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Terrestrial mollusks, easily identified in Quaternary sediments,
represent a reliable tool for quantitative estimates of environmen-
tal parameters. Our study, comparing the species distribution with
meteorological parameters in Europe, shows that mean temper-
ature of the coldest month and annual thermal magnitude are
the most important forcing parameters. This survey allows us to
adapt the mutual climatic range (MCR) method to terrestrial mol-
lusk assemblages following two main steps. A set of assemblages
from different European regions (northern Norway to southern
France) is used to apply the method to present-day mollusks. The
reconstructed values describe the latitudinal temperature gradi-
ent prevailing over Europe. However, the comparison between the
reconstructed and the measured values indicates a shift, similar
to that observed, with the same method applied to beetle assem-
blages. Thus, estimates must be calculated after the reconstruc-
tion is tuned with the observations. The results from the modern
mollusk assemblages indicate that the MCR method can be safely
applied to reconstructing temperatures from terrestrial mollusk as-
semblages in any worldwide Quaternary sequence. A trial appli-
cation is made on Late Pleistocene assemblages from Achenheim
(Alsace, France). C© 2002 University of Washington.

Key Words: terrestrial mollusks; mutual climatic range; Europe;
Quaternary; continental paleoclimatology; quantitative tempera-
ture estimates.
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INTRODUCTION

Temperature and moisture are the main factors that cons
the physiology and life cycle of terrestrial mollusks. Each spec
has a thermal interval controlling its activity (Pelseneer, 19
Dainton, 1954; Franc, 1968b; Sacchi and Testard, 19
Chevallier, 1982; Watabe, 1983; Rollo, 1991), its grow
(Pelseneer, 1935; Uminski, 1975; Chevallier, 1982), its rep
duction (Pelseneer, 1935; Bouillon, 1956; Franc, 1968b; Go
et al., 1986; Gomot and Griffond, 1993), and its physiolog
cal functions (Pelseneer, 1935; Blazka, 1953; Langley, 19
Armitage and Stinson, 1980; Biannicet al., 1995). Therefore
these different thermal ranges determine specific wider ther
domains of life, and outside the ranges the species cannot
vive. In comparison, moisture or precipitation cannot be de
mined so reliably. Indeed, experiments considering the influe
of moisture variations on mollusks do not yield results as p
cise as those that fows on temperature (Pelseneer, 1935; Bl
1953; Chevallier, 1982; Phifer and Prior, 1985; Rollo, 199
Biannicet al., 1995). Thus, as the link between moisture and p
cipitation is not obvious, any reconstruction of moisture and p
cipitation using mollusks evidence appears difficult at prese

Terrestrial mollusks are indices of both vegetation type a
climate, permitting them to be grouped in ecological clust
2
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(Lozek, 1964; Puiss´egur, 1976). They are highly sensitive to e
vironmental variation and provide reliable record of their bioto
(Light and Killeen, 1996). The time response of malacofau
to environmental changes, especially biome disappearan
less than 50 years (Light and Killeen, 1996), indicating t
modern distributions are in equilibrium with present enviro
ments. Mollusk shells are well preserved in Quaternary s
ments, particularly in loess deposits, and can be identified a
species level using their form and ornamentation (Lozek, 19
Puisségur, 1976), even though they are often broken (ma
large species). Consequently, biological qualitative informa
(i.e., species recognition) is generally preserved after the b
of the individuals. In addition, an important proportion of t
quantitative information, lost by breakage, can be recovere
applying numerical corrections on identified and counted fr
ments (Puiss´egur, 1976). These observations led Lozek (19
to consider the possibility that the ecological tolerances of e
species are maintained through the Quaternary (Lozek, 19
Therefore, since terrestrial mollusks record ecological and
matic variations, they can provide an excellent proxy from wh
to extract palaeoenvironmental information.

In parallel with new biological indicators used since the i
tial development of transfer functions on marine microfau
(Imbrie and Kipp, 1971), several methods have been show
estimate past climate and environmental parameters. The d
ences between these methods depend on the characteris
the material and the modes of calculation (Guiot, 1994).

The relationship between terrestrial mollusks and climat
achieved by having a statistically valid number of samples f
a present area that is large enough to be representative
many different types of assemblages and climates as pos
Sometimes, however, a determined area does not includ
complete range of assemblage categories identified in a f
sequence, and thus nonanalogues appear. In biological dat
of this type, two modes of calculation can be used: extrapola
and interpolation.

Extrapolation uses methods allowing the reconstruction o
rameter values outside a reference data set (Frittset al., 1971;
Webb and Bryson, 1972; Guiot, 1986). However, the data
values define a domain inside which a relationship betw
a proxy and a climate parameter can be established. Thu
the relationship is not always valid outside this domain, th
methods are not recommended. Furthermore, in most c
there are no means to confirm the calculated estimates (G
1994). Interpolation methods by comparison constrain the
constructions only in the domain of the reference data-set va
These methods have been applied to different biological p
ies: pollen (Overpecket al., 1985; Guiot, 1987; Huntley an
Prentice, 1988), lacustrine ostracods (Mourguiartet al., 1998),
lacustrine diatoms (Gasse and Tekaia, 1983), rodents (Mon
1999), and mollusks (Rousseau, 1991). But even in these c
problems of nonlinear response by the fauna or flora to a d

mined climatic parameter may occur inside the domain of t
reference data set. This prevents reconstruction beyond intrin
QUATERNARY MOLLUSKS 163
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thresholds if no improvements are realized (Waelbroecket al.,
1998). The methods used vary according to the sensitivity of
organisms to the environment and the time interval investiga

From terrestrial mollusks assemblages, temperature and
cipitation reconstructions have previously been calculated u
the analogues method (Rousseau, 1991; Rousseauet al., 1994;
Rousseauet al., 1998a). However, the present analogue ass
blages are located only in Western Europe, and the use of
method is strictly restricted to this area. Furthermore, the p
sibility of nonanalogous assemblages cannot be excluded. S
assemblages yield only approximate reconstructions. Otherw
this method has already been successfully adapted and ap
to different organisms such as insects (Atkinsonet al., 1987;
Elias, 2000), pollen (Peyron, 1998) and rodents, following
similar principle called the Hokr method (Chaline and Broch
1989). By taking into account these methodological restrictio
we decided to test the use of the mutual climatic range (MC
method on mollusk assemblages, which it seems possible to
ply throughout the range of terrestrial mollusks.

MATERIAL

Modern Data

The MCR method employs the modern geographic distri
tions of the different Pulmonate and Prosobranch species i
tified in the fossil assemblages used. For Europe, these w
published in the malacological atlas of Kerneyet al. (1983).

The corresponding European meteorological data set has
extracted from a global database (Leemans and Cramer, 19
This includes 1735 stations providing minimal and maxim
mean monthly temperatures for Europe between 72◦N and 41◦N
and between 11◦W and 33◦E (Fig. 1). The values of these para
meters, linked with the species geographic distributions, allo
the definition of specific climatic ranges (SCR) (Atkinsonet al.,
1986). Furthermore, as malacological distributions are ba
on modern samples (Kerneyet al., 1983) and climatic data on
records obtained between 1941 and 1960 (Leemans and Cra
1991), we consider that the published malacological distri
tions are in accord with the climatic data used. Indeed, num
ous cold-resistant species currently live in Scandinavia. Su
pattern implies that mollusk colonization during the Holoce
of this formerly glaciated area was rapid. The northward
tension of the geographic distributions of determined spec
related to the present interglacial conditions, can then be
sumed as completed in this area. However, if present clim
conditions related to global warming continue to extend nor
ward, the geographical distributions,Tmin, andTmax estimates
will be overestimated.

The MCR method was calibrated using modern mollusk sa
ples taken from six regions distributed parallel to the present N
European thermal gradient (Fig. 2). These regions are Karas

he
sic
(Norway) (Andersen and Halvorsen, 1984), Abisko (Sweden)
(Nilsson, 1968, 1987), Dovrefjell (Norway) (Pokryszko, 1989),
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FIG. 1. Map showing the meteorological stations in Europe from the
study (on the right).

Périgord (France) (Limondin, 1990), Burgundy (Franc
(Puisségur, 1976; Rousseauet al., 1994), and Queyras (Franc
(Magnin, 1991; Rousseauet al., 1994). In each region, sample
were collected away from areas of noticeable modern human
FIG. 2. Location of the present sampling regions (filled circles) and fos
site (empty circle). Filled circles include several sampling localities.
eemans and Cramer (1991) database (on the left), and from the grid defin

)
)
s
im-

pact on the environment (Cameron, 1978; Kerneyet al., 1983;
Limondin, 1990; Rousseau, 1993).

Fossil Data

Forty-four fossil assemblages were obtained from
Achenheim loess sequence, located 5 km west of Strasb
(Alsace, France) (Fig. 2). This sequence contains a record o
portant climatic and environment changes for the last 500,00
Furthermore, the last climatic cycle, and the related mollu
assemblages selected for this study, showed the strongest
perature variations (Rousseau and Puiss´egur, 1990). These as
semblages, previously analyzed with the analogues me
(Rousseau, 1991), are an appropriate set for allowing com
isons between both methods and for testing the reliability of
MCR method applied to terrestrial mollusks.

METHODS

Data Homogenization and Digitalization

The MCR method requires an adjustment of the original d
The meteorological stations yielding temperature values h
a heterogeneous distribution over Europe. Consequently,
having defined a mesh of 0.5◦ in longitude and latitude, we use
an artificial neural network (ANN) (Caudill and Butler, 1992)
estimate mean monthly temperatures at these knots (Fig. 1)
chose this method instead of any other weighted averaged
terpolation because the thermal altitudinal gradient used by
sillatter was the same for all the mountains. This led to temperature
underestimations, which reached 20◦C in northern Scandinavia,
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although in the other regions their estimation is slightly m
precise than those obtained from the artificial neural netwo

The artificial neural network used in this study is compos
of three layers of processors named neurodes. The input
contains three neurodes (I-neurodes) for longitude, latitude,
elevation of the meteorological stations respectively. The
put layer contains 12 neurodes (O-neurodes) correspondin
the monthly climatic parameters of the meteorological statio
The middle layer, linking the two others, is composed of s
eral neurodes (M-neurodes), the number of which is adju
after repeated attempts. Each M-neurode receives three so
of information, one per I-neurode, combining them and se
ing the result to each O-neurode. The O-neurodes combin
information they received from the M-neurodes and allow co
parison of the final result with the observed climatic data. T
method has already been described in detail by Peyron (19
The estimated parameters are then homogeneously distrib
in the studied zone.

The interpolated temperatures permitted the definition
isotherms which have been compared with those publishe
Wallen (1970). Results are similar, and local differences
lower than or equal to 2◦C. Furthermore, the meteorological st
tions used in our database are more numerous than those u
Wallen’s (1970)World Survey of Climatology. Thus, we assume
that the results of our interpolations are reliable, and the v
small differences observed are negligible.

To more easily link the observations to the climate d
(Fig. 3), the geographic distribution of each species has b
digitized using the same grid as is used for the meteorolog
stations. Presence and absence of species are respectively
by one and zero at each knot.

Reconstructed Parameters

After the temperature and distribution data sets were de
mined, the next step of our study was to define the most
propriate temperature parameters for the reconstructions.
digitized species distribution was compared with 12 digitiz
monthly temperature maps to determine the most signific
ecological parameter on this mollusk distribution. In each c
we computed the Akaike’s (1973) criterion (AIC). This criterio
is an extension of the maximum likelihood principle—that is
decrease in the deviance induced by the addition of param
is compensated for by an increase in this deviance proporti
to the number of parameters added, as in

AIC = −2
∑

i=1toN

ln(xi | θ )+ 2k,

wherek is the degrees of freedom of the probabilistic mod
and N is the number of sites used for the calculati
(Akaike, 1973). Thus, this allows the rejection of paramet
which do not induce a significant decrease of deviance. For

ferent nonnested probabilistic models based on the same dat
the smallest AIC indicates the value that best fits the data se
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A precise generalized linear model will connect the spe
distribution (y) with a climatic parameter (x). As each specie
has a thermal optimum for life, we choose by default
quadratic polynomial to link the probability (p) of the expected
species distribution (y) with a determined climatic para
meter (x). The (y) response being binomial (absence= 0 and
presence= 1), a logit link [logit p= ln(p/(1− p))] was used
to avoid any important flattening of the function of probabil
and therefore no constants are too small in its equation.
sequently, the computation of AIC allows the evaluation of
correlation between a single monthly parameter and a sp
distribution.

Our computation, including geographic distribution and m
monthly temperatures, indicates that cold months are gene
related to low AIC and warm months to high AIC. Such
sults demonstrate that cold temperatures are a more impo
limiting factor on the species distributions than warm ones.
thermore, considering this criterion, there are not enough sp
in the malacological assemblages to allow a reliable recons
tion for each mean monthly temperature. Thus, as extreme
monthly temperatures (February and August) cannot alway
reconstructed, we preferred three parameters that refer to a
identified species:Tmin, Tmax, and Trange. Tmin distribution in-
cludes the coldest mean monthly temperatures recorded a
knot of the grid,Tmax the warmest, andTrangethe annual therma
range, identical to the difference betweenTmin and Tmax. The
Tmin data set is composed of values from January and Febr
and theTmaxdata set of values from July and August. The follo
ing calculation of the AIC was carried out on each probabili
model, linking a geographic species distribution with one
the three parameters—Tmin, Trange, andTmax—to validate which
should be reconstructed.

Our calculations indicate that the limiting factors on the
ographic distribution of the terrestrial mollusk species are
ascending order of their AIC,Tmin, Trange, andTmaxfor the major-
ity of species. Moreover, for each species, comparison betw
the lowest AIC of mean monthly temperatures andTmin does
not generally show a strong difference. This supports our re
struction ofTmin andTrange, which have the lowest AIC in th
present study, and the deduction ofTmaxthrough their difference

Mutual Climatic Range Method

The correspondence between digitized distributions of
species and climate allows the definition of SCR in a bi
diagram withTmin andTrange, respectively, on they andx axes
(Atkinsonet al., 1986) (Fig. 4). The superposition of the diffe
ent SCRs for a determined assemblage defines the MCR w
is the climatic space shared by all the species in the assemb
As this MCR is sometimes restrained, its distribution on e
axis is not necessarily normal or showing well-defined pe
Thus, the median value of the MCR distribution was prefe
to the mean and the mode and yielded the most probabl
a set,
t.
timate on each axis for a modern assemblage. Moreover, for
the fossil assemblages, the most probable estimation requires
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FIG. 3. Geographic distributions of the speciesAzeca goodalliandVertigo modestafrom the malacological atlas of Kerneyet al. (1983) (A and C, respectively)

and digitalized distributions with the grid defined in this study (B and D, respectively). On A and C, presence is represented by a black area; on B at is
characterized by large dots.
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FIG. 4. Specific climatic ranges (SCR) and mutual climatic range (MC
determined for the speciesAzeca goodalli(horizontal lines) andVertigo modesta
(vertical lines) and for the studied zone (diagonal lines). The SCRs ar
climatic envelopes of the species, and the MCR is the climatic area shar
the envelopes of all the species of the assemblage. The length of the sca
shells is 3 mm.

an additional correction applied on the median value. For e
reconstructed parameter, this correction is based on the equ
of a linear regression between interpolated (from artificial n
ronal network) and estimated (from MCR) values from a se
present assemblages from the studied area. Error margins
parameter are the extreme values of the corresponding
(Atkinsonet al., 1986).

RESULTS

Modern Samples
The method was first tested on modern assemblages. The in-

e (MCR)

e

regions (Table 1) are not statistically different. In contrast, those
ch
terpolated values, at the geographic coordinates of these assem-

TABLE 1
Interpolated and Estimated Temperatures for Modern European Assemblages

MeanTmin (◦C) MeanTmax (◦C)
Region and Range of local Regional error Range of local Regional error
(localities) Int. Est. estimations margins Int. Est. estimations margins

Karasjakk (4) −11.1 −8.6 −9.6;−8 −15; 0 12.8 14.3 12.5; 18 1; 27
Abisko (10) −12.4 −7.8 −10;−7.5 −15;−1 11.9 12.8 11.9; 13 0; 25
Dovrefjell (36) −11.2 −7.9 −11.2;−5.4 −15; 5 10.7 13.5 12.1; 18 −5; 32
Queyras (1) −5.8 −4.9 −4.9;−4.9 −13; 1 9.1 14.3 14.3; 14.3 3; 26
Bourgogne (7) 1.2 0.1 −1.4; 1.5 −6; 6 18.1 17.2 15.7; 18.8 9; 26
Périgord (7) 4.9 2.2 0.7; 3.7 −5; 6 20.6 18.2 17.1; 19.1 10; 25

Note.Int. are the modern interpolated values with the artificial neural network; and Est.- the modern estimated values with the mutual climatic rang
method on mollusk assemblages. The estimated values ofTmin have been calculated with the median applied on the MCR distributions along theTmin axis. The
estimated values ofTmax have been deduced from the difference betweenTrangeandTmin. The minimal value of the error margins is the minimal value for th

of the three French areas are significantly different from ea
MCR, and the maximal value is deduced by addition asTmax. In the range of loc
region, the regional error margins are determined by taking the two extrem
N QUATERNARY MOLLUSKS 167
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FIG. 5. Comparison between measured and estimated minimal (Tmin) and
maximal (Tmax) monthly mean temperature temperatures of the six mod
sampled regions. Each region gathers several sampled locations (Tab
Each regional error margin (vertical lines) comprises the two extreme M
limits from its local reconstructions. Each regional estimated mean temper
(black dots) is the mean of the values reconstructed from its samples. Fo
region, the two horizontal ticks limit the dispersion range of its local estim
mean temperatures.

blages, are obtained from the modern data set using the a
cial neural network defined previously. The reconstructed va
were obtained from the mollusk assemblages using the M
method. For the 65 assemblages of the six sampled region
interpolatedTmins andTmaxs are included in the error margins
the reconstructed values.

In each of the six regions, the mean of the reconstructed va
from the samples yielded the regionalTmin andTmax. The lowest
and highest values of the error margins, for a determined a
represent the regional error margins (Table 1 and Fig. 5). The
ues of the regionalTmin reconstructions of the three Scandinav
al estimations, the values are calculated for the entire locality of a region. For each
e values of the MCRs boundaries for the entire localities.
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168 MOINE

other and from those in Scandinavia. The values of the regi
Tmax reconstruction of both the warmest French regio
Burgundy and P´erigord, are significantly different from all th
others. In both considered clusters, regionalTmax is significantly
equivalent.

These first results show that error margins are generally w
for Tmaxreconstructions (±13◦C) than forTmin ones (±7◦C). The
proportionality of the range of the error margin with the val
of the reconstructedTmin andTmax is an artifact. This is possibly
due to the proportionality between the range of the error ma
and the specific diversity of the assemblages. Indeed, the sp
richness of an assemblage is positively correlated to the reg
temperature (Kerneyet al., 1983). Consequently the MCR wi
be narrower.

The plot of the regionalTmin andTmax values shows that th
European thermal gradient is reconstructed, but that low va
are overestimated whereas high values are underestimate
a consequence, a linear regression has been calculated fro
regional values for each parameter (Fig. 5). The equations us
correct the estimated values with regard to the observed one

for Tmin: [Tcalibrated] = 0.63∗[Tpredicted] + 9.00 withr 2 = 0.99

for Tmax: [Tcalibrated] = 0.44∗[Tpredicted] − 0.91 withr 2 = 0.83.

The standard error of corrected values is lower than 1◦C, thus
ranging within the error margins. As the calibration also illu
trates that a bias exists between modern estimated and mea
temperature values, this correction is likewise used on fossi
timates to provide the best possible temperature reconstruct
As the values of the error margins depend mainly on the clim
at the known limits of the geographic distributions of speci
they are not subject to the same biases. Thus, these corre
equations have not been applied to error margin values. The
jor problem identified with these error margins appears wh
for all the species of an assemblage, there is only a single v
in common as MCR. Indeed, extreme values are then iden
to the estimated values without correction. Thus, the correc
shifts the value outside the defined interval of the error m
gins. A solution is to use the extreme values of a broader M
containingN-1 species for anN species assemblage (Fauque
et al., 1998) and calculate a new most probable value on
MCR to keep coherency in the data.

Fossil Estimates

The 44 assemblages analyzed from the loess sequen
Achenheim have yielded reconstructions ofTmin and Tmax

(Table 2). The maximal range for both parameters is aro
5◦C, between−4.9 and−0.1◦C for Tmin and between 10.5◦ and
15.5◦C for Tmax. The error margins of both parameters are s
nificantly different. ForTmin reconstruction, they extend from
±4 to±10◦C and forTmax from±7 to±18◦C. Contrary to the

modern assemblages analyzed previously, the range of the e
margins is inversely proportional to the values of the reco
T AL.
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TABLE 2
Estimated Temperatures for Fossil Assemblages

from Achenheim (Alsace, France)

Tmin corrected (◦C)
Tmax corrected (◦C)

Number of MCR Median
Sample Depth species range MCR RangeTmin + Trange

q26p 0.348 11 −9; 6 −1.9 6 to 29 14.6
q25p 0.522 5 −9; 6 −1.6 0 to 30 15.4
q24p 0.739 4 −7; 1 −4 8 to 23 13.8
q23p 1.001 5 −9; 6 −1.6 0 to 30 15.4
q22p 1.262 4 −9; 6 −1 0 to 29 15.8
q21p 1.653 3 −12; 6 −1.1 −3 to 30 15.8
q20p 2.088 2 −7; 1 −4 8 to 23 13.8
q19p 2.523 7 −7; 1 −3.7 9 to 23 13.6
s07p 2.784 6 −7; 1 −3.5 9 to 23 14.8
s08p 2.958 8 −7; 1 −3 9 to 23 15.2
q17p 3.306 9 −7; 1 −3.7 9 to 23 13.6
q16p 3.611 8 −7; 1 −3.7 9 to 23 13.6
q15p 4.046 7 −7; 1 −4 8 to 23 13.8
q14p 4.306 6 −7; 1 −3.7 9 to 23 13.6
q13p 4.481 6 −7; 1 −3.7 9 to 23 13.6
s10p 4.705 4 −9; 6 −1.6 0 to 30 15.4
s11p 5.046 5 −9; 5 −2.4 5 to 28 14.7
s12p 5.307 6 −7; 1 −3.5 9 to 23 14.8
s13p 5.655 5 −7; 1 −3.5 9 to 23 14.8
q11p 6.177 8 −7; 1 −3.7 9 to 23 13.6
s14p 6.525 4 −9; 5 −2.4 5 to 28 14.7
s15p 6.743 5 −9; 5 −2.4 5 to 28 14.7
s16p 7.134 5 −9; 5 −2.4 5 to 28 14.7
s17p 7.308 6 −9; 5 −2.4 5 to 28 14.7
s18p 7.482 6 −9; 5 −2.4 5 to 28 14.7
s19p 7.83 6 −9; 5 −2.4 5 to 28 14.7
s20p 8.352 6 −7; 1 −3.5 9 to 23 14.8
s21p 8.7 4 −9; 6 −1.6 0 to 30 15.4
s22p 9.178 5 −9; 6 −1.6 0 to 30 15.4
s23p 9.57 5 −9; 6 −1.6 0 to 30 15.4
s24p 10.005 4 −9; 6 −1.6 0 to 30 15.4
s26p 10.788 4 −9; 6 −1.6 0 to 30 15.4
s27p 11.223 4 −9; 6 −1.6 0 to 30 15.4
z24p 11.571 2 −14; 6 −1.8 −5 to 31 15.3
z23p 12.006 3 −12; 6 −1.4 −3 to 30 15.6
z22p 12.354 5 −12; 5 −2.6 −3 to 29 14.9
z21p 12.702 6 −9; 4 −2.5 6 to 28 14.9
z20p 13.18 3 −14; 5 −3 −5 to 30 14.5
z15p 15.008 4 −12; 5 −2.6 −3 to 29 14.9
z14p 15.356 6 −11; 5 −2.2 −2 to 29 15.2
z13p 15.704 4 −9; 6 −2.1 6 to 30 14.7
z12p 15.878 4 −9; 6 −2.1 6 to 30 14.7
z11p 16.269 2 −14; 6 −1.8 −5 to 31 15.3
q06p 16.704 5 −9; 6 −1.6 0 to 30 15.4

Note.Estimated values ofTmin andTmax have been corrected with the respe
tive equations of the linear regressions calculated for both clusters of mo
assemblages. These corrective equations are not applied to margin values
are not calculated with the median as estimated values.

structedTmin andTmax. Then, if we assume that the relationsh
between the range of error margins and reconstructed param

rror
n-
is an artifact due to the taxonomic diversity of the assemblages,
this implies that at Achenheim climatic parameters other than
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FIG. 6. Variations ofTmin andTmax reconstructed from the malacologic
assemblages of Achenheim (Alsace, France) with the analogues method (
lines) and with the MCR method (straight lines). Ho.= Holocene; Eem.=
Eemian. Temperatures reconstructed from the MCR and the analogue me
are represented by a straight line and a dotted line, respectively. For ea
semblage, because error margins of estimates overlap, they were not plo
order to clarify this scheme. TL dating are from Rousseauet al.(1998b), and the
inferior boundaries of the Eemian and the Holocene are from Imbrieet al.(1984).

temperature were controlling the specific diversity. These m
include moisture and/or precipitation.

The plot of the temperature estimates against depth yie
two curves with general trends corresponding to what may
expected for the last climatic cycle (Fig. 6). Barren samples
ing the Eemian and at the base of the Late Pleistocene preve
any temperature reconstructions. TheTmin andTmaxcurves show
similar trends but differences in detail.

Close to the base of the sequence, between 17 and 15 m d
both curves show a slight decreasing trend from−1 to−2.5◦C
and from 14.5 to 13.5◦C, punctuated by a cooling lower tha
1◦C for Tmax. Above the second barren zone, the estimate
lustrate a strong two-step warming of around 2.5◦C between 13
and 12 m depth. The temperature increases from−3 to−1◦C
and from 12.5 to 15◦C. Subsequently, both curves indicate d
creasing steps in temperature, between 12 and 6 m, from−1
to−2.5◦C and 14.5 to 13◦C, respectively. The two steps of th
Tmin curve are separated by a strong cooling reaching−4◦C.
This is followed by a strong and abrupt thermal oscillation

tween 6 and 1 m in both curves. The oscillations range be
tween−5 and 0◦C for Tmin and 10.5 and 15.5◦C for Tmax. The
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depth and magnitude of peaks in both curves correspond ex
at 3 m, where the magnitude ofTmax is twofold that ofTmin.
Furthermore, two important coolings occur around 6 and 2
depth. In the last meter, both curves show a rising trend fr
−5 to−1◦C and from 11 to 14.5◦C, followed by a fall to 13◦C
for Tmax.

DISCUSSION

Intrinsic Problems of the MCR Method

The MCR method is based on a correspondence betw
species distribution and temperature. Each temperature re
struction performed on present-day assemblages should hav
to values equal to those measured from meteorological stat
Our study shows, as Atkinsonet al. (1987) indicated with bee-
tles, that a bias exists between interpolated and reconstru
values. A calibration on present-day data has been used to
termine a correction to be applied to present-day and fossil t
perature estimates. Does this mean that a correction, based
local calibration, could be applied everywhere, or is a worldw
calibration required ?

A species distribution is frequently dependent on several
vironmental parameters. Indeed, if a species occurrence is
strained by a determined range of tolerance to a clim
parameter, this range can shift under the influence of other
rameters. If the calibration between the species presence a
climate parameter, established in a particular region is use
correct values of this parameter in another region, the correc
will not be valid (Elias, 1997; Eliaset al., 1999). Only if the
calibration could be carried out worldwide, or at least on
complete distribution, would the problem of shifting region
tolerance be solved. On the contrary, this worldwide calib
tion would smooth all the different regional climatic charact
istics related to their geographic location (i.e., plain, mounta
or coast). Taking this problem, into account Eliaset al. (1999)
used regional calibrations, based on modern samples from a
with geographic characteristics similar to those of the conside
fossil sites. Then the present reconstructed values from be
assemblages best fit the observed parameters. However, s
method implies precise knowledge of the location of the fos
assemblages, and thus the determination of the boundari
the present regional calibration area. Consequently, as the
of the MCR method on mollusk data has been realized to av
the use of the analogues assemblages, this regional calibr
has not been used in our study. This easier correction is
used by default and does not take into account what could
the origin of this bias. Indeed, it is observed in thermal rec
structions based on insects (Atkinsonet al., 1987) and mollusks
(present study). For pollen (Fauquetteet al., 1998), this bias is
not similarly noted, although this method was applied to Terti
pollen; Farquette and colleagues used a pretreatment, gath
pollen species in ecological groups in the calculation of the m

-probable interval, so their MCR method is not similar to our
technique. Consequently, their correlation coefficients cannot
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be compared with the bias we recognize in our study. Fin
the test of the Hokr method, applied to rodents (Chaline
Brochet, 1989) and using only one present-day fauna, doe
provide a comparable data set to resolve this problem.

A first hypothesis is that this bias could be due to the inco
plete species distributions used in the definition of the S
which is based only on the European malacological atla
Kerneyet al. (1983). Indeed, if the complete specific distrib
tions are not available as plotted in Kerney’s atlas (mainly
areas of extreme temperatures), the real extreme thermal l
of the SCR will not be reached. Thus, the reconstruction
Tmin andTmax produced from the calculation of the most prob
ble value will be respectively overestimated and underestima
This hypothesis could explain the observed bias, but as it als
been detected in insects, for which the complete specific dist
tions were used, another explanation must be sought. More
a lack of meteorological stations may not necessarily origin
the bias, because this would imply that colder temperatures
not been recorded. Thus, as colder mean monthly tempera
mostly occur beyond the Petchora River (Russia), their oc
rence in Finland is strongly improbable. Consequently, the
number of meteorological stations in Finland is not assume
impose any bias. Finally, as the characteristics of the consid
bias differ from those (Tmin andTmax overestimated) propose
if northward species migration was at its origin, the latter
pothesis is rejected. Our assumption also considers restr
geographic distributions under any drastic environmental c
ditions before the geographic mapping of the species.

A second hypothesis is that the mode of calculation of
most probable value of the MCR, used for insects and mollu
is not reliable. In both cases, the SCR are unweighted, an
number of individuals of the species is not taken into acco
This calculation, as we used it, assumes that all the climatic
plets included in the MCR, and thus in each SCR, have the s
weighting; this is probably incorrect. Moreover, the use of
number of individuals of each species could be used caref
On the one hand, the relative abundance of the species can b
to taphonomic processes acting between the biocenose an
taphocenose. However, the shells, grouped in particular s
tures by water, are relatively well detected during the samp
On the other hand, the relative abundance of the species c
due to one or more climatic parameters, different from those
were reconstructed. The comparison of the modern distribu
of the species and those of climatic parameters might help s
this problem. Thus, improving the steplike variations would
more difficult. Consequently, the use of weighted SCRs, fr
the climatic data set or from the relative abundance of spe
in the calculations of the most probable thermal values of
MCR would probably allow the reconstruction of more extrem
and realistic, temperatures during cold periods.

A third hypothesis takes into account that mollusks can
in dormancy during winter and summer, buried in the soi
under rocks, or settled on plants. Indeed, although the w

geographic distributions of beetle species have been used in
MCR method since its first application (Atkinsonet al., 1986),
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the bias persists. Elias (1997) hypothesized that this coul
due to the dormancy period of species, so the significance o
extreme temperatures of some SCR appears not to be al
directly related to mollusks physiology. Unless the whole g
graphic distribution of terrestrial mollusks species is know
at present we cannot specify how important the dormancy
climatic reconstructions is.

A fourth hypothesis is that the presence of certain species
sample could be due to favorable local environmental chara
istics other than regional climate. If the allochthonous spe
are directly linked to ecological climatic characteristics diffe
ent from those of the sample region, this will lead to bias
reconstructions.

The maps of the malacological atlas of Kerneyet al. (1983)
have been interpolated through the location of both field
collection samples. The presence of species may have
assigned to certain regions where they were never sam
and vice versa. This can then modify the SCR, the MCR,
hence the values reconstructed, especially if the regions, mis
or incorrectly assigned, present important magnitudes of p
meter values. To avoid these problems, a joint effort should
made between the mapping of present-day malacological
tributions and those collecting fossil mollusk samples and t
related temperatures.

Comparison between Analogues and MCR Methods

The general trends of the curves of the two methods are
ilar for the last climatic cycle, but differences remain (Fig.
Between 17 and 15 m depth, the analogue curves show s
variations that are not described by using MCR. Between
and 8 m depth, variations in the analogue curves show an
crease followed by a decrease, whereas the MCR curves
the same variations but separated by a step. This scheme
peated between 8 and 6 m depth, except that there is no increa
at the beginning of this cycle for the MCRTmax curve. During
the coldest stage, between 6 and 1 m depth, the thermal mi
and maxima of bothTmin curves are located at the same de
(except at 4 m); the corresponding values for the MCR curve
higher than those for the analogue method, mainly at the m
ima. During the same cold stage, theTmax curves are in phase
except between 2.5 and 1 m, with minimal values of the M
curves generally lower than those of the analogues. Betwe
and 0 m, where the analogue curves show a constant increa
temperature, the MCR curves describe an increase followe
a decrease in temperature.

The analogue minimal temperature curve has a greater
ability than its corresponding MCR, mainly in the coldest sta
This lack of variability could come from the “incomplete” SCR
only defined from western and central European distributio
these do not include climatic conditions similar to the last gla
maximum. Lack of variability could also be partially induced
the nonuse of the number of individuals of a species. Thus
constructed minimum temperatures from the MCR are mil

thethan what could be expected. For the maximum temperature,
opposite variability comes from the data-set itself. Indeed there
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constraints on the beetle fauna of coastal Alaska, USA, derived from the Mu-
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is a linear correlation betweenTmin andTrange(r 2 = 0.8). Conse-
quently, weakTmin is associated with highTrange. As variations
of Tmin in several assemblages are smaller than associated
ations ofTrange, this implies strong variability in theTmax curve
reconstructed with the MCR method. Differences of variabi
between the two methods could also come from the esti
tion of the most probable value, as previously mentioned.
steps present on the curves of the MCR reconstruction are
to equivalent assemblage composition, whose number of
viduals in a species could not be used to differentiate th
Some small differences of variation remain unexplained, s
as those between 17 and 15 m depth. For the analogue cu
they might be related to the number of species with equ
lent variations. The calculation of the correlation coefficie
between reconstructedTmin and Tmax and the number of indi-
viduals of Pupilla muscorum, Succinea oblonga,and Trichia
hispida(numerous individuals in assemblages) did not reve
strong influence of these well-represented species on the re
struction of the climatic parameters with the MCR. Thus, th
differences between the two methods of reconstruction rem
unexplained.

CONCLUSION

Among the different thermal factors tested here, the m
temperature of the coldest month and the annual thermal r
are the most constraining parameters on the geographic d
bution of terrestrial mollusks species. However, the impac
other parameters on species distributions, such as humidi
evapotranspiration, remains to be tested. This requires mor
propriate meteorological databases than those currently u
The interaction of different climatic and biological paramet
must not be neglected.

The first application of the MCR method to modern terrest
mollusk assemblages yields thermal values close to the m
sured ones. We find that the MCR method applied to gastrop
is therefore an appropriate and reliable tool for reconstruc
seasonal temperature; other climatic parameters shall be i
porated in the future. A bias has been noted, between mo
estimated and measured temperatures and is similar to the
ferences determined when the same method is applied to b
assemblages. Complementary studies are necessary to co
the methodological or biological origin of this bias.

The results produced from the application of the MCR meth
to fossil mollusk assemblages confirm its usefulness in yi
ing a proxy temperature record for the Late Pleistocene.
vertheless, problems of reduced variability in the climate sig
and of reaching the coldest temperatures have been recogn
Improvement of the transfer function by using the number
individuals or the weighted SCR should help to reduce meth
ological and ecological problems.

These results obtained on recent and fossil European mo
assemblages, indicate that the MCR method can be safel

plied to terrestrial gastropods to reconstruct variations of past
matic parameters. Continued development of the MCR meth
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for terrestrial mollusks assemblages will make it a vital tool
the climate reconstruction of Quaternary sequences worldw
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Mollusques gast´eropodes et scaphopodes” (P.-P. Grass´e, Ed.), pp. 325–607
Masson et Cie, Paris (VIe). [In French]

Fritts, H. C., Blasing, T. J., Hayden, B. P., and Kutzbach, J. E. (1971). M
variate techniques for specifying tree-growth and climate relationships
for reconstructing anomalies in paleoclimate.Journal of Applied Meteorology
10,845–864.

Gasse, F., and Tekaia, F. (1983). Transfer functions for estimating paleoec
ical conditions (pH) from East African diatoms.Hydrobiologia103,85–90.

Gomot, L., and Griffond, B. (1993). Action of epigenetic factors on the exp
sion of hermaphroditism in the snailHelix aspersa.Comparative Biochemistry
and Physiology A104,195–199.

Gomot, P., Griffond, B., and Gomot, L. (1986). Effets de la temp´erature sur
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