate conditions. This agrees with our ﬁndings of highest abundance of Acroperus harpae in the oldest part of the record (before
15,450 yr BP), followed by an increase in A. excisa after 14,520 yr BP
and the establishment of A. guttata after ca. 14,340 yr BP.
The gradual shift in species composition that we observed for
Cladocera was also seen for chironomids, another group of aquatic organisms that was investigated in core GEJK (Lotter et al., 2012; Brooks
and Heiri, 2013-this issue). The activity of chironomid larvae mainly
depends on absolute temperatures or the length of the growing season, which is strongly correlated with summer temperature in
north-temperate regions (Eggermont and Heiri, 2012), and it is likely
that this also applies to Cladocera. Lotter et al. (2012) indicated that
chironomid-inferred July temperatures increased gradually during
GS-2a and GI-1 and suggested that this reﬂects the change in July insolation and summer temperatures. In contrast, carbonate δ 18O and
terrestrial plant pollen changed more rapidly (Lotter et al., 2012),
possibly because carbonate δ 18O reﬂects mean annual temperature
in Gerzensee (Eicher and Siegenthaler, 1976), and vegetation is also
affected by increased seasonality in this period. The gradual increase
in summer temperatures in Gerzensee inferred from chironomid assemblages is consistent with the relatively slow changes observed
in Cladocera assemblages.
Because of the high-frequency variability in the Cladocera record it is
difﬁcult to distinguish short-lived low-amplitude climatic changes in
the Cladocera record. For example, we did not observe the Aegelsee
and Gerzensee Oscillations that were present in the carbonate δ18O
(van Raden et al., 2013-this issue; von Grafenstein et al., 2013-this
issue) or the pollen record (Ammann et al., 2013a-this issue). Aquatic
organisms have a short life cycle, often shorter than one year, so they
are more sensitive to high-frequency environmental change than, for
example, terrestrial vegetation.
Overall, the number of taxa is greater in the Bølling–Allerød (GI-1)
than the Oldest Dryas (GS-2), but it is not until ca. 13,900 yr BP that
Alona guttata var. tuberculata and Pleuroxus uncinatus occurred, taxa
that are often associated with warmer conditions (Harmsworth,
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relative abundances of aquatic plant pollen (Ammann et al., 2013b-this issue).
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1968; Lotter et al., 1997). This corresponds well with von Grafenstein
et al. (2013-this issue) who argue that the decreasing trend in δ 18O
values after the early Bølling reﬂects increasing summer temperatures at the sediment–water interface. Factors such as the occurrence
of aquatic plants, nutrients, pH, alkalinity, and water depth also inﬂuence the abundance of Cladocera (Whiteside, 1970; Brodersen et al.,
1998; Korhola and Rautio, 2001; de Eyto et al., 2003). However, it is
difﬁcult to disentangle the relative importance of various ecologic
and climatologic factors on cladoceran assemblages because the littoral
of lakes can have highly diverse and dynamic habitats. Several studies
have investigated quantitative relationships between Cladocera assemblages in modern surface sediments and environmental parameters
such as temperature, total phosphorus concentrations, and pH (e.g.
Lotter et al., 1997, 1998; Brodersen et al., 1998; Kattel et al., 2008).
Such studies can provide insight into the relative importance of
environmental parameters. These so called ‘training sets’ have been
designed to interpret the assemblages in profundal sediments, because
they are most commonly used in palaeoenvironmental reconstructions.
In our study, however, we use a littoral-sediment core, which limits the
applicability of training sets to reconstruct past environmental change,
since it can be expected that differences exist between cladoceran
remains accumulating in littoral and profundal sediments (Kattel et
al., 2007; Luoto et al., 2011).
4.2. Aquatic vegetation
The presence and diversity of aquatic vegetation have a great inﬂuence on the diversity of Cladocera, especially Chydoridae, which
use aquatic vegetation as a substrate to live on and to shelter from
planktivorous ﬁsh (Quade, 1969; Whiteside et al., 1978). It is likely
that the increase of Alonella nana between ca 15,060–14,680 yr BP
and the more diverse Cladocera assemblages after ca. 13,800 yr BP
could be ascribed to a more diverse community of aquatic macrophytes rather than temperature change, because the increase of
Cladocera abundance in these periods does not coincide with a
change in climate. Indeed the occurrence of pollen of aquatic macrophytes in core GEJK suggests that different plants grew in the littoral
zone of Gerzensee during these periods. These macrophytes included
Batrachium, Potamogeton, Sparganium angustifolium, Myriophyllum
spicatum, and Alisma. Pollen grains of these taxa occurred erratically
throughout the core (Fig. 2; Ammann et al., 2013b-this issue), but it
was not possible to infer changes in the abundance of aquatic plants
from the pollen data.
4.3. Water level
The littoral location of the core GEJK is clearly reﬂected by the dominance of Chydoridae that live in the muddy sediment and between
aquatic plants of the shallow part of lakes (Whiteside, 1970; Duigan,
1992). Planktonic taxa are less abundant, but Eubosmina is present in
most of the record at relative abundances of approximately 20%. A notable exception to this is the period between ca. 13,760–13,420 yr BP,
when we found strongly decreased numbers of Eubosmina. Possibly the
location of core GEJK, a large carbonate platform, became too shallow
for Eubosmina, forcing the planktonic Cladocera to live in deeper water
away from the carbonate platform. Reduced water depth could have
resulted in a more extensive littoral zone, which corresponds with the
notably high concentrations and inﬂuxes of Chydoridae in this period
compared with the periods before and after. Magny (2013-this issue)
reconstructed lake-level changes based on the examination of macroscopic carbonate components of core GEJK. His results indicate low to intermediate lake levels in the same period of low Eubosmina abundance.
During an earlier period for which Magny (2013-this issue)
reconstructed low lake levels (ca. 14,560–14,500 yr BP), however, we observed the opposite effect: an increase in Eubosmina abundance (both relative and absolute). It is difﬁcult to explain the different reaction of the

Eubosmina-group to lake-level change in the two periods; possibly it is related to inﬁlling of the basin, which contained at least 55 cm more sediment in the later period. Another explanation for this discrepancy is the
succession of species within the Eubosmina-group. We did not distinguish
between pioneer species E. longispina and other bosminids such as E.
coregoni that appear later in the succession of post-glacial lakes
(Nauwerck, 1991). In this light, we could explain the increase of the
Eubosmina-group ca. 14,560–14,500 yr BP by an increase of species, leading to higher total numbers of Eubosmina, rather than by a change in
lake-level.
5. Conclusions
The rapid warming at the beginning of the Bølling (GI-1e) ca.
14,650 yr BP was indicated by an abrupt 2‰ shift in carbonate δ 18O
and a clear change in pollen assemblages. In contrast, we observed
more gradual shifts in Cladocera assemblages, which is consistent
with the gradual shift in assemblage composition of chironomids, another aquatic indicator group (Brooks and Heiri, 2013-this issue).
Cladocera assemblages did not change immediately with the onset
of the Bølling/Allerød, but after ca. 150–200 years and then a more diverse community developed after 350–800 years. The late response
of the Cladocera assemblage compared with δ 18O could reﬂect the
gradual increase in summer insolation and summer temperature
and the time that is required to develop a more diverse aquatic
vegetation.
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