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Inferring eco-climate parameters for the Pliocene Climate
Optimum using frog body size as a new proxy

ALMUDENA MARTINEZ-MONZON, TOMAS PRIKRYL, CHRISTIAN SANCHEZ-BANDERA,
JOSEP E. BISBAL-CHINESTA, JORDI AGUSTI, GERARD CAMPENY VALL-LLOSERA,
BRUNO GOMEZ DE SOLER AND HUGUES-ALEXANDRE BLAIN

Climate conditions during the Pliocene Climate Optimum (3.2 - 2.5 Ma) are significant
due to their proposed correspondence with future climate. There are various difficulties
involved in obtaining terrestrial temperatures for this period, so new sources of infor-
mation are therefore important. This work proposes a new approach based on frog body
size, facilitating a palaeoclimate reconstruction of the palaeontological site of Camp
dels Ninots (Caldes de Malavella, NE Spain), a Pliocene Konservat-Lagerstitte, dated
at around 3.2 Ma. For this purpose, an extensive database of current populations of the
genus Pelophylax from across Eurasia has been generated making it possible to establish
a correlation between frog body size and eco-climate parameters such as temperature,
precipitation rates and real evapotranspiration. Eco-climate values were obtained using
OLS regression models and compared with previous palaeoclimate reconstructions
from other archaeo-palaeontological sites of interest (Barranco Le6n and Fuente Nueva
3, SE Spain). Our new proxy results in a palaeotemperature of 14.3 + 2.6°C and a palaeo-
precipitation rate of 846.8 + 165.4 mm; according to primary productivity values, a
‘Summer-green broad-leaved forest’-like biome is proposed for Camp dels Ninots, in
line with previous palaeobotanical studies. The new values generated for the other sites
follow the same trends as previous reconstructions, although with lower values in most
cases, especially in terms of temperature. This method is a promising new approach to
complement previous palaeoclimate reconstructions and could also generate new data.
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Today, one of the main focuses of climate research is
on understanding how future increases in atmospheric
carbon dioxide concentrations will influence tem-
perature and general climate conditions (Haywood
et al. 2019; Lunt et al. 2009). In this context, studies
in the field of palaeoclimatology are looking closely
at past warm periods, when CO, concentrations were
analogous to current levels and those projected for the
near future (Haywood et al. 2019). In this regard, the
warm Pliocene climate is of great interest due to its
similarity with the modelling predictions made for the
future environment. Climate modelling simulations
based on different scenarios of future greenhouse gas
concentrations and other proxies indicates that the
Mid-Piacenzian climate was the most recent period in
the Earth’s history with temperatures similar to those
projected for the second half and the end of the 21*

century (Burke et al. 2018; Lunt et al. 2009; Robinson
et al. 2008; Dowsett et al. 2013). Additionally, this
period known as the Pliocene climate optimum (3.2
to 2.5 Ma) is similar to today in many aspects, such as
the position of the continents and oceans, the intensity
of sunlight reaching the Earth’s surface and the atmo-
spheric CO, concentrations, for example (Robinson
et al. 2008). Specifically, a less seasonal climate, 5°C
warmer than present and 400-1000mm/year wetter,
has been proposed for the middle Pliocene (ca. 3 Ma)
in the European and Mediterranean region (Haywood
et al. 2000).

Several methods of reconstructing past climates
have been developed, for this and other geological
periods, but none are exempt of difficulties (Blain ef al.
2018a). There are a number of alternatives for recon-
structing terrestrial temperatures and precipitation
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during the Pleistocene period as most species have
extant representatives; however, the options decrease
drastically when the line of the Pliocene is crossed.
‘Nearest Living Relative’ (NLR) palaeoclimate recon-
struction methods, for both animal and plant taxa,
entail the use of the current closest species to the fossil
taxa (which does not itself have any living representa-
tives). Using these proxies, the biological and ecologi-
cal characters of the NRL are assumed to be the same
as those of the fossil taxa, which at the outset gener-
ates a degree of uncertainty due to the possibility of
evolutionary change in one or more traits.

In the field of palaeobotany, the physiognomic
approach (i.e. the study of plant form) to palaeocli-
mate reconstruction does not require the identifica-
tion of particular species, thus avoiding any possible
biases related to NLR proxies (Spicer et al. 2021).
Based on the plant form of woody dicots, a tool
known as the Climate-Leaf Analysis Multivariate
Program (CLAMP) has been developed, making it
possible to derive climate parameters from macro-
scopic leaf traits commonly preserved in leaf fossils
(see Spicer et al. 2021 for a review). In addition to the
physiognomic approach, there are other plant-based
palaeoclimate proxies, such as those involving fossil
pollen records, as pollen is a well-established indica-
tor of past vegetation changes (Chevalier et al. 2020).
Even so, in some cases, these methods do rely on the
use of NLRs.

In the animal kingdom, body size-metabolic rate
approaches for reconstructing past conditions in poi-
kilothermic animals, such as amphibians and rep-
tiles, have yielded interesting results. For example,
the study of the giant boid snake Titanoboa cerrejon-
ensis from the Paleocene of South America (Head
et al. 2009; 2013) has provided significant informa-
tion about the equatorial climates during this period.
This kind of approach complements other palaeocli-
mate reconstructions such as those utilising oxygen
isotopes from planktonic foraminifera or palaeoflora
(Head et al. 2009). The main weak point of this kind
of analysis is still the fact that living relatives must be
used instead of the exact species itself as a reference
for the palaeoclimate reconstruction. There is ongo-
ing debate about whether the ecology and biology of
two related species can be considered equivalent or
not (Blain et al. 2018a; Makarieva et al. 2009).

The palaeontological site of Camp dels Ninots
(Caldes de Malavella, NE Spain) offers a golden
opportunity to implement an actualistic approach for
climatic reconstruction based on the body size of poi-
kilothermic organisms while avoiding the shortcom-
ings involved in the use of relative species as a current
analogue. This Pliocene site, chronologically placed

by various dating approaches into the mid-Piazencian
during the Pliocene climate optimum, presents
only two anuran taxa: representatives of the genus
Pelophylax and a single specimen of the common
toad (Bufo gr. B. bufo). In this case, there is no need
to include related taxa in the method, as the first fossil
record of the genus Pelophylax comes from the Early
Oligocene of southern Germany (Sanchiz et al. 1993)
and it has survived up to the present. Pelophylax is a
widespread genus of green frogs currently ranging
across Eurasia and north Africa. This genus, referred
to as ‘palaeartic water frogs, contains a high num-
ber of species as well as hybridogenic complexes. As
suggested by its common name, Pelophylax is a very
abundant group of frogs strongly linked to aquatic
environments. For these reasons, the genus Pelophylax
has the potential to fossilize in ponds, lakes and
other aquatic environments, as happened in Camp
dels Ninots and other Konservat-Lagerstdtte, includ-
ing the Miocene Libros site (Teruel, central Spain)
(McNamara et al. 2012).

On the Iberian Peninsula, the use of amphibians
and reptiles as environmental proxies is widely applied
to the Quaternary, as these organisms are relatively
sensitive to climate and environmental variations (see
for example Blain et al. 2008; 2009; 2016; Martinez-
Monzon et al. 2018a; 2018b; 2021; 2022). In addition,
the current ecological niche of the species that com-
prise the herpetofaunal assemblages has been proved
to constitute an excellent analogue to those of the past,
thus generating accurate reconstructions of palaeo-
climate conditions (Lobo et al. 2016). Nevertheless,
most of the amphibian species found in European
Pleistocene assemblages are still extant as this group
behaved conservatively throughout the Neogene and
Quaternary (Delfino 2005). This indicates the capac-
ity of this group to cope with the successive climate
and environmental variations that took place during
this period by changing their bio-ecological features
and adapting to new conditions (Martinez-Monzén
et al. 2018b; 2021).

Body size is one of the main life-history traits used
in ecology to evaluate how different biotic and abiotic
factors, such as resources or climate, affect amphibian
communities both in current populations as well as
in the fossil record (Reading 2007; Lips et al. 2003;
Martinez-Monzoén et al. 2018a; 2022). This is because
in poikilothermic animals like amphibians, body
size is interlinked with a large number of key physi-
ological, biochemical and ecological traits, including
metabolic rate, fertility, thermoregulatory behaviour,
water-conservatism, starvation resistance and many
others (Bonner 2011; Angilletta et al. 2004; Olalla-
Tarraga et al. 2009).



Previous studies of the fossil record have detected
a strong relationship between temperature, primary
productivity and anuran body size (Martinez-Monzon
et al. 2018a; 2022). These works show that anuran
body size increases when temperature decreases and
resources are scarce. Despite the intricacies of the
interrelationships between the different variables that
influence body size changes, current data supports
the patterns found in studies of the genus Pelophylax:
a direct one for temperature (Amor et al. 2010; Giil
et al. 2014; Erismis 2018); and an indirect one for pri-
mary productivity (Amor et al. 2010; Mohammadi
et al. 2015). This relationship with eco-climate para-
meters opens up new ways to use anuran body size as a
proxy for inferring past climate conditions. In addition
to the work of Spicer et al. (2021) that uses leaf shape to
reconstruct past climate conditions, physiognomy also
has been applied to other groups such as non-biting
midges (Diptera, Chironomidae) (Baranov et al. 2021).
That work established a clear relationship between the
latitudinal temperature gradient and the wing size of
this group of insects, following a clear Bergmann cline
(i.e. larger in colder environments).

The application of this finding to palaeoecologi-
cal analysis is discussed because, as happens in most
groups, methods based on reconstructing the cli-
mate tolerance of present-day Chironomidae that
rely on NLR approaches turn out to be less effective
the older the geological time periods studied. In
these cases, using all available palaeoclimate prox-
ies to reconstruct the past climate reduces the over-
all error of eco-climate estimations. With this in
mind, this work looks at physiognomy as a valuable
proxy when studying past climates and assesses the
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impact of climate on frog body size. The body size of
Pelophylax sp. individuals from the Camp dels Ninots
site are analysed and the data obtained is integrated
with fossil and current data of Pelophylax body size,
thus providing new insights into eco-climate recon-
struction for this geological period, which is key in
terms of research into future climates. Comparing
the new data with previous reconstructions for
other fossil assemblages, such as the Orce archaeo-
palaeontological sites, is the key to validating this
new method. The study of these sites makes the com-
parison possible, using Pelophylax body size as a new
proxy together with other consolidated methods like
the Mutual Ecogeographic Range (MER).

The study site: Camp dels Ninots

The Camp dels Ninots (from now on abbreviated as
CN) palaeontological site is a Pliocene Konservat-
Lagerstdtte located in north-eastern Spain, in the town
of Caldes de Malavella (Girona) (Fig. 1) at 84 m above
sea level (Gémez de Soler et al. 2012). It is situated
in an ancient volcanic area, known as the La Selva
Depression, which forms part of the Catalan Volcanic
Complex where today there is still important geother-
mal activity (Vehi et al. 2005). The site lies within a
Pliocene palaeolake contained within a low-relief vol-
canic crater known as a maar. The lacustrine sedimen-
tation led to the exceptional preservation of vertebrate
faunal and floral remains (Gomez de Soler et al. 2012).
The stratigraphical sequence of the Can Argilera exca-
vation sector has been divided into four units, mainly
comprising clays, carbonates and sandstones (Gomez

Fig. 1. Location of the studied populations of the genus Pelophylax across Eurasia. A red star marks the Camp dels Ninots fossil site (NE
Spain). Link to the exact locations and their associated reference number (also in Table S1) in Google maps: (https://www.google.com/
maps/d/u/1/edit?mid=12CnCKkAD_BrNM2PQgMel_qNnZgR20VA&usp=sharing).


https://www.google.com/maps/d/u/1/edit?mid=12CnCKkAD_BrNM2PQqMe1_qNnZgR2oVA&usp=sharing
https://www.google.com/maps/d/u/1/edit?mid=12CnCKkAD_BrNM2PQqMe1_qNnZgR2oVA&usp=sharing

4 Almudena Martinez-Monzén et al.

de Soler et al. 2012). Within these divisions, it is in
the 2.3 subunit (greenish laminated clays with dia-
toms, isolated sandstones and no carbonates) where
most of the palaeontological remains have been found
(Goémez de Soler et al. 2012).

The large mammal association suggests that CN is
‘around the Mammals Neogene (MN) 15-16 transi-
tion or slightly later, about 3.2 Ma (Gémez de Soler
et al. 2012). Additionally, stratigraphical and palaeo-
magnetic data points to an age within the interval 3.3 to
3.1 Ma (Jiménez-Moreno et al. 2013; Oms et al. 2015).

In general terms, palaeobotanical studies of CN
point to a warm and wet environment, in line with
the presence of tapirs (Tapirus arvernensis), as these
may be indicative of a close humid environment, as
this is the most likely habitat of this animal (Gomez
de Soler et al. 2012). Botanical macroremains (leaves,
wood, and seeds) found at CN indicate subtropical
flora with lauroid-leaved evergreen trees (Gémez de
Soler et al. 2012). The vegetation in the area is char-
acteristic of a broadleaved riparian forest and laurel
forest together with aquatic plants from the lake edge.
This association is indicative of a pre-Mediterranean
context characteristic of the mid-Piazencian, when
subtropical ecosystems gave way to the establishment
of the Mediterranean climate on the Iberian Peninsula
(Robles et al. 2013). Estimated temperatures of this
geochronological period are 2-3°C warmer than at
present, a situation which has been projected for the
end of the 21* century (Dowsett et al. 2013). Similar
associations of plant taxa can be found today on the
Canary Islands and in the humid subtropical forest of
central Asia (Robles et al. 2013); these are both envi-
ronments that display elevated ecosystem energy and
a high biodiversity.

In terms of the faunal diversity recorded at CN,
several vertebrate groups are represented, like fresh-
water fish, amphibians, reptiles, birds and mammals
(Gomez de Soler et al. 2012; Prikryl et al. 2016).
However, the species richness is rather low and to date
only two taxa of anurans have been documented at
CN. In Gémez de Soler et al. (2012), the fossil water
frogs were attributed to Pelophylax cf. perezi, mainly
based on biogeographical arguments, but a later bio-
metric study suggested that the fossils may be within
the variability of Pelophylax cf. lessonae (Blain et al.
2018b). As the taxonomical attribution has still to be
investigated, in this work we refer to these fossils at
the genus level only (Pelophylax sp.). As with anurans,
CN has a low diversity of other animal groups as well
as palaeoflora (Robles et al. 2013). Even though a deep
taphonomical study has not yet been performed, the
presence of a predominant semi-aquatic anuran may
be due to 1) the taphonomic filter (aquatic taxa are

preferentially preserved); 2) access difficulties and/or
low light levels at the lake margins which would have
limited the presence of other anuran species with a
less marked aquatic character than genus Pelophylax.

Material and methods

The studied material comes from the Can Argilera
excavation sector, subunit 2.3 of CN and was recov-
ered during the 2005 to 2022 campaigns. This material
consists of disarticulated bone elements collected in
situ in the excavation. The skeletal element used here
is the humerus, as this correlates well with the body
size of living individuals, and also makes it possible
to establish the sex of the animal (Martinez-Monzdn
et al. 2018; 2022). Articulated frogs were not included
in this work because in most cases the orientation
or visibility of their humeri prevents any measure-
ments being taken. Additionally, SVL (Snout to Vent
Length) is not directly measurable on the articulated
specimens, as indicated by Sanchiz (1977), the flatten-
ing of specimens during fossilization may have altered
the original shape of the frogs.

The body size of frogs from CN was reconstructed
according to the methodology proposed by Martinez-
Monzoén et al. (2022). This method involves measur-
ing the total width of the humeral distal epiphysis and
then obtaining the body size as SVL by means of an
OLS regression model for which the linear equation
is y = 0.0514x + 0.0443 for males (R*=0.9) and y =
0.0452x + 0.285 for females (R* = 0.9) (see Martinez-
Monzon et al. 2022).

To construct a relational database including the body
size of current populations of the genus Pelophylax
from across Eurasia and their associated climate
parameters, an exhaustive bibliographical search was
performed, mainly in the Scopus, Google Scholar, and
Researchgate databases using the main research terms
‘Pelophylax; Water frogs; Pond frogs; Body size; Adult
size; SVL; Morphometry; Morphology; Sexual Size
Dimorphism; Body condition; Growth; Population;
Demography; Ecology’ combined with names of
the countries in Europe and Asia and also with the
complete names of the various species of the genus
Pelophylax present in these areas (Fig. 1; Table S1).
Only papers with the body size data expressed as SVL,
written in English, published in indexed journals and
with no evident bias that could affect body size were
selected. Modern climate values (1970-2000) for
mean annual temperature (MAT) and mean annual
precipitation (MAP) were extracted from the climate
layers of WorldClim v. 2.1 with 30-arc second resolu-
tion grids (Fick & Hijmans 2017). A buffer of 20 km
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was created around populational geographic data
(points) to obtain more representative and accurate cli-
mate values. The same climate parameters were calcu-
lated for present-day Caldes de Malavella (1970-2000).
The data sets were processed using the ArcGIS v. 10.3
app (ESRI, 2014). The mean and standard deviation
were calculated using the statistical software IBM SPSS
Statistics 22 (IBM Corporation, released 2013).

In relation to primary productivity, the real evapo-
transpiration (RET) was obtained using Turc’s formula
(Turc 1961, in Remenieras 1974), which enables the
evapotranspiration data for both fossil assemblages
and current locations to be obtained. RET values were
converted into net primary productivity (NPP) via
the Montreal model (Box 1988).

P

0.9 + P*/L2

Turc’s real evapotranspiration formula in mm/year,
where P indicates the average precipitation also
expressed in mm/year and L = 300 + 25t + 0.05¢°,
where t is the mean annual temperature in °C.

RET =

NPP =1350 (]. _ e—0A0009695 (RET—ZO))

Montreal model (Box 1988) which relates NPP (in
g C/m?) to RET (in mm/year).

Body size data from Eurasian Pelophylax popula-
tions and eco-climate parameters (i.e. MAT, MAP and
RET) for current and fossil locations were integrated
by means of an OLS regression model. In addition, a
Pearson correlation was applied to complement the
results of the regression models. All the analyses were
conducted using R software (R Core Team), R version
3.2.5(2016-04-14), and a significance level of a = 0.05.
The R-code and the related excel file are included as
supplementary material.

Results

In this section the main results of the bibliographic
search are translated into an extended dataset for cur-
rent populations. On the basis of this database, mod-
els are developed that can be applied to fossil locations
and used to reconstruct past eco-climate conditions.

Current populations and eco-climate
parameters
A total of 72 populations of several species of the

genus Pelophylax were analysed (Table S1). These
populations are from 22 different countries in Europe
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and Asia, from the Azores (38°40'N 28°04'038°40'N
28°04'0) to Japan (36°N 138°E) (Fig. 1). Using the
data from these Eurasian populations, OLS regression
models were developed involving the body size (SVL)
of the whole population and three of the most relevant
eco-climate predictors (MAT, MAP and RET). The
results of these models are presented in Table 1 and
are represented graphically in Figure 2. All of them
were significant (p < 0.05) and in all cases a negative
correlation with body size was found. The Pearson
correlation test also supported these models. Despite
other fits being tested, the linear model provided the
best results for our data. The equations of these models
are: MAT =—0.137SVL + 21.453; MAP = —6.318SVL +
1178.388; RET =—3.581SVL + 747.656. The MAT and
RET models display higher adjusted R* and correla-
tion coefficients, while the MAP model presents lower
values (Table 1). Even though there is a non-minor
standard error (MAT £ 2.6 °C; MAP * 77.9 mm/year;
RET £ 165.4mm), there is a clear relationship between
these parameters and the SVL of the genus Pelophylax
throughout its range.

Application to Camp dels Ninots

A total of 26 fossil humeri, representing 10 females
and 16 males, were available for this study. Based on
the method from Martinez-Monzén et al. (2022), the
mean body size of the entire Camp dels Ninots frog
population was established as 52.5 mm, with females
being bigger than males (54.5 mm and 51.2 mm
respectively).

Table 1. Results of OLS regression models and Pearson correlation
test between Pelophylax SVL (snout to vent length) and eco-climate
parameters (MAT: mean annual temperature; MAP: mean annual
precipitation; RET: real evapotranspiration) across Eurasia. In the
first case the adjusted R* is presented together with the significance
level, the degrees of freedom and the slope. For the correlation test,
in addition to the significance level and the degrees of freedom, the
correlation coefficient and the T statistic are shown

OLS regression models

Eco-climate Adj.r? p-value D.E. Slope

parameter

MAT 0.145 <0.001 70 -0.137

MAP 0.078 0.01 70 -6.318

RET 0.115 0.002 70 -3.581
Pearson correlation test

Eco-climate  Correlation  p-value D.E. T

parameter coeflicient

MAT —0.396 <0.001 70 -3.608

MAP —0.302 0.01 70 —2.652

RET —0.357 0.002 70 -3.193
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Fig. 2. Ordinary Least Square (OLS) regression models performed using the SVL (snout to vent length) of Pelophylax populations across
Eurasia and Mean annual temperature (MAT; C°); Mean annual precipitation (MAP; mm) and Real evapotranspiration obtained using
Turc’s formula (RET; mm/year).
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Table 2. SVL (snout to vent length) values in mm in fossil populations of Pelophylax sp. and reconstructed eco-climate parameters based
on the OLS regression models presented in this work with the standard error. MAT (mean annual temperature in °C); MAP (mean annual
precipitation in mm); RET (real evapotranspiration in mm/year). Comparison with previous palaeoclimate reconstructions from the Orce
archaeo-palaeontological sites (BL and FN3) obtained using the Mutual Ecogeographic Range method (MER) with the mean standard devi-

ation and RET values derived from Turc’s formula

Sites SVL MAT (£2.6) MAT (£1.1) MAP (+165.4) MAP (£143) RET (£77.9) RET

CN 52.5 14.3 846.8 559.7
BL-E 63.2 12.8 16.5 779.4 834.7 521.5 640.3
BL-D2 58.9 13.4 16.6 806.1 792.8 536.7 624.7
Oree BL-D1 60.6 13.2 16.8 795.8 767.3 530.8 617.2
FN3-5 62.9 12.9 14.7 780.9 617.7 522.4 510.7

After interpolating the Camp dels Ninots data
into the literature-based models generated (Table S1;
Table 1), MAT, MAP and RET were reconstructed for
this site. Temperature and precipitation presented val-
ues of 14.3 + 2.6°C and 846 + 165.4 mm, respectively.
The productivity of the ecosystem, expressed as RET,
yielded a value of 559.7 £ 77.9 mm/year (Table 2). This
latter value has been translated into NPP by means
of the Montreal mode, giving a value of NPP =
550 g C/m? per year.

Application to other fossil assemblages:
BL and FN3

In terms of applying these frog body size models
to reconstruct past eco-climate parameters for fos-
sil assemblages, they were also employed to obtain
data of MAP, MAT and RET for the Orce archaeo-
palaeontological sites: the three levels of Barranco
Leo6n (E, D2 and D1) and level 5 from Fuente Nueva 3,
from now on abbreviated as BL and FN3 respectively
(Table 2).

Within the BL and FN3 sites, the mean body size
of the water frog populations is between the maxi-
mum and minimum values of 58.9 mm in BL-D2 and
63.2 mm in BL-E (Table 2). Sex-separated data for
the entire dataset can be found in Martinez-Monzén
et al. (2022; Table 1). The minimum mean values of all
the eco-climate parameters were recorded for BL-E,
followed closely by FN3-5 in some cases, while the
maximum values were found for BL-D2 (Table 2).

Discussion

Original data on the body size of the CN water frog
population has been established with its consequent
palaeoclimate implications. Applying the proposed
models to fossil assemblages facilitated the first

reconstructions of MAT, MAP and RET for CN, as
well as some new data for the BL and FN3 sites.

Frog body size and climate: comparisons with
fossil and current data

The water frog population from CN exhibits the sex-
ual size dimorphism typical for the genus Pelophylax,
with females being larger than males. Within the fos-
sil assemblages studied, CN presents higher values
of MAT and MAP, while BL and FN3 display lower
values with a smaller variation rank between them
(Table 2). The coldest temperatures in the studied lev-
els were found in BL-E, with 12.8°C, which is also the
driest, presenting a MAP of 779.4 mm. The same pat-
tern is repeated with respect to RET, the higher pri-
mary productivity being at the CN site and the least
in level BL-E (Table 2).

Body size values from CN are quite similar to those
from BL level D2, with CN frogs being slightly smaller
than those from BL-D2. From an environmental point
of view, the BL and FN3 sites were part of a fresh
water to oligosaline shallow lacustrine environment
(Oms et al. 2011; Anadon et al. 2015). Herpetofauna
and other proxies such as macrofauna indicate that
the environments around the lake were characteristic
of a Mediterranean woodland which probably rep-
resented a humid period corresponding to an inter-
glacial stage (Sdnchez-Bandera et al. 2020; Saarinen
et al. 2021). Overall, the rich palynoflora (Ochando
et al. 2022) together with the considerable number
of large and small vertebrate taxa (Martinez-Navarro
et al. 2010; Agusti et al. 2010) indicate that the BL and
FN3 sites had a very diverse ecosystem. According
to the negative body size — temperature relationship
within the genus Pelophylax (Amor et al. 2010; Erismis
2018), as in other anurans (Hemelaar 1988; Schiuble
2004; Olalla-Tarraga & Rodriguez, 2007; Gl et al.
2014), this mean that the MAT at CN would have been


file:\\172.16.0.22\f\From_Customer\0133\Input\2023\Journal\09_Lethaia\Lethaia%202-23\08_Martinez%20Monzon\Table_S1.pdf

8 Almudena Martinez-Monzén et al.

higher than for BL-D2, which according to previous
reconstructions was 16.6 + 0.8°C. However, when look-
ing at the values obtained using our new method, the
temperature appears somewhat lower, specifically 13.4
+ 2.6°C (Table 2). The error in the two reconstructions
generates an overlap between the figures, and in addi-
tion, the overall trend in the new MAT reconstruction
for BL and FN3 follows the pattern previously estab-
lished by Sanchez-Bandera et al. (2023) although with
lower values, particularly in the case of BL-E (Table 2).
In terms of precipitation, the mean values proposed
for BL-D1 and D2 are generally in line with previously
published data; this is not true of BL-E and FN3-5,
where there is a slight divergence. Again, when the
standard errors of the two reconstructions are taken
into account, these differences disappear, thereby rein-
forcing this new method.

Using a different approach, the Canary Island
laurel forests have been proposed as a current ana-
logue to the CN ecosystem (Robles et al. 2013). 31
leaf macroremains have been recovered from CN
and attributed to eight angiosperm taxa belonging
to the families Lauraceae, Juglandaceae, Fagaceae,
Betulaceae, Salicaceae, Fabaceae, and the superorder
Poanae. Within this leaf assemblage, the Lauraceae
family is the most abundant and is represented by
Laurophyllum sp. and Daphnogene polymorpha. The
palaeoflora present at Camp dels Ninots comprises a
combination of Arcto-Tertiary and palaeotropical ele-
ments in a pre-Mediterranean context in which three
main plant associations can be distinguished: firstly,
there was some aquatic vegetation characteristic of the
shallow waters at the margin of the maar; secondly,
there was a riparian mesophilic forest and, finally, a
dense and shady laurel forest, considered to be one
of the last representatives of this type of vegetation
on the Iberian Peninsula (Robles et al. 2013). Despite
the differences in the orography and other physical
determinants, the most similar current flora to that
evidenced from the Camp dels Ninots site is found in
the subtropical humid forests of central and southern
Asia and the laurel forest of the Canary Islands. These
forests are composed of broad-leaved evergreen trees,
arboreal and scarcer shrubby deciduous elements and
sometimes coniferous ones.

Specifically to the Canary Island laurel forest com-
munities, Walter & Lieth (1967, reported in Morales
et al. 2002) recorded a mean annual temperature of
14°C, with a mean daily maximum in the warmest
month of 22.6°C and a mean daily minimum in the
coldest month of 6.9°C. When looking at precipita-
tion data, the mean values from the Canary Islands
(MAP = 733 mm. Data from Walter & Lieth (1967 in
Morales et al. 2002) are only very slightly lower than

the MAP modelled for CN (Table 2), and that dif-
ference disappears if the standard error is taken into
account. In the case of the Canary Island precipita-
tion pattern, there is a dry period over the summer
months. Laurel forest ecosystems in this region are
classified according to Koppen's climate classifica-
tion (Koppen 1918) and Kottek’s maps (Kottek et al.
2006) as a Csb type of climate, meaning that they are
temperate with a warm dry summer. This climate also
presents high air humidity levels (an annual mean
relative humidity of 82%) (Morales et al. 2002) and a
mean monthly precipitation during the humid period
of more than 100 mm.

The comparison with both current and fossil
data suggests a Csb-type climate for CN (following
Koppen’s classification). The MAT would be around
14°C, and the MAP from 700 - 850 mm, a climate pro-
posal in line with the pre-Mediterranean context of the
CN site.

New insights into primary productivity at
Camp dels Ninots

Previous work has shown that female body size in
Pelophylax perezi correlates with primary productiv-
ity in fossil assemblages more than with other eco-
climate parameters, with female water frogs becoming
smaller as primary productivity increases (Martinez-
Monzén et al. 2022). The inverse relationship yielded
by our OLS regression model between body size and
RET at a global scale fits this pattern. This model
proposes a RET of 559.7 £ 77.9 mm/year for CN
according to water frog body size. In this case, as with
temperature, the RET values are lower than those pre-
viously established (Table 2). Unlike the other climate
parameters, the RET reconstructions for the BL and
EN3 sites using the different methods do not overlap
even if the standard error is taken into account.

On the basis of the climate record provided by
Walter & Lieth (1967 in Morales et al. 2002) and using
Turc’s formula, the RET value obtained for the Canary
Islands is 551.42 mm/year. This figure is fairly similar
to that reconstructed for CN (Table 2), supporting the
analogy established between the CN fossil environ-
ment and the Canary archipelago. The high quantity
of biomass in subtropical environments, as suggested
for CN, and the high environmental humidity charac-
teristic of forest and lake-riparian ecosystems is also in
line with this data. Translating this RET data to NPP
by means of the Montreal model (Box 1988), a value
of NPP = 550 g C/m* per year for CN is obtained.
Integrating this number into the NPP data for major
biomes estimated by global scale models such as the
Montreal model (Alexandrov et al. 2002, see Table S1),



the CN palaeontological site would have been a
‘Summer-green broad-leaved forest, in line with the
past plant communities as evidenced by the analysis
of the palaeoflora (Robles et al. 2013).

New data for Camp dels Ninots and
the Pliocene climate

According to current knowledge of the Pliocene cli-
mate, our results are somewhat controversial in terms
of previous studies indicating that the Pliocene was 5°C
warmer than today, and also 400-1000 mm/year wetter
in the European and Mediterranean region (Haywood
et al. 2000). In line with these predictions, a tempera-
ture of about 19.4°C and a precipitation range of 1170-
1770 mm would be expected for the Pliocene climate
optimum in the CN location (Caldes de Malavella,
current MAT and MAP 14.4°C and 743 mm, respec-
tively). Even though the comparison with BL-D2 sug-
gests higher palaecotemperature for CN than our new
method (Table 2), in any of those cases the tempera-
ture predicted for the Pliocene climatic optimum is
reached even if the standard error of the reconstruc-
tions is considered. The palaeotemperature for CN
would have been at most 3°C warmer than the present
day when looking at the comparisons with BL-D2, and
2.5°C warmer with our new proxy. However, in terms
of palaeoprecipitation, our new data for CN is gener-
ally in line with the predictions, with a maximum value
of 1012.2 mm. The greater correspondence with other
palaeoclimate reconstructions (Sanchez-Bandera et al.
2023) as well as the predicted values for the Pliocene
climate optimum for precipitation rather than for tem-
peratures may be related to the strong aquatic character
of the genus Pelophylax.

Despite the discordance generated by the new CN
temperature data in terms of the Pliocene climate
optimum, our eco-climate parameters are in line with
the palaecobiome suggested by the palaeoflora and
micro/macrofaunal assemblage. This fact gives more
weight to our reconstruction than the general trend
established for the Mediterranean region, due to the
restricted studied area. The CN deposits probably rep-
resent a more temperate moment within the transition
to the Mediterranean climate, and the increase of tem-
peratures up to 5°C warmer to present predicted for
the Pliocene climate optimum in the Mediterranean
region would take place earlier or later.

The warmer temperatures predicted for the end of
the 21% century will generate ecosystem changes that
will undoubtedly affect amphibian communities. The
fossil record has shown that climate change affects anu-
rans, but previous studies on the Iberian Peninsula show
that those changes were accompanied by physiological
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adaptation and resilience (Martinez-Monzén et al
2021; 2022). If the Pliocene climate optimum at CN is
an analogue of future climate, changes in the MAT and
MAP may not be the main threat for anuran popula-
tions, as there is no evidence of a population decline.
Nevertheless, other climate change related threats may
involve the distribution of precipitation over the year,
which could cause periods of intense summer droughts
in the Mediterranean region. Even so, the human
impact, which leads to habitat degradation, pollution,
the introduction of alien species and vehicle collisions,
has proved to be a determining factor in the survival
of this endangered group (Cox et al. 2006; Greenberg
et al. 2018).

Conclusions

The following conclusions may be drawn from this
study:

1. There are clear negative linear relationships
between eco-climate parameters (MAT, MAP and
RET) and the SVL of frogs from the Pelophylax
genus across Eurasia.

2. The average body size of the Pelophylax sp.
population at CN is 52.5 mm and follows the
current pattern of sexual size dimorphism where
females are bigger than males. Comparing this
with current data, the body size of Pelophylax
sp. from CN suggests a temperate climate with
a warm and dry summers. Our new method
yielded a palaeotemperature of 14.28 + 2.63°C
and a palaeoprecipitation rate of 846.76 + 165.43
mm. Our new data compared with that formerly
elicited for the BL and FN3 fossil assemblages
alludes to higher mean annual temperature values
at CN, above 16.55°C.

3. In terms of the ecosystem’s primary productivity,
the NPP values point to a ‘Summer-green broad-
leaved forest’-like biome. It is likely that the
environment at the CN palaeontological site is
a past analogue of the current laurel forest on
the Canary Islands, as suggested by previous
palaeobotanical studies.

4. The reconstructed MAT for the CN site is not in
line with the proposals for the Pliocene climate
optimum, being lower than expected. In contrast,
the precipitation rates do show values much closer
to those established for this period. Despite this
divergence in temperature data, all reconstructed
eco-climate parameters match the ‘Summer-
green broad-leaved forest’-like biome suggested
previously for the CN site.
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