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ABSTRACT

Lake Cimera (Lat. 40°15'50" N; Long. 05°18'15" W, Z 0 = 9.4m, A = 4.5 ha, 2140 m a.s.1,) is one of the most remote and un-
polluted high mountain lakes on the Sierra de Gredos (Central Spain). Intrannual and interannual variability in maximum water
temperature and winter oxygen depletion can be related to climate variability (mainly air temperature), through controlling ice cover
length. The extent of the oxygen depletion during ice cover period, which is related to this ice cover length, is a key factor controlling
the relative abundance of chironomid (Diptera: Insecta) taxa, especially the low oxygen content adapted Chironomus sp. In this way,
we have found a high negative correlation between the relative abundance of Chironomus head capsules in the sediment and the re-
constructed air temperature in the last 200 years (n = 20, r = -0.75, p <0.001). The interpretation of such relationship throughout
the fossil chironomid assemblage points to a recent warming (since ca mid 1980s) in Lake Cimera. The ecological interpretation of
other taxa also supports this view. When applying to fossil chironomids of Lake Cimera the transfer functions developed to recon-
struct summer past temperatures in the Alps, it is also well correlated with reconstructed air temperatures (n = 20, r = 0.45, p
<0.01), especially when only the most accurate dating levels (top of the core, ca 75 years) are taken into account (n =13, r =0.75, p
<0.01). However, 1) the linear regressions of both models show significantly different slopes, and 2) chironomid reconstruction un-
derestimates in ca. 3 °C air reconstruction. The later is probably because the fossil chironomid model has been developed for a dif-
ferent geographical region. Nevertheless, both models provide an independent line of evidence of a recent warming (since ca mid
1980s) in Lake Cimera. Our data also supports the use of chironomids head capsules as an effective tool to infer past temperatures.
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1. INTRODUCTION

In the Sierra de Gredos (Sistema Central, Central
Spain) there are more than 20 glacial lakes. Lake Ci-
mera is one of the most remote and best preserved of
them (Toro & Granados 2000). It was included in two
EU founded projects, AL:PE2 (Remote Mountain Lakes
as Indicators of Air Pollution and Climate Change) and
MOLAR (Measuring and Modelling the Dynamic Re-
sponse of Remote Mountain Lake Ecosystems to Envi-
ronmental Change), because of its hydrochemical char-
acteristics and its location remote from the main sources
of atmospheric pollutants production in Europe (Toro &
Granados 2000). The MOLAR project deals with meas-
uring and modelling the response of remote mountain
lakes to environmental change, especially to acid depo-
sition, pollutants influx and climatic variability. In this
project, it was included as a secondary site, a control for
other lakes as a result of its relatively pristine state. For
this reason, not all analyses and experiments carried out
at other MOLAR lakes were performed in Cimera. It
has been shown that mountain lake ecosystems are sen-
sitive indicators of environmental changes as a result of
their hydrochemical characteristics, their relatively low
diversity (although some taxonomic groups as diatoms
could show relatively high diversity) and their simple
food webs (Wathne et al. 1995; McDonald et al. 1996;
Toro & Granados 2000). The main results of analyses

from Lake Cimera in the AL:PE2 project have been
published elsewhere (Wathne & Johannessen 1995;
Camarero et al. 1995). Since Lake Cimera was one of
the least polluted lakes within AL:PE2 project, without
symptoms of acidification or high influxes of atmos-
pheric pollutants, it is possible to consider the response
to climatic variability at different timescales. Interan-
nual variability is maximal in small lakes like Cimera
because of water renewal (Smol et al. 1991). In addi-
tion, long-term changes can be detected by means of
fossil chironomid assemblages in the sediment record of
the lake. The use of this family of Diptera (Insecta) as a
paleolimnological tool has been reviewed elsewhere
(Walker 1987, 1995). Brooks (1996) provides several
reasons why chironomids are useful indicators of envi-
ronmental changes. However a controversy about the
use of chironomids as a powerful tool to infer paleo-
temperatures has arisen in the scientific literature in re-
cent years (Warner & Hann 1987; Walker & Mathewes
1987; Warwick 1989; Walker & Mathewes 1989; Hann
et al. 1992; Walker et al. 1992). Here we present the re-
sults concerning intrannual and interannual variability in
selected physicochemical water column characteristics,
and we also present the recent history (last 200 years) of
the lake ecosystem inferred by means of fossil chirono-
mid head capsules. We have tried to use fine-scale tem-
poral resolution, as is recommended by Smol et al.
(1991) for these systems.
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Fig. 1. Lake Cimera location and bathymetric map.
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2. STUDY SITE

Lake Cimera (40°15'50" N, 5°18'15" W) is located in
the northern slope of the Central Massif of the Sierra de
Gredos (Sistema Central, Central Spain, figure 1). It is
the highest lake of a series of 5 shallow lakes (max.
depth less than 10 m) in a small valley glaciated during
the Pleistocene. The watershed ranges from 2140 m
a.s.l., at the level of Lake Cimera, to 2568 m a.s.l. in the
highest point. It is a small granite catchment (0.85 km?)
composed largely of exposed rock, i.e. mostly without
developed soils and only with small grasslands of Nar-
dus stricta and psicroxerophytic meadows. The lake is
9.35 m deep, with a surface area of 4.49 ha and a maxi-
mum length of 384 m in the SSW-NNE direction. The
bathymetric map is shown in figure 1, whilst detailed
morphometric data can be found in Toro & Granados
(2000). The substrate is mainly lake mud below 5-7
meters but sand dominates in the littoral. A large num-
ber of rocky blocks of various sizes can be found ir-
regularly distributed all over the lake bottom. There is
no macrophyte growth in the lake, except for very
scarce individuals of Depranocladius exannulatus near
the bottom and small areas of Fontinalis antipyretica in
the littoral. It has two temporary inlets in the southern
side of the lake and one outlet on the northern side, the
later stream runs dry in late summer. One of the inlets is
a waterfall and the other runs below the blocks of a
steep snow channel. The mean annual water retention

time in the lake is 62 days, but in the thaw period or
during rainy autumns it could be a few days (Toro &
Granados 2000). Cimera is one of the most remote lakes
in the Sierra de Gredos, and unlike other glacial lakes in
this mountain range, Cimera is almost undisturbed ei-
ther by tourist or cattle impact or by hydrologic regula-
tion (Toro & Granados 2000). The main alteration suf-
fered in the past was the introduction of brook trout
(Salvelinus fontinalis) between the 1940s and 1960s.
Presently there is a stable population of this fish.

3. MATERIALS AND METHODS

The sampling period of the MOLAR project began
in July 1996 and finished in July 1998, covering there-
fore two ice-covered periods and two ice-free periods.
The lake was sampled monthly during ice-free period
1996 and approximately biweekly in ice-free period
1997. During ice-period 1996-1997, we could only
sample the water column in spring, because of adverse
meteorological conditions and the very thick ice-cover
during this winter. Through the next ice-covered period
(1997-1998), the late was sampled monthly. Water col-
umn profiling was performed in the deepest point of the
lake. Sampling, field and laboratory methodologies
were according to MOLAR project manual (Wathne &
Hansen 1997).

A 17 cm core (cim4/96) was taken from the deepest
point of the lake by means of a Glew gravity corer in
September 1996. It was extruded in the field at 3-mm
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intervals, and then transported in dark and refrigerated
conditions to the laboratory for further analysis. A sub-
sample of this core was use to determine dry weight
(DW) and loss on ignition (LOI) profiles. DW was per-
formed in a pre-weighed subsample at 105 °C (24 h) and
then LOI was calculated by combustion at 550 °C (2 h).
Chronology was inferred by sequence slotting with the
?1%p dated master core cim1/97 (R. Thompson, pers.
comm.).

For paleolimnological analysis of chironomids, a
pre-weighed subsample was deflocculated in hot (70 °C)
KOH for 30 minutes. Afterwards it was sieved through
a 75 um mesh sieve and head capsules were sorted un-
der 50x magnification. Small head capsules and prob-
lematic taxa were mounted in microscope slides for
further observation under higher magnification. If less
than 100 head capsules were recorded, another pre-
weighed subsample was processed. Head capsules with
a complete mentum were counted as one head capsule,
while head capsules with a half mentum (quite common
in the subfamily Orthocladinae) were counted as halves.

4. RESULTS AND DISCUSSION
4.1. Ice cover

Ice cover length is based on dates of freeze-up de-
fined as the first date on which the lake is completely
covered with ice, and dates of break-up defined as the
first date on which the lake is completely ice-free (Liv-
ingstone & Thompson, 1996). Therefore, ice cover
length during the both winters studied was ca 220 days,
ca 7 months. However, the ice free period 1996 had
only been 97 days while ice free period 1997 had been
166 days, i.e. around 2 months longer. This is the result
of the large accumulation of snow during winter 1996
from extremely abundant snowfalls during that year. Ice
off in summer 1996 was on 5" August, while in the two
following years with a normal snow precipitation break-
up was at least one month earlier (18/6/97 and 6/7/98
respectively). The thaw period in Lake Cimera is nor-
mally very long; thaw in the catchment usually starts in
April when water starts to enter into the lake. In mid
May 1997 and 1998, the southern part of the lake (near
the outlet) was ice-free. However, ice remained in the
northern littoral for one or two months more. This could
be explained by the particular topography of the catch-
ment: there is a steep north-head wall which 1) acts as
snow funnel accumulating large amounts of snow over
the northern ice cover, and 2) has a significant shading
effect that prevents incident radiation from reaching on
this part of the ice cover.

As has been found in other high mountain lakes (e.g.
Catalan et al. 1990, 1992), ice cover presents a complex
structure in Lake Cimera that changes throughout its du-
ration. Maximum ice cover thickness was >280 cm in
the period 1996-1997 and 187 cm in period 1997-1998.
The ice cover was composed of up to 10 layers of dif-
ferent thickness, granulometry and water content. In

figure 2 ice cover is represented on the same scale as the
lake depth. When ice cover reaches its maximum thick-
ness, a third part of the water column can be frozen. In
addition to this temporal diversity in ice cover structure,
in Lake Cimera spatial diversity in ice cover structure
can also be found, especially in the late part of the ice
cover period. As is stated before, the southern and the
northern part of the lake differ in their thickness, dura-
tion and also in the structure of their layers. Contrary to
the observations made for other lakes, black ice (i.e.
transparent) is not very common in Lake Cimera. In this
situation where there is a thick structure of layers of
slush and white ice, the transmission of the light to the
water column is completely prevented.

4.2. Water column

Figure 2a shows water temperature in Lake Cimera
throughout sampling period. There is a gap below ice
cover 1996-1997 because we only have data from the
last month of this period. However, it is clearly shown
that an inverse thermal stratification develops during
both ice cover periods. Lake Cimera has a shallow depth
(9.4 m) that limits stratification in ice-free periods, but
probably the main reason is the characteristic high
winds that occurs in this mountain range. The largest
difference in temperature between the surface and the
lake bottom is less than 3 °C, occurring just before dusk
in middle summer. Maximum water temperature is re-
lated to ice break-up date: in 1996, the maximum tem-
perature was 3.2 °C less than the following year when
ice break-up was 48 days earlier, although monthly
mean air temperatures during those ice-free periods was
quite close.

Figure 2b shows the dissolved oxygen evolution
during sampling period, again with a gap during ice
cover period ‘96-'97. Below this ice cover there is
marked oxygen depletion as a result of heterotrophic
degradation of the sedimented organic matter in a situa-
tion where 1) stability of water column is very high (i.e.
lowest annual values of turbulence), 2) light transmis-
sion does not occur (i.e. no primary production) and 3)
gas exchange with atmosphere is prevented. In this way,
the oxygen depletion has a gradient between water lay-
ers below the ice cover and water layers near the sedi-
ment. In the former case, the annual maximum dis-
solved oxygen values can be found associated with the
lowest temperatures. In the bottom, because of an ac-
cumulation of sedimented organic matter and a small
increase of temperatures, oxygen is depleted by cata-
bolic metabolism. In this way, the ice cover formation
produces changes in the aquatic environment compara-
ble with those occurring in the hypolimnion of eutrophic
lakes (Capblancq & Laville 1978). Oxygen concentra-
tions in the late part of the ice cover period 1996-1997
were as low as 0.1 mg I'' (1% oxygen saturation), quite
close to a completely anoxia. The intensity of this oxy-
gen depletion in high mountain lakes is related to the
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length of ice cover periods (Toro & Granados 1997,
1998), but also to air temperatures during this period.
Both ice cover periods studied had approximately the
same length, but in the final stages of the first one the
oxygen depletion was more severe than in the following
year. This could be explained by the warm period be-
tween February and April of 1997 where lot of melting
water entered the lake providing oxygen to the bottom
layers. The low values of oxygen concentration changes
very fast during thaw periods, and bottom oxygen de-
pletion could rise to 100% oxygen saturation in a few
days (when a lot of water flows into the lake). During
the ice-free period dissolved oxygen is controlled
mainly by temperature: dissolved oxygen values de-
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crease while water temperature increases after the thaw
period, and increases while waters cools down during
autumn. In middle summer, the upper layers of the wa-
ter column are slightly warmer than bottom layers, and
so in the formers lower oxygen concentrations can be
found. However, in middle summer, especially when the
outlet dries up and the water column is stable, a slight
oxygen reduction can be seen in the water layers near to
the bottom as a result of heterotrophic oxygen con-
sumption again.

Figure 2c shows the increment of primary produc-
tivity detected by measurements of chlorophyll-a con-
centrations in the water column. As stated above, there
is no primary production below ice-cover and pigment
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concentrations rapidly fall below the detection limit.
This is quite common in ice covered lakes (e.g.; Cap-
blancq & Laville 1978; Catalan 1992; Sherk & Rau
1996). In both ice-free periods pigment concentrations
remains at relatively low values (<5 pg Chl-a 1), in
spite of the notable peak in late September 1997 as a re-
sult of a bloom of Cosmarium tinctum (de Hoyos & Ne-
gro 2000). In figure 2c the Secchi depth is also shown.
There is a correlation (r=0.60, p<0.05) between Secchi
depth and mean pigment concentration above this depth.
However, other important factors such as solids in sus-
pension have not been measured. Lake Cimera can be
considered as an oligotrophic lake (sensu OECD, 1982)
taking into account total phosphorus mean values (6 pug
P-PO, 1'1), maximum and mean annual values of chloro-
phyll (11.5 pug Chl-a I'', 2.14 pg Chl-a I"" respectively)
and mean Secchi depth (5 m).

High mountain lakes are characterised by their high
intrannual variability, with two marked different periods
throughout the year: ice-cover vs ice-free period. The
lake ecosystem differs in both periods in its productiv-
ity, its physicochemical composition, and also in its
biological communities. The extent of these changes
between both periods are even higher in Cimera than in
other mountain lakes as a result of large differences in
water temperature, oxygen content and pigment con-
centration between ice-covered and ice-free periods.
Given that the length of the former period (and the in-
tensity of the observed changes) is weather-related, in-
trannual variability (i.e. the extent of the observed
changes in ecosystem structure) is also related to cli-
matic changes. Furthermore, interannual variability is
also highly dependent on the relative length of both pe-
riods, given that in the ice-free period primary produc-
tion prevails over heterotrophic processes, and the in-
verse is the case during ice-covered period.

4.3. Sediment record

We have found differences in the chironomid com-
munity at different depths, but this can not be related to
changes in water temperature. Some authors (Hann et
al. 1992; Warner & Hann 1987) suggest that the littoral,
sublittoral and profundal components of the fossil chi-
ronomid fauna must be evaluated independently when
making inferences about past temperatures, as they are
differently buffered from temperature change. Although
other authors (Walker et al. 1992; Walker & Mathewes
1987) do not agree with this, in fact Lake Cimera does
not have a cold hypolimnion that would prevent us us-
ing the whole chironomid community as an indicator of
the past climate. Furthermore, Walker (1995) states that
chironomids are excellent indicators of past climate in
unstratified lakes, and Smol ef al. (1991) suggest that
«small or short-term climatic fluctuations will be
recorded in sediments of smaller basins (like Lake
Cimera) but will be damped out in larger lakesy.

The relative abundance of chironomid taxa is shown
in figure 3. It is based on 20 samples from the upper 17
cm of core cim4/96, expanding over ca last 200 years.
We have examined a total of 3857 head capsules be-
longing to 24 different taxa. Between 59 and 338 head
capsules per g DW were found, which lies in the mid-
dle-high concentrations reported in the literature
(Walker 1987). Réasdnen et al. (1992) describes as ex-
tremely high values of 10-80 head capsules per g DW in
a Finland lake. The most abundant taxa in Cimera were
Chironomus sp. and Micropsectra spp. (M. contracta
being the dominant species). Both species represent
between 52% and 76% (mean 64%) of the head cap-
sules found in each sample. 11 species of Orthocladinae,
all of them with less than 3% presence, have been sum-
marised together. None of these species shows a defined
pattern along the profile as they appear sporadically on
it. Considering the entire group together, it shows a
fluctuating profile with two remarkable zones: 1) the
first 20 years of the 20™ century, when these Ortho-
cladinae species were very scarce, and 2) the upper half
centimetre (1994-1997), where these species disappear.
There are two Orthocladinae species that have apprecia-
ble numbers at least in some layers: Heterotrissocladius
marcidus and Synorthocladius semivirens. The former
has a nearly constant value below 10%, although its
presence decreases in the first 1 or 2 cm. Inversely, S.
semivierens shows a slight increase during the 20™ cen-
tury with its maximum in recent years. Diamesa species
has grater values around second half of the 19 century
and in recent years reaches its minimum values. The
other Diamesinae, Pseudodiamesa sp., and the Prodia-
mesinae Prodiamesa olivacea have very scarce repre-
sentatives in all samples analysed. In fact, P. olivacea
only appears in the bottom of the core. The Tanypodi-
nae show a more interesting profile. While Procladius +
Macropelopia head capsules remains approximately
constant throughout the profile, Ablabesmyia longistila
has a notable increase in the upper 2 cm (i.e. in the last
15-20 years). The Chironominae also show important
changes. Chironomus sp., the second most abundant
species, has a fluctuating profile with relatively low
values in the surface sediment layers. Micropsectra spp.
(mainly M. contracta) is the most abundant taxa of fos-
sil chironomids. Inversely to Chironomus, this genus
seems to increase in the top layers of the core, although
it is not a clear trend. Cladotanytarsus sp. also show a
changing profile along the core, but the start of this
change is below the level of the changes mentioned for
the other species. Cladotanytarsus fluctuates from very
low values in the 19" century to high values throughout
the 20™ century. Finally, the other Chironominae (Para-
cladopelma camptolabis, Tanytarsus + Virgatanytarsus
sp., and the unidentificable Tanitarsinii) do not show
significant changes during the last 200 years.

Based on the results of cluster analysis, two main
stratigraphic zones have been recognised in the core A
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Fig. 3. Stratigraphical diagram showing relative abundance (percentage) of Chironomidae head capsules in core Cim4/96.

and B, the latter has been subdivied in two sub-zones
(B1 and B2).

Zone A comprises the top 1.5 cm corresponding to
the 1990s. This zone is mainly characterised by the low
relative abundance of Chironomus and H. marcidus,
while there is an increase of Ablabesmia longistila and
Micropsectra sp. It has lower taxonomic richness than
the two other zones. It also shows an increasing influx
of head capsules into the sediment per year.

Zone B1 has the greatest depth (and also the longest
time period) from 1.5 cm to ca 14.4 cm, expanding from
middle 19th century to the last 1980s of the 20™ century.
In this zone the species composition remains approxi-
mately constant. Nevertheless, in the upper part of this
zone there is a marked increase of Cladotanytarsus sp.,
while the bottom part is especially rich in Diamesa spp.
and relatively poor in Orthocladinae taxa. The influx of
head capsules into the sediment fluctuates throughout
this zone.

Zone B2 is recognised by its maximum of Chirono-
mus sp. and minimum of Micropsectra spp. abundance.
It has a very low influx of head capsules per year into
the sediment.

4.3.1. Ecological interpretation and temperature
reconstruction

The date of introduction of the brook trout (Salveli-
nus fontinalis) to Lake Cimera is not know precisely,
but it must be between the 1940s and 1960s. There is a

wide literature concerning benthos community changes
as a response to fish introduction (e.g. Goyke & Her-
shey 1992; Johnson et al. 1996). In fact, based on our
analysis of fish stomach's content we know that Chiro-
nomus pupae could be the main trophic resource of this
species in Lake Cimera at least during emergency peri-
ods. Writers such as Hofer & Medgyesy (1997) suggest
that chironomids could compose as much as 80% of the
diet in winter and provide a significant resource during
emergence periods in another high mountain lake. Nev-
ertheless, the fish stocking occurred at least 30 years
earlier than the main observed change in the chironomid
community. Therefore, we must discard this introduc-
tion as the main explanation for the observed changes in
the fossil assemblage.

As far as we know, Lake Cimera has suffered no
other important impacts in its catchment (tourist impact,
cattle, wastewater, hydrologic regulation) like other
lakes in this mountain range (Toro et al. 1993; Toro &
Granados 2000). Furthermore, in the AL:PE2 project
acidification in Lake Cimera was not detected (Wathne
& Johannessen 1995; Camarero et al. 1995). Rierade-
vall et al. (1998) did not find acidification affecting
zoobenthos of remote Iberian mountain lakes. However,
Thompson & Agusti (pers. comm.) have found an im-
portant air temperature warming in Lake Cimera start-
ing in the middle 1980s. As this climate change is quite
close to the main change observed in fossil chironomids
assemblage, we hypothesise that this recent climate



Recent warming in a high mountain lake (Laguna Cimera, Central Spain) 115

warming could be the main factor driving the changes in
the chironomid community.

There are two main consequences of a warmer year:
the ice cover length is shorter and the maximum water
temperature during ice-free period usually is higher. If
we look at the chironomid species that appear in the
core, the presence of Chironomus sp. is noticeable be-
cause it is not a common genus in high mountain lakes
(Walker 1993). Within the 28 AL:PE and MOLAR
lakes, Chironomus spp. have been found only in two
lakes: Cimera and Lille Hovatn (Norway; Schnell
1998). Nevertheless, the latter is relatively depth (22 m),
located just below the tree line (Wathne et al. 1995) and
it is chronically acidified (Schnell & Willansen 1996).
So from this point of view it is less comparable with the
other arctic/alpine lakes. Chironomus species are usu-
ally found in aquatic ecosystems with moderate or high
concentrations of organic matter and/or nutrients (John-
son et al. 1990; Walker 1993; Prat 1993; Merildinen &
Hamina 1993; Brodersen & Lindegaard 1997), features
that are not common in pristine high mountain lakes.
Lake Cimera is an oligotrophic lake according to the
OECD (1982) nutrient, pigment and transparency val-
ues. However, given that it has severe oxygen depletion
during the ice-cover period, Chironomus sp. is favoured
by its adaptation to this low dissolved oxygen concen-
tration. Capblancq & Laville (1983) also found Chiro-
nomus in a high mountain lake in the Pyrennes with
high oxygen depletion during the period of winter ice
cover. They reported the replacement of the typical oli-
gotrophic fauna with more a eurythermal and euroxibi-
ont fauna Other chironomid species better adapted to
rich oxygen cold environments are more abundant than
Chironomus where oxygen depletion is not as severe as
in Lake Cimera, as occurs in other MOLAR lakes
(Schnell 1998) and other lakes in the same mountain
range (Toro & Granados 1997). Since warmer years are
known to have shorter ice-cover periods and/or an ear-
lier thaw in the catchment, the lower level of oxygen
depletion in bottom layers, would not be expected to fa-
vour Chironomus presence. Ice cover length has been
seen to affect the presence of estenobiontic chironomi-
dae through controlling profundal oxygen deficit
(Walker 1987; Hofmann 1988). As stated by Thompson
& Agusti (per. comm.), mean air temperature for 1990s
has been 1.4 °C above the mean temperature of previous
years. Throughout this decade, Chironomus has fallen to
its minimum relative abundance. Several authors (e.g.,
Wiederholm & Eriksson 1979; Schakau 1990; Rédsénen
et al. 1992; Merildinen & Hamina 1993; Salonen et al.
1993; Walker 1995; Simola et al. 1996) have interpreted
the increase of Chironomus species as an enrich-
ment/eutrophication phase. However, no trophic
changes have been observed during recent years in Lake
Cimera, as revealed by analysis of fossil pigments and
nutrients deposition (Lami 2000, this issue).

As hypothesised here, Chironomus relative abun-
dance in Lake Cimera must be related to climate vari-
ability through the length of the ice-cover period and the
intensity of the changes in the lake ecosystem associated
with this period. Figure 4 shows the linear regression
between Chironomus relative abundance and recon-
structed air temperature performed by Thompson &
Agusti (pers. comm.). Because each layer of the core
analysed for chironomid head capsules comprises dif-
ferent time intervals, the climate reconstruction has been
recalculated as the mean temperatures of the years com-
prising each analysed layer for chironomids. As is
shown, Chironomus is significantly correlated with re-
constructed air temperatures (n = 20, r = -0.75,
p<0.001). This means that as is hypothesised above,
Chironomus relative abundance tends to be lower dur-
ing warmer periods. However, the oxygen depletion in
Lake Cimera can not be extremely severe because in
such cases the sediment record has either no head cap-
sules or a very low concentration of head capsules (e.g.
Wiederholm & Eriksson 1979).
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Fig. 4. Relationship between the relative abundance of Chiro-
nomus sp. in 20 analysed layer of core cim4/96 and recon-
structed air temperatures for the years comprising each layer.
Air temperature data has been modified (see text) from
Thompson & Agusti (pers. comm.).

Interpretations based upon single indicator species
are often considered to be unreliable. Nevertheless, it
was observed that other taxa do not falsify our hypothe-
sis of a recent warming. Cold stenotherm species like H.
marcidus (Walker 1993; Saether 1975) and Diamesa
spp. (Rossaro 1991) also slightly decrease in abundance,
because mean water temperature also tends to increase
in these warmer years. Other species such as Microp-
sectra sp. and A. longistyla, which are not particularly
cold stenotherm, increase in percentage abundance.
Changes in Heterotrissocladius and Chironomus abun-
dance have been related also to changes in sedimentary
rates and/or in organic content (Warwick 1980, 1989).
Although Appleby (2000, this issue) had found some
changes in the sedimentary rate, they do not correspond
with the observed change in the relative abundance of
these species. Figure 3b also shows dry weight (DW)
and loss on ignition (LOI) profiles. DW increases
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slightly towards the bottom of the core whilst LOI de-
creases slightly. The only significant change is in the
uppermost sediment (corresponding to 1990s) where
DW has a greater decrease and LOI reaches its maxi-
mum values. It is not clear if these changes indicate a
higher influx of organic matter to the sediment, but they
may reflect 1) that the upper millimetres are still
unconsolidated by the weight of the sediments layers
above them, and 2) that all easily metabolised organic
matter has not yet been degraded.

1. Granados & M. Toro

This transfer function was developed to infer mean
summer (June, July, August) air temperature. As a result
of different taxonomic resolution between the modern
training set and the fossil assemblages, the taxonomy of
the fossil assemblages was harmonised with that of
modern training set: 6 taxa identified to species level in
the fossil assemblage were treated at genus level (e.g.
Heterotrissocladius marcidus as Heterotrissocladius
sp.); 10 taxa were at the same taxonomic level in both
data sets (so no changes were made); 8 taxa were treated
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Fig. 5. Upper graph: Reconstructed mean
summer air temperatures (annual data;
Thompson & Agusti, pers. comm.). Lower
graph: Reconstructed mean summer air
temperatures in Lake Cimera by means of
climate model and chironomid calibration
model (Lotter, pers. comm.); The former
reconstruction has been modified using
mean values of the years comprising each
analysed layer for chironomid head capsules
(see text for details).
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Chironomids have been used by some authors to de-
velop models for reconstructing temperatures (Walker et
al. 1991; Lotter et al. 1997; Olander et al. 1997) al-
though there is no modern training set of chironomids
for the Iberian Peninsula. However, we have used the
model developed by Lotter et al. (1997) for the Alps be-
cause this is the nearest geographical region with a
training set and the chironomid fauna used in this cali-
bration set is quite similar to that found in central Spain.

1980
2000

as Orthocladinae indet. all together, because neither the
species nor the genus were present in the modern train-
ing set. These last 8 taxa have a mean abundance of 1%
or less throughout the core.

Figure 5 shows mean summer temperature inferred
by means of fossil chironomid assemblages (Lotter,
pers. com.) and also the reconstructed temperatures us-
ing long climate series (Thompson & Agusti, pers.
comm.). Again, the climate reconstruction has been
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recalculated as the mean summer temperatures of the
years comprising each layer analysed for chironomids.
In this way, both curves are comparable as each point
represents a similar time scale.

Comparing both summer reconstructions, it appears
that Chironomid reconstruction underestimates by ca 3
°C reconstruction based on climate series. This is proba-
bly because the model has been developed for a differ-
ent geographical region. Some authors have hesitated to
use calibration models outside their geographical region
(e.g. Brooks 1996). However, as the chironomid fauna
used in the calibration set is quite similar to those that
found in central Spain, we expected the reconstruction
to show the general trends in temperature although ab-
solute values are not reliable. Considering this, both re-
construction shows the same tendency. A general trend
of recent warming is detected by both models. The lin-
ear regression of these models gives a slope of 0.00668
°C y' (meteorological model, n = 20, p <0.05) and
0.00496 °C y™' (chironomid model, n = 20, p <0.05).
The slopes are significantly different (df = 36; t =
15.95; p <0.001) the difference between both slopes
being 0.0015 to 0.0019 °C y™ with a 95% confidence
interval. However, as is discussed before in the ecologi-
cal interpretation of fossil chironomids, recent warming
seems not to be a linear trend, but there is a major
change ca middle 1980s. In fact, before mid 1980s the
meteorological model does not show a significant linear
trend (n = 15, p = 0.37) although chironomid inferred
temperatures still show a linear trend of progressive
warming (n =15, p <0.05).

Taking this into consideration, it is important to ver-
ify whether or not both models reflect the same changes
in mean summer temperatures during the period of
study. Both reconstructions are significantly correlated
(n =20, r = 0.45, p <0.01). Furthermore, climate recon-
struction shows 4 «cooling» events near 1993, 1974,
1941 and 1926; these events are also easily recognised
in the chironomid reconstruction, although chironomids
seem not to reflect the full amplitude of these episodes.
Before 1925, both curves do not match as well. In fact,
if we consider only the data after this date the correla-
tion is clearly higher (n = 13, r = 0.75, p <0.01). Two
reasons can be given to explain the fact that models fit
better in recent years: 1) Fewer samples are analysed in
the bottom of the core so it is difficult to find detailed
trends, and 2) dating of bottom layers presents more un-
certainties than in surface layers (Appleby 2000, this
issue). For instance, close to 1820 temperatures inferred
by means of fossil chironomids have minimum values
throughout the core, while climate reconstruction for
these years do not show this relatively cool event. But it
is noticeable that it is precisely these years that have a
warmer peak between two colder periods. The *'°Pb
dating for 1847 has a mean error of £16 years (Appleby
2000, this issue), and before this year dates has been ex-
trapolated assuming the same sedimentation rate. There-

fore, the lowest values inferred by chironomid head
capsules near 1820 could in fact reflect the colder pe-
riod before or after the 1817 warm peak.

The maximum temperature difference in the climate
reconstruction for the last 200 years is 2.4 °C while for
the chironomid reconstruction it is 3.3 °C. Taking into
account only the period where the models fit better (i.e.
after 1925) the maximum temperature differences are
2.4 and 1.7 °C respectively. In summary, we have two
different and independent models that reflect a clear
climate warming in the mountains of Central Spain
during the last years. There is an uncertainty about the
extent of this warming but it is likely to be greater than
1.5 °C. The significant correlation between both models,
at least in the upper sediments, also confirms the viabil-
ity of using fossil chironomids as a tool to reconstruct
paleotemperatures.

5. CONCLUSIONS

Climate variability in this kind of relatively shallow
high mountain lake is a key factor in determining
maximum summer water temperature and winter oxy-
gen depletion, through controlling ice cover length and
the start of the thaw period. These climate driven
changes in ecosystem structure, which are relatively
large in magnitude for Lake Cimera, are also signifi-
cantly correlated with the relative abundance of low
oxygen adapted species like Chironomus sp. Independ-
ent models developed to reconstruct air temperatures in
Lake Cimera, one based on long climate series (Thomp-
son & Agusti, pers. comm.) and the other based on
transfer functions of chironomids fossil assemblages
(Lotter, pers. comm.) correlate significantly. Both
models, and the ecological interpretation of Chironomus
relative abundance, reflect a recent warming in Lake
Cimera. The extent of this warming is not clearly
known, but it is likely to be an increase of at least 1.5 °C
in mean summer air temperatures since mid 1980s.
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