
Response to comments

Pedro Tarroso et al.

We have revised the previously submitted manuscript entitled ”Spatial cli-
mate dynamics in the Iberian Peninsula since 15 000 Yr BP”. We have addressed
all reviewer comments with modifications in the text and figures. In the few
cases where we felt no modification was needed, we try to properly justify it.

Many modifications were made, including changes in methods, figures and
text as suggested by the reviewers. The reconstruction method was modified to
follow more closely the original PDF method and our changes are described as
an addition to the method. The text referring this part was rewritten and we
expect that is now better explained. The spatial interpolation method was also
modified accordingly to reviewer’s comments and figures adapted to the new
results we additional changes as suggested. Larges figures of the anomalies are
given as supplementary material.

We provide an point-by-point response to the reviewers and a marked-up
version oaf the manuscript where all changes are documented.

We appreciated the comments and we feel that this new version of the
manuscript as largely improved. We hope that this manuscript fulfills now
all your requirements for publication.
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Point-by-point response to the reviews

Reviewer 1

Major issues: 1) page 3903, Introduction; page 3906, Methods and other:
The authors do not include in their analysis the last 3000 years. This they ex-
plain is because of the influence of anthropogenic disturbance on the vegetation,
which has disturbed the equilibrium state between vegetation and climate over
the last 3000 years. However, the authors also use the modern vegetation distri-
bution to calibrate their transfer function, despite the modern period having had
probably the greatest human impact on the vegetation. They then also highlight
the role of future climate change as having an important impact on future vege-
tation distribution rather than being dominated by even greater human impact.
The authors seem aware of the contradiction but it nevertheless seems to some-
what undermine the justification for their methodology. While the calibration
of the pdf transfer function based on modern vegetation occurs at continental
scales where climate is probably dominant, the transfer function will in actuality
be more heavily reliant on the vegetation distribution of the study region, since
this is where the closest analogue vegetation/climate is to be found. Part of the
problem here is that the authors do not assess the robustness of their pdf method
(see point 6).

REPLY: The reviewer poses an interesting and common critique to the
method. Nevertheless, this contradiction is very illusive. Gathering distribution
data at macroecological level allows to decrease the anthropogenic influence on
the distribution as well as other microecological factors that might determine
plant presence at smaller spatial scales. Removing presence data with anthro-
pogenic origin is also performed to further decrease the human influence on
distributions (Kuhl et al 2002). This was performed using information on at-
lases and the data on the GBIF tables (e.g. remove presences on botanical
gardens). These presences are usually very sparse. However, a main point of
gathering these data is to build the PDF that best depict the climatic tolerances
of the species. The main disturbances result from planting species outside their
natural range or removing trees and/or populations from their natural range. It
is known that distribution data from invasive ranges can be also used to better
depict the niche tolerances (Broennimann and Guisan 2008). Thus, using full
distributions at coarser spatial scales (for instance, 0.5) is likely providing a good
estimation of the niche. In the second case, removing species from their natural
range, might reduce the climate envelope if the disturbance is very important but
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this does affect the overall climate range under which the assemblage is found.
The reconstruction is performed per taxa, meaning that no analogues have to be
found. The presence of the taxa in the pollen assemblage will indicate a similar
climate. Multiplying this with all the taxa found in the pollen assemblage, we
can get a likely value for the climate. We assume that presence of a particular
taxa in the pollen assemblage during the last 3000 thousand years might be
less related to climate and may be of anthropogenic origin. Due to this fact,
we do not provide climate estimations for this period as they would likely be
biased. By using the pollen taxa present we also assume that local conditions
are reflected in the combination of the taxa present. Therefore, we gathered
more data on the Mediterranean species to achieve better reconstructions in the
Iberian Peninsula.

2) page 3906, Data Sources: The authors apply the PDF approach by geo-
referencing the distribution of 246 taxa from Flora Europaea and the Global
Biodiversity Information Facility. It is not clear how these botanical taxa were
matched against the pollen taxa used in the reconstruction. They need to include
a table providing a list of pollen taxa and their botanical taxa equivalent used in
the calibration. Without this information it is impossible to see how this took
place, and to be able to potentially reproduce this aspect of their methodology.
There are many problems that are likely to be associated with this, particularly
since many pollen taxa are only resolved to genus or family level, and this needs
to be shown.

REPLY: A table showing all taxa used will be added to the revised version.

3) page 3907: The authors reconstruct 3 climate variables. They need to
explain why they chose these three particular variables, since they are not com-
monly (have ever been?) used in pollen-climate reconstructions. They also need
to explain what these variables are; January minimum temperature for example,
is this the mean monthly minimum, or the lowest ever recorded in this month?,
July maximum temperature , is this the mean monthly maximum, or the highest
ever recorded in this month?, Minimum annual precipitation what is this? The
lowest mean monthly precipitation recorded in any month? Or the lowest ever?
And why is it described as annual? Very confusing and not at all clear why
this is preferable to the much more commonly used mean annual precipitation,
or moisture balance. Following on from this, it is also confusing to then refer
to these variables as Tjul, Tjan since these are usually used to denote mean
monthly values, and Pmin is similarly confusing. Try and choose something
a bit more self-explanatory. Problems with the chosen climate variables also
extend to the discussion, where these are used much too loosely in discussions
of warmer/colder and wetter/drier conditions. For instance, 3913, 17-22, the
authors talk about precipitation values showing more humid conditions, but is
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this appropriate given that the reconstruction is for the driest month only (if
this is really what was reconstructed). For instance, what if the mean annual
precipitation increased but the driest month got drier? We then have wetter
conditions on an annual basis, but drier conditions for the one month. Similar
on page 3914, lines 20-25.

REPLY: The variables were chosen due to their likely influence on plant
distributions. The temperature variables follow the same nomenclature as the
climate data source (http://www.worldclim.org/; Hijmans et al. 2005). We
assume that the precipitation variable name can be misleading. As the reviewer
suggests, it was the precipitation of the driest month. However, in this new
version we have changed the reconstructed precipitation variable to Annual
Precipitation.

4) 3907, 11-12: You need to explain which software was used for the PDF
analysis, and state precisely which method. Is this a direct reproduction of a
previous method using the same software, or something new or adapted? Fol-
lowing from point 2, you seem to have added additional taxa information, if not
additional taxa. Also, why did you choose to use the PDF method and not other
more commonly applied methods such as modern analogue? There are certainly
known weaknesses in other methods, what are the strengths and weaknesses of
the PDF method that led you to choose it over other methods?

REPLY: We have developed the code in R language to apply the method.
This code will be distributed soon in its final version (still need to improve the as-
sociated manuals) but a beta version is already available (webpages.icav.up.pt/-
pessoas/ptarroso/pollenclim/pollenclim.html). The pdf-method uses presence
data and does not rely on modern analogues, thus, it is not dependent on the
availability of modern analogues, neither it depends on modern co-occurrence of
taxa (Kuhl et al 2002). It generates a most likely reconstructed values with its
uncertainty (Kuhl et al 2002). We have changed the applied method to follow
more closely the published method by Kuhl et al (2002). The taxa list was
added.

5) 3907, 16-17: We need to know how the pollen sum was calculated since
the percentage values appear important and are strongly influenced by what is
included in/excluded from the sum. For instance, a standard sum based on total
terrestrial taxa, or just the taxa used in the transfer function? (see point 2).

REPLY: This was further explained in the text. The method relies in pollen
proportions to reconstructed the climate but the results are not strongly influ-
enced by them, but rather by the PDF of the available taxa. Discarding this
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important source of information was seen as an disadvantage of the method
(Birks et al. 2010) and thus we have included them in the reconstruction.

6) 3908: A serious failing of the whole analysis appears to be the lack of any
evaluation. How reliable is the reconstruction? What have you done to evaluate
the method and what evidence is there to support the robustness of your recon-
structions? Can you provide some form of evaluation using modern pollen sur-
face samples for instance? Or perhaps provide some direct comparison of other
reconstructions for the study area based on other proxies and/or pollen-based
studies? Interpolation uncertainties are shown in figure S2, but no reference is
made to reconstruction uncertainties. The time series area-averages shown in
figure 5 are a combination of reconstruction and interpolation uncertainties, but
these are not acknowledged.

REPLY: As said above, we do not expect that the modern surface pollen
distribution is purely affected by climate. Human has changed the landscape at
this level at it is reflected on the pollen surface samples. Reconstructions using
these data would not provide a good evaluation of the method. Nevertheless,
we added a new test including the sites with more recent samples (¡ 500 years)
to provide a general assessment of the reconstruction quality.

7) page 3909: How were the time windows calculated? For example, by
averaging all the samples within a time frame eg 11,000 +/- 500 years BP? Or by
choosing the sample closest to the target time eg 11,000 BP? Or by interpolating
to the target time.. Please explain. Also, how were the individual age-depth
models arrived at and how were 14C calibration issues dealt with?

REPLY: 14C dates were calibrated with Calib 7.0 (Reimer et al. 2013) using
the calibration data set intcal13 (http://radiocarbon.pa.qub.ac.uk/calib/). Cal-
ibrated 14C dates were then used to build an age/depth model for each pollen
series.

The time frame windows were calculated by the thin-plate splines of the
reconstructions. We will rephrase the text to make this point more clearly
stated in the revised manuscript.

8) pages 3909, 3911, 3912: The interpolation is based on anomalies, but
the results in the main figures are presented as absolute values, which are also
the basis of the discussion. Why the use of absolute values?, and especially for
area-average calcula- tions? I can see how you might like to use these to make
the maps look nicer, since it will help pick out the topographic features, but they
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are of little value to the average reader who is unfamiliar with (for instance) the
area-average maximum July temper- ature of Iberia and simply wants to know
the change relative to the present. Was it warmer or cooler or drier or wetter
than today? This also allows us to compare with other studies both within and
distant from the study region, and is particularly useful in this case because the
reconstruction does not include the present day values of the climate variables.

REPLY: The absolute values of the reconstructed temperatures were pre-
ferred due to the direct applicability on a wide range of biogeographical studies.
The figures and discussion will be adapted to anomalies in the revised version.

9) 3909: How was the interpolation done?, please describe. It looks like a
2- dimensional spline was fitted, since the interpolated anomaly maps are very
smooth. If you had used a 3-dimensional spline you might have found that
the interpolation un- certainties were reduced. Using a 2-d method assumes
that lapse rates have been constant for the last 15,000 years, something that
is extremely unlikely. Climate varies vertically as well as horizontally. Sites
at different altitudes will undergo different tem- perature/precipitation changes
relative to each other as a result of these lapse rate changes. The difference
between your C1 region and the other regions probably reflects this (3912, 18-
19), and using a 3-d interpolation would have highlighted this more.

REPLY: We changed the interpolation method to include 3-D splines as sug-
gested. This includes both horizontal dimensions as well as altitude as vertical
dimension.

10) page 3910: The maps shown in figure S1 and S2 need to be bigger, and
the scaling easier to read with more numbers. Space is not limited in online
materials so make the most of it, you have some interesting results here. The
scaling of Figure S2 would be easier to read if it was monochromatic. What are
the units of the variance shown in figure S2 and how was this calculated? I am
presuming this is the standard error of the interpolation generated by the spline
(an output of the fields package), please state this. The text says that this is low,
although the values in figure S2 actually look very large compared to the changes
in the Holocene shown in figure 5, again uncertainties need to be considered.

REPLY: The figures with anomalies are bigger now.

11) pages 3912, 3913: The discussion talks about climate change in terms
of val- ues, but not in terms of climate itself. There are some interesting results
here, what is causing them? How and why did climate in the past potentially
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differ from that of the present? The role of the Atlantic and Mediterranean, the
interaction of air masses, the trajectory of the winter storm tracks, the strength
of the westerly circulation, continen- tality etc? There is one attempt where the
authors state that the increase in summer insolation from 15k BP was the cause
of the observed increase in winter temperatures (3912, 11-12); but how could
this be so?? And why no change in summer tempera- tures? This the authors
appear to explain by some kind of physiological upper limit to the growth response
to temperature (3913, 4-5), but how and why? Does this mean that we cannot
reconstruct summer temperature from vegetation beyond a certain limit? The
authors also appear to explain the increasing variability of minimum January
tem- perature after 14k as a result of the expansion of trees, which modified
albedo (3913, 27-28); how and why do trees/albedo increase winter temperature
variability on this timescale?, and how are alternative explanations discounted?
It is not clear from the cited reference. Similar on page 3915, line 1; how and
why does human impact cause lower temperatures, and why can other reasons
be discounted?

REPLY: Most of the discussion was rephrase to include many of both re-
viewers suggestions. Since the methods changed with implication on the results,
some discussion suggested was not included.

Minor issues: 1) 3904, 7: at the molecular

REPLY: Done

2) 3904, 10: predicted for future decades

REPLY: Done

3) 3910, 8-10: Please state more clearly what software was used for what
analysis

REPLY: Done

4) 3913, 4-5: are likely resulting in non-responsive July temperature what
does this mean?

REPLY: Rephrased
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5) 3913, 10, 12; 3914, 2 etc: OD, BA, YD etc acronyms need to be defined

REPLY: Done

6) 3915, 28: precipitation was

REPLY: Done

7) Table 1: Please include site altitude, number of 14C dates (or other
absolute dates)

REPLY: Done

Reviewer 2

The subject of the paper is quite interesting and is well written. However,
the methodology is quite confusing and the results of the climatic variables re-
constructed sometimeshas no sense from a physical point view. In addition there
is some other important issues that the authors should clarify before publication.
I am totally in agreement with all comments posted by referee #1. Following i
highlight some of his comments and add some more others.

Major comments.

-Which is the temporal resolution of pollen data? 1000 years? if it is less
why to loss this finer time resolution?

REPLY: The 1000 years is a good compromise for such spatial study because
it is based on a heterogeneous data-set of times series which have different time
resolutions.

-I can not understand the election of the climatic variables employed in
this study. The authors should first clarify the variables (see comments ref #1)
and later to argument why they choose such variables. From my point of view
probably each place and kind of pollen taxa should respond in a different way to
different variables depending on the area, mainly due to the large spatial climate
heterogeneity in the Iberian Peninsula. This means that in one place proxy data
can give valuable information on one climatic variable while in other area this
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could be totally different. A previous evaluation of this would be desirable.

REPLY: Mostly answered in reviewer 1 response. The heterogeneity of
Iberian Peninsula is noticeable at climate and vegetation level. Different plant
compositions will yield different climate reconstructions. Thus, by using most
of the taxa found at the pollen assemblage for which we have modern distri-
butions, we can build these reconstructions and get the past spatial patterns
reveling the heterogeneity of the climate. Therefore, is because different pollen
sites respond differently that we can have climate reconstructions.

-The authors state that the main objective of the paper is to define areas
within the Iberian Peninsula that share similar climate evolution. For this task
they firstly construct the climatic fields and later apply a clustering method for
grouping areas with similar time evolution. I can not find the sense of grouping
Tjan, Tjul, Pmin in a unique area. Probably it has much sense to make a
classification for each climate variable. In fact i can not find the sense of the
regions obtained. For example in the south-east of the Iberian Peninsula there
is a strain mix of clusters (probably this is connected with the next point). In
addition it has no sense that regions that are together and that at annual time
scales vary in a similar way present so strong changes at millenian time scales
(for example for Tjan)

REPLY: Maybe we misunderstood the point of this question but Tjan, Tjul,
Pmin have not been grouped. What we have done is a clustering of the first
component of the fPCA in order to depict regions of matches and mismatches
since the last glacial period. The clustering is aimed to define, on a statistical
basis, where, how and if there are areas where a reconstructed climate variable
may show some coherent patterns. This method depicts areas where similar
evolutions of the climate represented by those three variables occur.

-Other aspect of the methodology i can not understand is why the final
resolution is so fine. What is the sense of this? nicer maps? The effects of the
repeated spatial inter- polations performed could be quite dangerous, specially
when there is some periods (the beginning) with just a few data. If the data
purely reconstructed are the 31 points why do not perform the clustering exercises
just over this data?. Why not working only with anomalies?. More examples of
this can be the reconstructed maps of Figure S-1.

REPLY: As said above in the response to reviewer 1 comments, we added the
anomalies as suggested. There is no objective reason to choose the spatial reso-
lution of the interpolation in this case. Although maps are in fact nicer, this was
not the reason to choose this scale. It was the applicability to biogeographical
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studies.

- Regarding the maps of the climate variables, do the authors really think
that it is any probability that coastal areas of the Mediterranean were much
colder (Tjan) than the North Plateau (most than 10 degrees), or. differences
of the anomalies of almost 30 degrees? I think that authors should check the
physical consistence of this results be- cause they are almost impossible from
a climatic point of view. Other aspect probably related to interpolation is that
some times the largest anomalies appear in places where data is scarce, like in
the center/west of the Iberian Peninsula or around the Ebro River mouth.

REPLY: The changes in the methods influenced these results. The uncer-
tainty is shown as supplementary figure.

In summary, apart from the comments of referee 1, the authors first should
argument clearly the selection of the climatic variables to reconstruct.

REPLY: We have changed the reconstructed variables.

Second they should check the physical consistency of the series reconstructed
at places where they have proxy data.

REPLY: A new analyses of reconstruction success was done.

And if they desire to present full maps of the IP they should indicate the
value reconstructed and the error associated to such statistical prediction. Krig-
ing permits to do this and it is the most commonly used in the construction of
climate grid data.

REPLY: Uncertainties of the spatial interpolation are shown as the variance.
However, with the modification of the interpolation method also these maps
change since the last version. The multivariate thin plate splines, as suggested
by reviewer 1, were preferred to kriging.

REFERENCES:
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Abstract. The evolution of the climate in the Iberian Penin-
sula since the last glacial maximum is associated with dis-
tributional shifts of multiple species. We rely on this dy-
namic relationship between past climate and biodiversity pat-
terns to quantify climate change using fossil pollen records5

widespread throughout the Iberian Peninsula and modern
spatial distribution of plant taxa and climate. We have recon-
structed spatial layers (1 ka interval) of January minimum
temperature, July maximum temperature and minimum an-
nual precipitation using a method based on probability den-10

sity functions and covering the time period between 15ka and
3ka. A functional principal component analysis was used in
order to summarise the spatial evolution of climate. Using a
clustering method we have identified areas that share similar
climate evolutions

::::::::
evolution during the studied time period.15

The spatial reconstructions show a highly dynamic pattern in
accordance with the main climatic trends. The four cluster
areas we found exhibit different climate evolution over the
studied period. The clustering scheme and patterns of change

::::::
climate

:::::::
stability between millenia are coherent with the exis-20

tence of multiple refugial areas in the Iberian Peninsula.

1 Introduction

The pattern of present biodiversity
:::::::::
distribution

:::::::
pattern

::
of

:::::::::
biodiversity

::::::
today is the result of a dynamic process driven

::
by

:::::::::
geological

:::::
events

::::
and

::::::
climatic

::::::::::
oscillations at a broad tem-25

poral scale by geological events and climatic oscillations
(Hewitt, 2000) . This

::::::::::::
(Hewitt, 2000) .

::::
The

:::::::
change

::::
from

:::
the

:::::
glacial

::::::
period

:::
to

:::
the

:::::::
current

::::::::::
interglacial

::::
was

:::::::
followed

:::
by

::::::
species

::::
with

:::::::::::
distributional

:::::
shifts

::::
and

:::::::::
extinctions

:::
as

::::::
studied

::::
from

:::
the

:::::
fossil

::::::
record

:::::::::::::::::::::::::::
(Taberlet and Cheddadi, 2002) or

:::
the30

::::::
genetic

::::::::
footprint

::
of

:::::::::::
demographic

::::::::
changes

:::::::::::::
(Hewitt, 2000) .

:::
The

:
relation between climate and biodiversity is likely to

be maintained in the future
:
,
:::::::
however

:
with alarming conse-

quences for species resulting from current climate warming
trend. The largest implications are

:::
due

::
to

:::
the

:::::::
current

::::
trend35

::
of

::::::
climate

::::::::
warming

::
of

::::::::::::
anthropogenic

:::::
origin,

::::::::
including

:::::
major

distributional shifts (Parmesan and Yohe, 2003; Rebelo et al.,
2010), diversity depletion (Araújo et al., 2006; Sinervo et al.,
2010) and, more dramatically, species extinction (Hewitt,
2000; Thomas et al., 2004). The biodiversity hotspots retain40

high levels of endemism and are considered as the best can-
didates for preserving species diversity in the future (Myers
et al., 2000). The Mediterranean basin hotspot, in particular,
was shown to play the role of refugia to diverse ecosystems
over several hundreds of millenia by palaeoenvironmental45

studies (Wijmstra, 1969; Wijmstra and Smith, 1976; Van der
Wiel and Wijmstra, 1987a, b; Tzedakis et al., 2002). Often,
those areas where species have persisted during glacial pe-
riods are referred to as glacial refugia (Bennett and Provan,
2008; Carrión et al., 2010b; Hewitt, 2000; Hu et al., 2009;50

MacDonald et al., 2008; Willis et al., 2010) and the predicted
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high levels of diversity found at species level in these areas
are corroborated at molecular level (Hewitt, 2000; Petit et al.,
2003). Understanding how the past processes affected biodi-
versity patterns is

:::::
offers invaluable knowledge for the current55

species conservation effort dealing with the global climate
change predicted for the following decades (Anderson et al.,
2006; Willis et al., 2010).

Refugia
::::::
Species

::::::
glacial

:::::::
refugia

:
have been generally de-

fined based on species survival with an evident relationship60

to climatic components
:
a
::::::
strong

::::::::::
relationship

::::
with

:::::::
climatic

(Hewitt, 2000; Bennett and Provan, 2008; Cheddadi and Bar-
Hen, 2009; Médail and Diadema, 2009). Nevertheless, the
term has been used recently with multiple definitions (Ben-
nett and Provan, 2008; Ashcroft, 2010). The classic definition65

of refugia is related to the physiological limits of species that
under an increasingly stressing environment experience dis-
tributional shifts to

:::
near

:
suitable areas (Bennett and Provan,

2008). Paleoenvironmental data and molecular analysis have
proven useful to locate species diversity and migration routes70

(Petit et al., 2003; Cheddadi et al., 2006)
::::::::::::::::::::::::::::::::::::::
(Petit et al., 2003; Cheddadi et al., 2006, 2014) .

However, the locations and extension range of putative refu-
gia still lack spatial consensus and quantification of its
dynamic nature. Reconstructing past environments from
proxy data will help understanding this climate dynamics75

and how it may have affected biodiversity patterns. In fact,
this intimate relation between changing climate and species
distributions left evidence of the past climate change in the
fossil record. Pollen holds invaluable

::::
Fossil

::::::
pollen

::::::::
sequences

::::::
provide

:
information from past climates and is, thus, an ap-80

propriate proxy for the quantitative reconstruction of climate
variables (Webb et al., 1993; Cheddadi et al., 1997; Guiot,
1997; Davis et al., 2003; Cheddadi and Bar-Hen, 2009;
Bartlein et al., 2010). Using proxy data to derive a definition
of refugia in terms of climate in a spatial context, may85

provide further insights to the potential location of suitable
climate favouring long species persistence and serving as
refugia.

Climate oscillations in Europe during the last 15,000 years
exhibited latitudinal and longitudinal variations (Cheddadi90

et al., 1997; Davis et al., 2003; Roucoux et al., 2005; Ched-
dadi and Bar-Hen, 2009; Carrión et al., 2010b). During the
last glacial maximum (LGM), several species found refugia
in the southern peninsulas (Hewitt, 2000; Tzedakis et al.,
2002; Petit et al., 2003; Weiss and Ferrand, 2007; Bennett95

and Provan, 2008; Hu et al., 2009; Médail and Diadema,
2009; Ohlemüller et al., 2012). The Iberian Peninsula, with a
milder climate than the northern European latitudes (Renssen
and Isarin, 2001; Carrión et al., 2010b; Perez-Obiol et al.,
2011) served as a refugium to several species that persisted100

in this area during the LGM. The current patterns of high bio-
logical diversity in the Iberian Peninsula derive partially from
this role during harsh glacial conditions and highlight the
importance of this peninsula in the broader Mediterranean
hotspot (Médail and Quézel, 1999; Cox et al., 2006). Al-105

though the concept of Iberian refugia may be confounded
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Figure 1. Study area with sample points. The black area inside each
circle represents the ages available in each pollen sequence.

with a rather homogenous area favouring species persis-
tence, the vegetation and climate dynamics in Iberia reveal a
quite complex picture (Roucoux et al., 2005; Naughton et al.,
2007; Perez-Obiol et al., 2011) and multiple areas of smaller110

refugia were identified leading to the refugia-within-refugia
pattern (Weiss and Ferrand, 2007). All together

:
it
:
renders the

Iberian Peninsula as a
::
an

:
unique area to study the climate

processes during the late-Quaternary, with a highly dynamic
vegetation response to climate (Carrión et al., 2010b) and115

high importance for biodiversity conservation.
Our main objective in this study is to define areas within

the Iberian Peninsula (Balearic Islands included) that share
similar climate evolution and which may have served as a po-
tential refugia. We reconstructed three climate variables and120

quantified their changes over several thousand years. Using
statistical methods, we defined geographical areas that have
undergone similar climate changes and analysed their spatial
dynamics throughout the Holocene.

2 Methods125

The area for the spatial reconstruction extends throughout
the land area of the Iberian Peninsula and the Balearic
islands (Fig.1

::
1). The method used to produce past cli-

mate grids is based on probability density functions (PDF)
and requires both fossil pollen records and full distribution130

of modern plant taxa (Kühl et al., 2002). PDFs for each
taxon are created using modern distributions in the climate
space. The raw fossil pollen data were gathered from au-
thor’s contributions and from the European Pollen Database
(www.europeanpollendatabase.net). We checked each site to135
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Table 1. Origin and description of the data sources of fossil pollen used to reconstruct the climate in the Iberian Peninsula. The optimized
threshold values for minimum January temperature (Tjan), maximum July temperature

:::::
Source

::
is

::::
either

:::
the

::::::::
European

:::::
Pollen

::::::::
Database

(Tjul
:::
EPD)

::
or

:::::
author

::::::::::
contribution.

::::::::
Longitude and minimum annual precipitation (Pmin)

:::::
latidues

:::::::::
correspond

::
to

:::
the

::::::
centroid

::
of

:::
the

::::::
nearest

:::
cell

::
to

::
the

:::
site

:::
and

:::::::
altidude

::
as

:::::::
extracted

::::
from

::::::::
WorldClim

::::::
dataset,

:::
all

:
at
:::

5’
:::::
spatial

::::::::
resolution.

:::
The

:::

14C
:::

are
:::
the

::::::
number

::
of

::::
dates

:::::::
available

:
for

each siteare shown.

Name Source LatitudeLongitude Tjan
::::::
Latitude Tjul

::::::
Altitude Pmin

::

14C
Albufera Alcudia EPD39.793

::
epd 3.119

::::
3.125 0.45

:::::
39.792 0.27

::
11 0.11

:
4

Algendar EPD39.941
::
epd 3.959

::::
3.958 0.31

:::::
39.958 0.31

::
80 0.14

:
4

Antas EPD37.208-1.8240.50.390.18BanyolesEPD42.133
::
epd 2.75

::::::
−1.792 0.31

:::::
37.208 0.42

::
14 0.79

:
6

Barbaroxa Queiroz (1999) 38.071-8.809
::::::
−8.792 0.42

:::::
38.042 0.09

::
38 0.11

:
4

Cala Galdana EPD39.937
::
epd 3.965

::::
3.958 0.21

:::::
39.958 0.13

::
80 0.13

:
5

Cala n’ Porter EPD39.871
::
epd 4.131

::::
4.125 0.44

:::::
39.875 0.26

::
81 0.12

:
4

CC-17 Dorado Valiño et al. (2002) 39.08-3.87
::::::
−3.875 0.46

:::::
39.042 0.37

:::
617 0.11

:
3

Charco da Candieira EPD40.342
::
epd -7.576

::::::
−7.542 0.56

:::::
40.375 0.36

::::
1221 0.16

::
30

Gádor Carrión et al. (2003) 36.9-2.917
::::::
−2.958 0.32

:::::
36.875 0.23

::::
1413 0.08

:
6

Golfo Queiroz (1999) 38.561-9.135
::::::
−9.125 0.28

:::::
38.542 0.15

::
53 0.12

:
5

Guadiana Fletcher et al. (2007) 37.267-7.45
::::::
−7.458 0.46

:::::
37.292 0.21

::
52 0.12

:
8

Hoya del Castilho EPD41.25
::
epd -0.5

::::::
−0.542 0.51

:::::
41.292 0.26

:::
271 0.23

:
3

Lago de Ajo EPD43.05
::
epd -6.15

::::::
−6.125 0.71

:::::
43.042 0.45

::::
1744 0.48

:
6

Laguna de la Roya EPD42.217
::
epd -6.767

::::::
−6.792 0.54

:::::
42.208 0.38

::::
1780 0.27

:
6

Lake Racou EPD42.554
::
epd 2.008

::::
2.042 0.36

:::::
42.542 0.33

::::
1906 0.14

:
8

Las Pardillas Lake Sánchez-Goñi and Hannon (1999) 42.033.030.570.370.11LourdesReille and Andrieu (1995) 43.033-0.0750.730.450.45Monge
::::::
−3.042 Reille and Andrieu (1995)

:::::
42.042 43.05

::
23 -0.017

:
5

:::::::
Navarres

:
1 0.65

:::
epd 0.41

::::::
−0.708 0.62Moura

:::::
39.125 Reille (1993)

:::
278 43.45

:
5

:::::
Puerto

::
de

:::::
Belate -1.55

:::
epd 0.44

::::::
−2.042 0.28

:::::
43.042 0.12Navarrs

:::
622 EPD

:
3

:::::
Puerto

::
de

:::
Los

::::::
Tornos 39.1

:::
epd -0.683

::::::
−3.458 0.66

:::::
43.125 0.4

:::
893 0.11Padul

:
4

:::::::
Quintanar

:::
de

:
la
:::::
Sierra Pons and Reille (1988)

:::
epd 37

::::::
−3.042 -3.667

:::::
42.042 0.52

::::
1546 0.36

::
20

:::::::
Roquetas

::
de

:::
Mar 0.17Puerto de Belate

:::
epd EPD

::::::
−2.625 43.033

:::::
36.792 -2.05

::
94 0.55

:
3

:::::::
Saldropo 0.31

:::
epd 0.11Puerto de Los Tornos

::::::
−2.708 EPD

:::::
43.042 43.15

:::
645 -3.433

:
3

::::::
Sanabria

::::::
Marsh 0.59

:::
epd 0.33

::::::
−6.708 0.13Quintanar de la Sierra

:::::
42.125 EPD

::::
1220 42.033

:
8

:::
San

:::::
Rafael -3.017

::
epd 0.55

::::::
−2.625 0.31

:::::
36.792 0.12Roquetas de Mar

::
94 EPD

:
6

::::
Santo

::::
André 36.794

::::::::::::::::::::::::
Santos and Sánchez-Goñi (2003) -2.589

::::::
−8.792 0.55

:::::
38.042 0.35

::
38 0.12Saldropo

:
8

::::
Siles EPD

:::::::::::
Carrión (2002) 43.05

::::::
−2.542 -2.717

:::::
38.375 0.24

::::
1246 0.31

::
12

::::
Padul 0.14San Rafael

:::::::::::::::::
Pons and Reille (1988) EPD

::::::
−3.708 36.773

:::::
37.042 -2.601

::::
1236 0.59

::
17

::::::
Lourdes 0.43

::::::::::::::::::::
Reille and Andrieu (1995) 0.13Sanabria Marsh

::::::
−0.042 EPD

:::::
43.042 42.1

:::
727 -6.733

:
9

:::::
Monge 0.62

::::::::::::::::::::
Reille and Andrieu (1995) 0.43

::::::
−0.042 0.76Santo Andr

:::::
43.042 Santos and Sánchez-Goñi (2003)

:::
727 38.08

::
15

:::::
Moura -8.78

::::::::::
Reille (1993) 0.56

::::::
−1.542 0.33

:::::
43.458 0.12Siles

::
40 Carrión (2002)

:
6

:::::::
Banyoles 38.4

:::
epd -2.5

::::
2.708 0.49

:::::
42.125 0.27

:::
172 0.12

:
2

fit a quality criteria regarding the number of radiometric
dates (>3 in each site) and gave preference to those with
higher sampling resolution. Using these criteria we selected
a total of 31 records which cover different time spans be-
tween 15000 and 3000 years BP (Table1

::
1; Fig.1). The last140

3000 years were discarded from this analysis because human
activity is known to have strongly impacted the Iberian
Peninsula landscape since then (Carrión et al., 2010a) and
therefore the fossil data may be biased and may lead to
misinterpretations. Despite the anthropogenic influence on145

the pollen abundances,
::
1).

:::
For

:::
the

::::::::::::
reconstruction

:::::::
process we

assume that modern distributions are in equilibrium with cli-
mate at large scales

::
the

::::::::::
distribution

::::
scale covering the species

range. Using taxa
::
full

:
distribution data is , thus, reducing the

bias resulting from local changes and supports
::::::::
supporting

:
our150

assumption. The different sensibility of taxa to the various
sources of disturbance is balanced by the use of the multiple
taxa identified in each core.

2.1 Data sources

The current distribution data for 246 taxa was obtained155

by georeferencing the Atlas of Flora Europaea (Jalas and
Suominen, 1972, 1973, 1976, 1979, 1980, 1983, 1986, 1989,
1991, 1994; Jalas et al., 1996, 1999; Laurent et al., 2004). We
gathered additional occurrence data for the Mediterranean
flora from the Global Biodiversity Information Facility data160

portal (data.gbif.org; last access 2011-02-01). These data
was checked for correctness by removing data from botan-
ical and herbarium collections and observations stored at a
lower spatial resolution than 30’. The georeferenced geo-
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graphical distributions were then rescaled to the resolution165

of 30’ ( 55
:::
~55

:
km). The global historic climate data ( 1950-

2000) for January minimum temperature (Tjan), July maxi-
mum temperature (Tjul) and monthly precipitation data were
obtained from Worldclim database (Hijmans et al., 2005,
www.worldclim.org) with 5’ resolution ( 10km

:::::
~10km) and170

values were aggregated by the mean value to the resolu-
tion of 30’. Precipitation was further processed to obtain the
minimum annual precipitation (Pmin

::::
Aprc) from the monthly

data by recording for each pixel the minimum value of pre-
cipitation in the 12 months.175

2.2 Reconstruction of past climate variables

The climate reconstruction method is based on the PDF
of each taxon identified in a fossil dated pollen assem-
blage. This approach has already proven successful

:::
was

::::::::::
successfully

::::
used

:
to reconstruct temperatures from fossil180

pollen data (Kühl et al., 2002; Cheddadi and Bar-Hen,
2009). With the superimposition of the PDFs of all taxa
present at a particular age and for a specific climate vari-
able, is possible to obtain the intersection defining the
likely past climate at that age (Kühl et al., 2002). The185

area of each PDF available for intersection is defined after
applying a threshold limit based on the pollen percentages.
A univariate kernel estimator was used

::
A

::::::::
univariate

::::::
normal

:::
and

::::::::::
log-normal

:::::::
density

:::::::::::
distributions

:::::
were

::::::
fitted

:::
to

:::
the

::::::::::
temperature

::::
and

:::::::::::
precipitation

:::::
data,

:::::::::::
respectively,

:::
at

::::
each190

::::::
species

:::::::
presence

::
in
:::::
order

:
to build the single dimension PDF

from the modern plant distributionsand the Tjan, Tjul and
Pmin data . Kernel estimators and parametric estimators
provide similar results when we fit with a normally
distributed variable (Kühl et al., 2002) , however, kernel195

estimators follow closely the real distribution of species
with non-normal distributions.

::::::
While

:::::::
normal

::::::::::
distribution

:::
may

:::
be

::::
used

::
to
::::::::
represent

::::::::::
temperature

:::::::::
tolerance,

:::::::::
log-normal

::::::::::
distribution,

::
by

::::::
being

::::
right

:::::::
skewed

::::
tend

::
to

:::::
better

::::::::
represent

::
the

::::::::::::
precipitation

:::::
data

::::::::::::::::::::
(Chevalier et al., 2014) .

::::
To

:::::
avoid200

:::::::
sampling

::::
the

:::::::
climate

:::::::
spatial

::::::::::
distribution

:::::::
instead

:::
of

:::
the

::::::
species

::::::::
tolerance,

:::
we

::::::::
corrected

:::
for

:::
the

:::::::
possible

::::
bias

:::::
using

:
a

::::::::
histogram

::
of

:::
the

:::::::
climate

:::::
within

:::
the

::::::::::
rectangular

:::::
extent

::
of

:::
the

::::::
species

:::::
range

::
as

::
a
:::::::::
weighting

:::::
factor

:::
for

:::::
each

::::::
climate

:::::
value

::::::::::::::::
(Kühl et al., 2002) .

::::
The

::::::
chosen

::::
bin

::::
size

::
of

:::
the

:::::::::
weighting205

::::::::
histogram

::::
was

::::
2ºC

:::
for

:::::::::::
temperature

::::::::
variables

::::
and

::::::
20mm

::
for

::::::::::::
precipitation.

::::
This

::::::::
procedure

::::::::
decrease

:::
the

::::::
weight

::
of

:::
the

::::
most

:::::::
frequent

::::::
climate

::::::
values

::::::::
occurring

::
in

:::
the

:::::
study

::::
area

:::
and

::::::::
increased

:::::
those,

::
in

:::
the

::::::::::
distribution

::
of

:::
the

:::::::
species,

:::
that

:::::
occur

:::
less

:::::::::
frequently

::
in

:::
the

:::::
study

:::
area

::::::::::::::::
(Kühl et al., 2002) .210

:::
The

::::::::::::
reconstructed

::::::
climate

:::::
from

:::
the

:::::
PDF

::::::
method

::::::
results

::::
from

::::::::::
combining

::::
the

::::::::::
individual

::::::
PDFs

:::
of

::::
the

:::::::
species

:::::
found

::
in
::::

the
::::::

pollen
:::::::::

sequence
:::
in

::
a

:::::
depth

::::::::
sample.

::::
This

::::::::::
combination

::
is
:::::
done

::
as

::::
the

:::::::
product

::
of

:::
the

::::::
PDFs

:::::::
resulting

::
in

::
a
:::::::::::::

representation
:::

of
::::

the
::::::

likely
:::::::
climate

:::
in

::::
the

::::
past215

::::::::::::::::::::::::::::::::::
(Kühl et al., 2002; Chevalier et al., 2014) .

:::
A

::::::::
threshold

:::
of

::::
three

::::::
pollen

:::::
grains

::::
was

::::::
chosen

::
to

::::::
classify

::
a
:::::
taxon

::
as

::::::
present

Variable

D
en

si
ty

82%

55%

10%

Figure 2.
:::::::
Example

::
of

:::
the

::::::::
influence

::
of
::::::

pollen
::::::::
proportion

::::
(pp)

::
on

:::
the

:::::::::
calculation

::
of

:::
the

::::::
density

:::
of

:::
taxa

::::::::
presence

:::::::::
intersection.

:::
The

:::::
shades

:::
of

::::
gray

::::::
indicate

:::
the

:::::
effect

::
of

:::::::
different

:::
pp

::::
when

:::
the

:::::
pollen

:::::::::
adjustment

::::
value

::::
(pa)

::
is
:::
set

::
to

:::
0.9

:::
and

:::::
arrows

:::::::
indicate

::
the

::::::
assumed

:::::::
presence

:::::
range.

::::
The

::::
first

:::
case

:::::
(dark

:::::
gray)

:::::
results

::::
from

:::::::
pp= 1.0,

:::::
which

:::::::
represents

:::
the

::::::
highest

:::::::::
detectability

:::
and

::
is

::::::
assumed

:
to
:::

be
::::
found

::::
near

:::
the

::::
core

::::::::
distribution

::::
area

:::
an,

::::
thus,

:::
near

:::::::
optimum

::::::::
conditions.

:::
The

:::::::
presence

::
is

::::::
assumed

::
in

:
a
::::::
narrow

::::
range

::::::
around

:::
peak

:::::
density

::::
with

::::::::
α= pp∗pa

2 ::::::::::::
(corresponding

::
to

:::
10%

::
of
:::
the

:::::
area).

::::
When

::::::
pp= 0.5

:::::::
(middle

::::
gray)

:::
the

:::::::::::
corresponding

::::
area

::
is
::::
55%

:::
and

::::
with

::::::
pp= 0.2

:::::
(light

:::::
gray)

::
is

::::
used

::
the

::::::
widest

:::::::
presence

:::::
range

::::
(82%

::
of

::
the

::::
PDF

::::
area).

::
in

:::
the

:::::::
sample,

::::
and

:::::::::
minimum

::
of
::::

five
:::::

taxa
:::
are

:::::::
needed

::
to

:::::::::
reconstruct

:
a
:::::::
climate

:::::
value.

:::::
Using

::::::::
presence

::::
data

:::
is

::::
both

:::::
seen

:::
as

:::
an

:::::::::
advantage

::
of220

::
the

:::::
PDF

:::::::
method

::::::::::::::::::
(Kühl et al., 2002) but

::::
also

::
as

::
a
::::::::
weakness

:::
due

::
to

:::
the

:::::::::
exclusion

::
of

:::
the

::::::::::
quantitative

::::
data

::::::::
resulting

::::
from

::
the

::::::
pollen

::::::::::
abundances

:::::::::::::::::
(Birks et al., 2010) .

:
Fluctuations in

pollen abundances are related to several factors including

:::::::
multiple

::::::
factors

:::::::
related

::
to

:
the physiology of the species225

(Hicks, 2006), but have also
::::
with

::
a
::::::::::

differential
::::::

pollen

:::::::::
production

::::::
among

:::::::
different

:::::::
species,

:::
but

::
it
::::
also

:::
has

:
a strong

climatic component through the influence that climate has on
land cover. We used the pollen percentage as a measure of the
taxon proportion throughout the time span of

::::::::::
distributions.230

:::
We

::::
have

::::
used

:::::
these

::::
data

::
as the core. Thus, the

::::::::
proportion

::
of

:::::
pollen

:::::
found

::::::
relative

::
to

:::
the

:::::::::
maximum

:::::
pollen

::::::
found.

:::
The

:
min-

imum non-zero pollen percentage
::::::::
proportion

:
corresponds to

the presence of the taxon while the maximum defines its
highest abundance within the fossil record. Using pollen pro-235

portions instead of the proportion of pollen of each taxon in a
specific

::
per

::::
taxa

::::::
instead

::
of

:::
per age avoids the bias of different

pollen production by distinct taxa and thus allows quantify-
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ing the presence of a species relative to its maximum detec-
tion within each site.240

The PDF is filtered
::
In

:::::
order

:::
to

:::::::
include

::::
the

::::::
pollen

:::::::::
proportions

:::
in

:::
the

::::::::::::
reconstruction

:::::::
method,

:::
we

::::::::
calculate

:::
the

::::::
density

::
of
:::::

taxa
::::::::::::
intersections.

::::
This

:::
is

::::
done

:::
by

::
using the

pollen proportion as a threshold. We assume that higher
pollen proportions reveal near optimum conditions for the245

taxon that correspond to
::::
alpha

::::::
values

::
to

::::::
reduce

:::
the

::::::
species

::::::
climate

::::::::
tolerance

::::::
towards

:::
the

:::::
peak

::::::
density

:::::
value

::::
(Fig.

:::
2).

::
To

::::
avoid

:::
the

::::::::
selection

::
of

::
a

:::::
unique

:::::::
climate

:::::
value

::::
with

::::::::
maximum

:::::::
detection

:::
of

::
a
:::::::
species,

::::
i.e.

:::::
when

:::
its

::::::
pollen

:::::::::
proportion

::
is

:::::
found

::
to

::
be

::::
one,

:::
we

:::
use

:
a
::::::
pollen

:::::::::
adjustment

:::::
value

:::
set

::
to

:::
0.9.250

::::
This

:::::
means

::::
that

::
at

:::
the

:::::::::
maximum

:::::::::
detection, the area of the

PDF where the taxon is found at higher densities.Restricting
the PDF probability area based on the relation of density
of taxa and pollen percentage results in narrower range of
reconstructed values.The threshold influence on the PDF255

is controlled by a coefficient: “0” results in no effect of
the pollen percentage and uses the full profile for taxa
intersection; whereas “1” will likely result in a very narrow
area of the PDF around highest densities at maximum pollen
detection. A threshold of 0.5, for example, would constrain260

the PDF
::::::
climate

::::::::
presence

::::
will

:::
be

:::
set

:
to the area where

densities are higher than 50% at the maximum detection
of the taxon. (Fig. 2). We used an optimised value for this
threshold corresponding to the maximum valuefound that
allowed the intersection of all taxa present in a sample (Table265

1).
The reconstructed climate value

::
of

:::::
the

:::::::
density

:::::::::::
corresponding

::::
to

:::::
10%

:::
of

::::
the

:::::::::::
probability.

::::::
Since

::::
the

:::::
pollen

:::::::::
proportion

::
is
:::::::::
calculated

:::::::
through

:::
the

::::::
pollen

::::
core,

:::
the

::::::::
maximum

::::::::
detection

:::::
may

:::
not

::::::::
indicate

:::::::
optimal

:::::::::
conditions,270

:::
but

::::
near

:::::::
optimal.

:::::
Using

:::
this

::::::::::
adjustment

:::::
value

:::::
allows

::
to
::::

take

:::
this

::::
into

:::::::
account,

::
by

::::::::
referring

::
to

::
a

:::::::
tolerance

:::::::
interval

::::::
instead

::
of

:
a
::::::::

tolerance
::::::

value.
::::
The

::::::::::
intersection

::
of

::::
taxa

:::
is

::::::::
calculated

::
by

::::::
adding

:::
the

:::::::::
tolerance

:::::::
intervals

:::
of

::
all

:::::::
species

:::::
found

:::
in

:
a

::::
depth

:::::::
sample.

::::
The

:::::::::
combined

::::::::::::
reconstruction

:
is obtained by275

the weighted mean of the intersection of the PDF area of all
taxa identified in a sample. A coefficient with the maximum
value of 1 was added to control the number of species in the
intersection. This value was set to 0.95 for all reconstructed
variable which means that the intersection area is defined280

by, at least, 95% of the number of species intersecting. The
reconstructed climatevalue is given by the average of the
values present within the intersecting taxa. To generate more
accurate values, we used a weighted mean with the density
value of the union of the PDFs as weights

::::::
product

::
of

:::
the285

::::::
climate

::::
PDF

::::
with

:::
the

::::
taxa

::::::::::
intersection.

:

::
In

:::::
order

:::
to

:::::::
quantify

::::
the

:::::::
success

::
of

::::
the

::::::::::::
reconstruction

::::::
method

:::
in

:::::::::
predicting

::::::
recent

:::::::
climate,

::::
we

::::
have

:::::::::
compared

:::
data

:::::
from

::::
the

::::::::::::
reconstruction

:::::
with

::::::
global

:::::::
historic

::::::
climate

:::
data

:::::::::::
(1950-2000)

:::::
with

:::::
linear

::::::::::
regressions

:
for each climate290

value. The union of the PDFs of each taxon present is
less sensitive to

:::::::
variable.

:::::
This

::::::::
procedure

::::
was

::::
done

:::::
with

::
all

:::::::
available

:::::::
samples

::::
with

:::
age

:::::::
inferior

::
to

:::
500

:::::
years

:::
and

::::
with

:::
the

::::::
historic

::::::
climate

::::
data

::::::::
extracted

::::
with

::
the

::::::
pollen

:::
site

:::::::::
coordinate.

::::
Since

:::::
both

::::::
climate

::::
data

::::::::
represent

::
a
::::::
similar

:::::::
period,

:
a
:::::
linear295

::::::
relation

::::
was

::::::::
expected.

:::::::
Parallel

:::
to the

:::::::::::
quantification

::
of

:::
the

:::::::::::
reconstruction

::::::::
success,

::::
the

::::::
linear

:::::::::
regression

:::
is

:::::
used

::
to

:::::::
estimate

::
a

::::::
spatial

:::::::
baseline

::::
for

:::::::::
calculating

::::
the

:::::::::
anomalies.

:::
The

:::::::::::
preindustrial

::::::
period

:::::::
around

::::
100

:::
BP

::::::
(1850

::::
AD)

::::
was

::::
used

:::
as

::::::::
reference

:::::::
climate

:::
to

:::::::::
calculate

::::::::::
anomalies.

::::
This300

:::::
period

:::
is

:::::
often

:::::
used

:::
as

::::::::
baseline

::
in
::

climate affinity of
the taxa present than to the intersection. For example,
when more warm dependent taxa are available due to
sampling bias, the intersection would be biased towards
higher temperature values whereas the union eliminates the305

increasing influence of multiple taxa with similar PDFs.
This effect is more striking in the case of precipitation.
This variable is very challenging to reconstruct because
xerophyte taxa are less frequent than taxa supporting average
to high precipitation, although their presence is clearly310

indicative of more arid environments. Moreover, taxa well
adapted to dryness in the Mediterranean climate have highest
densities with some precipitation, adding a bias towards
higher values of precipitation and a misrepresentation of
the lowest precipitation values. Increasing the number of315

available arid taxa in the reconstruction might help retrieving
lower values, but this will also be limited by the resolution
of taxa identification in the pollen analysis and by the
scarce geographical distribution of many Mediterranean
taxa

:::::::
models,

:::::::::
facilitating

::::::::::
data-model

:::::::::::
comparison,

::::
and

::
it
::

is320

:::
less

::::::
biased

::::
with

::::::
recent

::::::
climate

::::::::
warming

::::::::
allowing

::
to

:::::
better

:::::
depict

::::
past

:::::::
warming

::::::::::::::::::::::::::::::::
(Davis et al., 2003; Mauri et al., 2015) .

::::::::
Although

:
a
::::
year

::
is

:::::::
selected,

:::
the

:::::
time

::::::
window

:::::
often

:::::::
includes

::
+-

:::
500

:::::
years

:::::::::::::::::
(Mauri et al., 2015) ,

::::::
which

::
is

::::::::
equivalent

::
to
:::
the

:::::
period

:::
we

::::
have

::::
used

::::
here.325

The reconstructed values for each site were fitted with a
smoothing spline to produce a continuous time-series, from
which 1000-years time slices were extracted.

2.3 Spatial analysis of past climate

Thirteen climate grids, ranging from 15 to 3 thousand cal-330

endar years BP (hereafter, “ka”) with a 1000 years inter-
val, were obtained for each reconstructed variable by spa-
tial interpolation of the climate anomalies at each avail-
able site. The anomalies were first calculated for each
site by subtracting the current climate variable (30’ spatial335

resolution) from the reconstructed one for each time slice
and each site

:::
with

::::
the

::::::::
difference

::::::::
between

:::
the

:::::::::::
reconstructed

::::::
climate

::::
and

:::
the

::::::::
reference

:::::::
climate

:::::::::
calculated

:::
as

::::::::
explained

:::::
above. Anomaly values were projected into a 30’ resolu-
tion grid and interpolated onto a 5’ resolution grid using340

::
3D

:
thin-plate smoothing splines

::::
with

:::
two

::::::
spatial

:::::::::
dimensions

:::
plus

:::::::
altitude. This interpolation method was chosen because

when used with climate data it generates accurate predic-
tions (Jarvis and Stuart, 2001) and it was used to generate
the present data variables (Hijmans et al., 2005).345
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To further summarise the spatial and temporal variability
of the data we applied a functional principal component
analysis (fPCA). This method extends the exploratory data
analysis of the principal components analysis to functional
data (Bickel et al., 2005), depicting both spatial and time pat-350

terns on the original data summarised in a few components.
Cheddadi and Bar-Hen (2009)

:::::::::::::::::::::::::
(Cheddadi and Bar-Hen, 2009) applied

a fPCA in nearly the same timescale as the present study
to depict January temperature patterns from European
pollen data. Here we have broadened the approach to each355

climate time-series available in each grid cell to produce
gridded spatial components. The functional data was built
by combining B-spline basis functions to fit the time-series.
We have retained the components that explain more than
90% of the variance and rescaled the range from -1 to 1.360

We used hierarchical cluster analysis over the produced first
components grids of each variable to identify areas in the
Iberian Peninsula that shared similar climate evolution over
the past 15 ka.

A surrogate for climate stability was defined as the average365

difference between millenia
:::::::
Climate

:::::::
stability

::::
was

:::::::
calculate

for each variable . The differences were calculated for the
period reconstructed (15 to 3 ka) between a given age and its
previous one

::
as

:::
the

:::::
mean

:::::::
absolute

::::::::
deviance

::::
from

:::
the

::::::
current

::::::
climate

::
as

::::::::
available

::
in

:::::::::
WorldClim

::::::
dataset.370

All analysis were performed using the R Project for Sta-
tistical Computing (R Development Core Team, 2012) with
packages fields (Furrer et al., 2012), rgdal (Keitt et al., 2012),
gstat (Pebesma, 2004) and fda (Ramsay et al., 2012).

Distribution of the reconstructed climate variables in the375

Iberian Peninsula and Balearic Islands in the last 15 ka.
Colours show the proportion of area covered with each
class of a) minimum temperature of January; b) maximum
temperature of July and c) minimum annual precipitation.

:::
The

:::::::
climate

:::::::::::::
reconstructions

::::
were

:::::::::
performed

::::
with

::
R
::::::

scripts380

::::::::
developed

:::
by

:::
the

::::::
authors

:::
and

::::::::
available

::
at

:::::::
request.

3 Results

The
::::::::::::
reconstructions

::::::
values

:::
for

:::
the

::::
sites

::::::
within

:::
the

::::
last

:::
500

::::
years

:::::
have

::
a
::::::
linear

:::::
trend

::::
with

::::
the

:::::::
current

:::::::
climate,

::::
thus

:::::::
revealing

:::
the

::::::::::::
reconstruction

:::::::
method

:::::::
predicts

::::
well

:::
the

:::::
recent385

::::::
climate

::
(p

::
≤

:::::
0.016

:::
for

::
all

:::::::::
variables;

::::::::
Appendix

:::
A).

:

:::
The

:
reconstruction of three climate variables exhibited

high spatial variability over the period between 15 ka and
3 ka (Fig.3, S1

::
3,
:::::::::

Appendix
:::
A,

::
B). The uncertainty associ-

ated with the spatial interpolations is usually low, suggest-390

ing a good sampling coverage, with the exception of the
extreme northwest area (Fig. S2)

::::::::
Appendix

:::
D).

:
The Iberian

Peninsula had extensive areas with extremely low Tjan that
gradually increased to higher values, and markedly after
10 ka. Conversely, the

:::
The

:
pattern of Tjul over the same395

time span remained quite
::::::::
remained

:
stable, with extended

areas of lower values at 12, 11 and 5 ka. Areas with the

highest reconstructed temperatures were found between 15
and 13 ka at the southern plateau. Between 15 and 7 ka the
areas with increasing values of Pmin have expanded, with400

the exception between
:::::
lower

:::::
values

::::::
before

:
12 and 11 ka ,

when extensive areas with very low precipitation values were
observed.After 6 ka, a general trend towards aridification
of the Iberian Peninsula was observed, with extended areas
with lower Pmin than the early Holocene.

:::
ka.

::
In

:::
the

::::::
studied405

::::::
period,

:::::
there

::
is

::
a

:::::
trend

:::
for

:::
the

::::::::
decrease

:::
of

:::::::::::
precipitation,

::::::::
especially

::::
after

:::
10

::
ka

::::
(Fig.

:::
4).

::::
This

::::::::
decrease

::::::
towards

::
a
::::
more

:::
arid

::::::::
peninsula

:::::::
happens

::::::
mostly

::
in

:::
the

:::::::::::
south-eastern

::::::
portion

::
of

::
its

::::
area

:::::::::
(Appendix

::
B)

:

The clustering of the first fPCA component of the three re-410

constructed variables identified areas with congruent spatial
structure

:::
were

::::::
spatial

:::::::::
structured (Fig.4

:
5), and allowed sum-

marising the evolution of these three climate variables in the
Iberian Peninsula (Fig.5, S3

::
4). The first two components

:::::::::
component

:
of each variable explained more than 89

::
95% of415

the variation (Tjan: 77.0%, 12.3
::::
95.5%; Tjul: 91.7%, 6.7%;

Pmin: 90.3%, 5.5%, for the first and second components,
respectively

:::::
99.2%;

:::::
Aprc:

::::::
99.5%). The cluster C1 (15

::
27% of

the total area) is located mostly on north and eastern
::::::
western

Iberia and includes the Iberian
::::
part

::
of

::::
the

:::::::::::
north-Iberian420

mountain ranges (average altitude is 1082
:::
679±395m

:::::
454m)

but also low altitude areas. It is the coldest area in the
late-Quaternary, with Tjan from -11.4ºC to -3.9ºC, Tjul
ranging between 21.1

::::::
coastal

:::::
areas.

::::
This

:
is
:::
the

::::::
wettest

::::::
cluster,

::::
with

::::
Aprc

:::::::
ranging

::::
from

::::
1055

::
to
:::::::::
1115mm,

::
the

:::::::
coldest

::
in

:::
July425

::::
(21.6

::
<
::::
Tjul

::
<

::::
24.1ºCand 22.1

:
)
:::
and

:::::
with

::::
very

:::
low

:::::::
January

::::::::
minimum

:::::::::::
temperatures

:
(
::::
-5.6

:
<
:::::
Tjan

:
<
:::
0.1ºCand the wettest

with Pmin between 31.5mm and 37.4mm
:
). The cluster C2

(21
::::::::::
encompasses

::::
part

::
of

:::
the

::::::::::
Cantabrian

::::::::
mountain

:::::
range

:::
and

::
the

:::::::
central

::::::
Iberian

::::::
system

::::
(29% of the total area with av-430

erage altitude of 470
:::
856±218m)

:::::
301m)

::::
and

:
occupies most

of the southern Iberian Plateau. It holds the warmest values
for Tjan varying between -5.4ºC and 2.0

:::::::
northern

:::::::
plateau.

:
It

:::
has

:::
the

:::::
lowest

:::::::
January

::::::::::
temperature

::::
(-5.7

::
<
::::
Tjan

::
<

::::
-1.3ºCand

Tjul between 26.1)
::::

but
:::
has

:::::::
warmer

::
in

::::
July

::::
than

:::
C1

:::::
(25.1

:
<435

:::
Tjul

::
<
::::
27.7

:
ºCand 28.9ºC. The temperature

:
)
:::::::
showing

::::
high

:::::::
seasonal

::::::::
amplitude

::::
with

:::::
very

:::
low

:::::::::::
precipitation

::::
(536

::
<

::::
Aprc

:
<
::::::::
621mm),

::::::::
similarly

::
to

:::
C3

::::
and

:::
C4.

::::
The

:
dissimilarities be-

tween clusters C3 and C4 (29% and 35
:::
24%

::::
and

::
20% of the

total area and average altitude of , 472
:::
610±383 and 657

:::
297440

:::
and

:::
278±304

:::
231, respectively) occur mainly in Tjan, having

the former higher temperatures (-4.3
::::::::::
temperature,

::::
with

:::
C4

::::
being

::::::::
generally

:::::::
warmer

:::
and

::::::
wetter

:::
than

:::
the

:::
C3

::::::
cluster.

:::::
These

::
are

::::
the

:::::::
warmest

:::::
areas

::
in
:::::

both
:::::::
January

::::
(C3:

::::
-1.7

::
<
::::
Tjan

::
<

:::
3.0ºC- -0.1;

::::
C4:

:::
1.0

::
<

::::
Tjan

::
<

:::
6.4ºC) than the latter (-6.5

:::
and445

:::
July

:::::
(C3:

::::
29.4

::
<
::::

Tjul
::

<
:::::

33.4ºC- -0.9
:
;
::::
C4:

::::
27.2

::
<
::::

Tjul
::

<

::::
30.2ºC) . However, Pmin shows a major difference between
these two clusters, which indicates that

:::
and

::::
with

:::
low

::::::
annual

::::::::::
precipitation

:
(C3is generally wetter (26.2 – 29.4mm) than :

:::
505

::
<

::::
Aprc

::
<

:::::::
615mm; C4(19.4 – 25.2mm), which represents450

the driest areas in the late-Quaternary. Most of the area of the
Balearic Islands is within cluster :

::::
555

::
<

:::::
Aprc

:
>
::::::::

683mm).
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:::
The

:::::::
Balearic

::::::
Islands

:::
are

:::::
fully

:::::::
included

::
in

:::
the C4 , except the

mountain range in northern Maiorca
::::::
cluster (Fig.4

::
5).

The average differences between millenia
::::
mean

:::::::
absolute455

:::::::
deviance

:::::
from

:::
the

::::::
current

:::::::
climate

::::::
showed

::::
that

:::
the

:::::::
stability

::
of

:::
the

:::::::
climate

::
in

::::
the

:::
last

:::::
15ka

::::
was

:::
not

::::::::
spatially

:::::::
uniform

(Fig.6)have higher values for Tjan and Pmin, whereas Tjul
shows near zero average change for most Iberian Peninsula.
The extreme north and south areas, together with the460

extreme south-west and north-east of the peninsula had
smaller amplitude of Tjan change between millenia and Pmin
exhibits a similar pattern

:::
6).

:::
The

:::::
Tjan

:::
and

:::::
Aprc

::::::::
exhibited

:::::
higher

::::::::
stability

::
in

::::
the

::::::::
southern

::::::
Iberia,

::::::::
although

:::
the

::::
first

:::
has

:::::
lower

::::::
values

::
of

::::::::
deviance

::::::
(higher

::::::::
stability)

:::::::
towards

:::
the465

::::::
eastern

::::
coast

:::
the

:::
the

:::::::
second

:::::::
towards

:::
the

::::::
western

::::::
coast.

:::
The

:::
Tjul

::::::::
exhibited

:::::
lower

::::::::
deviance

:
at
::::::
higher

::::::::
altitudes,

:::::::::
particularly

:
at
:::

the
:::::::

central
::::::
system,

::::::::
northern

::::::::
mountains

::::
and

::::::::
Pyrenees,

:::
but

:::
also

::
in

:::
the

::::::::
southern

:::::
Sierra

:::::::
Morena.

4 Discussion470

Fossil pollen data provide a record of vegetation changes
which constitutes a valuable proxy for reconstructing past
climate changes, especially using multiple sites at large
scales (Bartlein et al., 2010). The major constraint we found
in the Iberian Peninsula was

::::::
method

:::::
used

:::::
here

:::::::
provides475

::::::::
acceptable

:::::::
climate

:::::::::::::
reconstructions,

:::::::
despite the low number

of sequences available according to our quality criteria for
spatial climate reconstruction, both in terms of sampling res-
olution and number of 14C dates. Nevertheless, the resulting
climate reconstruction is consistent with other studies480

(Davis et al., 2003; Cheddadi and Bar-Hen, 2009) providing
a general assessment of the reconstruction quality

:::
The

:::::::
residuals

::
in
::::

the
:::::
linear

:::::::::
regressions

:::::
were

:::::
high,

::::::::
resulting

::
in

:
a

:::
low

:::::::::
coefficient

::
of

:::::::::::::
determination.

::::::::
However,

::::
this

::
is

:::::::
expected

::::
since

:::
we

:::::
were

::::::::::
comparing

:::
the

:::::::::
historical

::::::
climate

:::::
with

:::
the485

:::::::::::
reconstructed

::::::
values

:::
of

:::
the

::::
last

::::
500

::::::
years,

::::
and

:::::::
climate

::::::::
variations

::::::
within

::::
this

::::::
period

:::
are

:::::::::
increasing

::::
the

::::::::
residuals,

:::
plus

:::
the

::::::::::::
anthropogenic

::::::::
influence

:::
on

:::
land

:::::
cover

::
in
::::
this

:::::
period

:::
that

::
is

:::::
likely

:::::::
biasing

:::
the

::::::
results.

::::::::::::
Nevertheless,

:
a
:::::::::

significant

:::::
linear

::::
trend

::::
was

::::::
found

:::::::
between

::::::::::::
reconstructed

:::::::
climate

:::
and490

:::::::
historical

:::::::
climate

:::
that

:::::
allow

::
us

::
to

:::::::
produce

:
a
::::::::
reference

::::::
dataset

::::
using

::::
this

::::::
model

::::
and

::::
the

::::::::
historical

:::::::
climate. The results

provided here reinforce the Iberian Peninsula as a particular
case in Europe due to its role as a general European glacial
refugium and holding enough climate variation since the495

LGM to support a network of smaller refugial areas (Weiss
and Ferrand, 2007).

The climate of the last 15 ka in the Iberian Peninsula was
dynamic, with oscillations of temperature and precipitation
occurring mostly at the center

:::::::
southern

::::
part

:
of the penin-500

sula. Given the link between climate and species distribu-
tions (Hewitt, 2000), it is likely that these changes had an
impact on the location, extent and evolution of the refugia
and the recolonisation processes during the post-glacial pe-

riod. Nonetheless, the reconstructed overall trend is a no-505

ticeable warming in winter temperatures after the 15 ka
(Fig.5

:
4) that results from the increase of the summer insola-

tion in the northern hemisphere (Berger, 1978). This warm-
ing has a correspondent trend in the spatial occupancy of
temperature as shown in the reducing of the area with very510

low temperatures (Fig.3
:
3). An evident pattern that strikes

from the results presented here is the division of the penin-
sula in spatially coherent

::::::::
structured

:
areas that shared sim-

ilar climate evolution during the late-Quaternary (Fig.4
::

5).
The coldest and wettest

::::::
wettest

:::
and

::::
cold

:
cluster C1 predom-515

inantly located at high altitudes and with smooth climate
changes, contrasts with the warmest and low-altitude cluster
C2, swept rapidly with high amplitude changes (Fig. 5).
This relationship between topography and velocity of climate
change since the last glaciation was demonstrated globally520

(Sandel et al., 2011) . Our data suggests that at the regional
scale and with extensive time-series data, this relation is
preserved

::::::
norther

:::
and

:::::::::::::
north-western

:::::
Iberia

::::::::
occupies

:::::
most

::
of

:::
the

:::::::
current

:::::::
Atlantic

::::::::::
bioclimatic

::::::
region.

:::::::::
Although

::::
very

::::::
similar

::::
with

:::
C2,

::
it
::::::::
contrasts

::
in
::::

the
:::::::
seasonal

:::::::::
amplitude

:::
and525

::::::::::
precipitation.

Our results show that January temperatures exhibited a
general warming trend during the studied period which cor-
responds in average to an increase of 5ºC. The center of
the Iberian peninsula holds most of the change between530

millenia and the coastal areas offers more resilience to the
change

::::::
~5.5ºC.

::::
The

:::::::
southern

::::
part

:::
of

:::
the

::::::::
Peninsula

::
is
:::::

more

::::::
resilient

:::
to

::::::
change,

::::::::::
particularly

:::
for

:::::
Tjan

:::
and

:::::
Aprc,

:::::::
whereas

::
the

::::::::
northern

::::
had

:::::
major

:::::::
changes. This pattern is less obvi-

ous in July temperaturesor precipitation, where variations535

showed a smaller amplitude albeit these variables are
:::
this

::::::
variable

::
is

:
markedly different between clusters, and thus con-

tributing to the climate division of the study area (Fig.5,
S1

::
4,

:::::::::
Appendix

::
C). The minimum winter temperatures con-

strain the physiologic ability of plants to further development540

and, thus, are a major factor restricting distributions (Sykes
et al., 1996). Summer temperatures, on the other hand, pro-
vide enough energy to plant growth (Sykes et al., 1996), and
are likely resulting in non-responsive

:::
less

:::::::::
responsive

:
July

temperature.545

4.1 The end of the Pleistocene

We have based the climate reconstructions on data with an
interval of 1 ka. This provides us with enough resolution to
analyse general patterns of climate evolution resulting from
larger stadials and interstadials, but abrupt climate events are550

generally unnoticeable
::::::::::
undetectable. The OD ( 18

::
~8

:
to 14.7

ka) is characterised in Iberia by a vegetation changes com-
patible with cold and humid conditions followed by a warm-
ing trend (Naughton et al., 2007). The OD is followed by
the warmer BA ( 14.7

:::::
~14.7 to 12.9 ka). Our results show a555

similar pattern , especially for cluster C2, with colder con-
ditions between 15 ka and 14

::
13

:
ka, followed by a warm-
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ing trend until
::::
after

:
13 ka (Fig.5). Cluster

:::
4).

::::
All

::::::
clusters

::::
show

:::::
these

:::::::
warming

:::::
trens,

:::::::
although

:::::::
clusters C1 , on the other

hand, shows a decreasing temperature trend until 13 ka
:::
and560

::
C2

:::
are

::::::
colder. This is reflected in a contrasted Iberian penin-

sula dominated by extreme January temperatures (Fig.3, S1).

::
3,
:::::::::

Appendix
:::::

B,C).
:

The evolution of precipitation dur-
ing the last 15 ka in the Iberian Peninsula has a constant565

::::
very

:::::
stable pattern: northern areas were generally dryer while

::::::::
comprised

:::
in

:::
C1

::::
had

::::
high

:::::::::::
precipitation

::::::
values

::::::
during

:::
the

:::::
whole

:::::::
studied

:::::
time,

:::
but

:
the south was wetter than today

(Fig. S1). Precipitation values are low between 15 ka and
14 ka except in the mountainous areas comprised mostly in570

the first cluster, which remain more humid than the other
areas (Fig. 3,5). Nevertheless, the average trend is a decrease
of precipitation until 12 ka.

::::::::
Appendix

:::::
B,C).

:::::::
During

:::
the

:::
OD

::::::
period,

::::
there

::
is

:
a
:::::
slight

:::::::
increase

::
in

::::::::::
precipitation

::
in
:::
all

::::::
clusters

::::
(Fig.

::
3)

:
575

As described earlier in Europe (Renssen and Isarin, 2001;
Heiri et al., 2004), Tjan shows wider changes in amplitude
than Tjul. The cold to warm transitions that occurred at 14.7

:::::
~14.7 and 11.5 ka (Renssen and Isarin, 2001; von Grafen-
stein et al., 2012) in Europe had a spatial impact that is well580

depicted in Tjan
:::::::::
noticeable

::
in

::
the

::::::::::::
reconstructed

::::::::::
temperatures

(Fig.3, S1). The increasing variability of Tjan after 14 ka is
related to the expansion of trees from glacial refugia which
have modified the albedo (Cheddadi and Bar-Hen, 2009) .

::
3,

::::::::
Appendix

::
B,

:::
C).

:
585

4.2 The Holocene

The BA is followed by the cold YD ( 12.9
:::::
~12.9

:
to

11.6 ka), marking the beginning of the Holocene. We
observe a reduction of the warmer areas at

:::
This

::::::
period

:
is
::::::::::::

reconstructed
:::::

here
::::
with

::
a
::::::::

warming
::::::

trend
::
in

::::
the

::::
Tjan590

:::
but

::::
with

::
a

::::::
sudden

::::::::
decrease

::
of

:::::
Tjul

:::::::::::
temperatures

::::
(Fig.

:::
4),

::::
with

:
a
::::::::
reduction

:::
of

:::
the

:::::::
warmer

:::::
areas

::
at

:
13 and 11 ka and

an expansion of the aridity (Fig. 3, 5). However, the area
covered by the coldest cluster C1 responds differently with
a constant warming in this period. The effect of topography595

might be offering higher resilience to fast changes in the
mountainous cluster C1 (Sandel et al., 2011) . Differences
are also observed later between Tjan showing a fast increase
until 9 ka, and Tjul remaining stable in most Iberia, with
the exception of cluster C2 where a decrease of 2ºC was600

observed.Davis et al. (2003) , showed a similar Summer and
Winter amplitude of changes for South-western Europe

::
12

::
ka

::::
(Fig.

::
3).

The Holocene warm period (approximately between 8.2

::::
~8.2 and 5.6 ka, depending on where

::
the

:::::::
location

:
in Europe)605

is characterised by increasing summer temperatures (Seppä
and Birks, 2001), being more evident in Northern Europe and
the Alps and simultaneous with a cooling at lower latitudes
(Davis et al., 2003). Our results show this dichotomy within
the Iberian Peninsula where three clusters (C1, C3 and C4)610

exhibit a stable trend between 9 and 5 ka while the second
cluster record a cooling stage

::::
point

:::
to

:
a
::::::::

decrease
:::

on
::::

Tjul

::::::::::
temperature

:::
but

::
a

:::::
stable

:::::::::
minimum

:::::::::::
temperature,

::::::::
indicating

::::
mild

::::::::
summers. Concerning the precipitation, there is evi-

dence of a
::::::
slightly

:
wetter climate between 9 ka and 6 ka

:
at615

:
7
::
ka

:::::
(Fig.

::
3) which confirms what was previously known for

the southern European lowlands (Cheddadi et al., 1997).
Between 6 and 5

:
3
:
ka, areas with low precipitation ex-

pand in the Iberian peninsula (Fig.3
::
3) corresponding to the

expansion of the mediterranean taxa (Naughton et al., 2007;620

Carrión et al., 2010b, a). The increasing aridity in the south
is balanced by the precipitation increase

::::
high

::::::::::
precipitation

:::::
values

:
in the north (Fig.S1

::
4,

::::::::
Appendix

:::
B,

::
C), contributing

to the final pattern of a slight increase in precipitation values
:
a

::::::::
temperate

:::::
north

::::
and

::
a
::::::::
southern

::::::::::::
mediterranean

:::::::
climate

::
in625

:::::
Iberia.

The behaviour of the reconstructed variables after
::
at 5ka

is likely to be influenced by non-natural ecosystem changes
due to human activities such as the forest degradation that
begun in lowlands and later in mountainous areas (Carrión630

et al., 2010a). These human impacts add confounding ef-
fects in the fossil pollen record and may lead to reconstructed
lower temperatures at

:::::
biased

:::::::::::
temperatures

::::
after

:
5 ka. On the

other hand, human impact at larger scales, capable of leaving
noticeable imprints on landscape were likely to happen later635

(Carrión et al., 2010a) and, furthermore, there are evidences
of a cooling and drier stage after 5 ka, marking the end
of the Holocene warm period in Europe (Seppä and Birks,
2001), and particularly in the Iberian Peninsula (Dorado Val-
iño et al., 2002).640

4.3 Climate role in Iberian refugia

The climate change since the LGM in the Iberian Penin-
sula had an impact on the persistence of temperate species,
migrating pathways and on the overall recolonisation pro-
cesses during the postglacial period within the peninsula (He-645

witt, 2000; Naughton et al., 2007; Carrión et al., 2010b).
During this period, climate favoured migrations and expan-
sion processes that culminated in secondary contacts for sev-
eral lineages previously isolated in patches of suitable habi-
tat (Branco et al., 2002; Godinho et al., 2006; Weiss and650

Ferrand, 2007; Miraldo et al., 2011). Given the link be-
tween climate change and biodiversity patterns, the cluster-
ing scheme (Fig.4

:
5) depicting areas with different climate

evolution is consistent with the molecular evidence of a net-
work of putative refugia within Iberia (Weiss and Ferrand,655

2007). Refugia have been associated with climate and habitat
stability, with both playing complementary roles (Ashcroft,
2010). However, as shown by large scale landscape anal-
ysis (Carrión et al., 2010b, a) and climate reconstructions
(Davis et al., 2003; Cheddadi and Bar-Hen, 2009), both660

have a strong dynamic nature in the Iberian Peninsula, and
likely promoted the formation of patches of suitable habitat
during harsh conditions. The highly structured populations
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that many species exhibit in the Iberian Peninsula have con-
tributed decisively to the idea of refugia diversity (Hewitt,665

2000; Weiss and Ferrand, 2007). Overall, the information in-
cluded in the multidimensional climate data allowed us to
define areas characterised by a stable climate evolution dur-
ing the late-Quaternary with smaller amplitudes

::::::::
amplitude

of change (clusters C3 and C4). The cluster C3
:::
This

::::
area670

::::::
largely

::::::::
coincides

::::
with

::::
area

::
of

::::::
higher

:::::::
stability

:::
for

:::::
Tjan

:::
and

::::
Aprc

:::::
(Fig.

:::
6).

::::
The

::::::
cluster

:::
C4

:
coincides at a great extent

with areas that offered more resilience to change between
millenia (Fig.6

::
5). Within these areas, temperature and pre-

cipitations were suitable to support the survival of temper-675

ate trees, likely acting as
:::::
glacial

:
refugia. On the other hand,

the cold areas of the first cluster and the fast changes of
the second cluster

:::
and

::::::
second

::::::
cluster

:::::::::
associated

::::
also

::::
with

::::
faster

:::::::
changes

::::::
cluster

:
likely diminished the suitability for the

long term persistence of species. One might infer that the de-680

fined clusters are associated with potential isolation or dis-
persal events of species throughout the studied time span.
Particularly, the third

:::::
fourth cluster (Fig.4

::
5) includes areas

that have already been described as glacial refugia for sev-
eral animal and plant species (Weiss and Ferrand, 2007, see685

chapter 5 for a review of refugia in Iberian Peninsula). In
the area represented by this cluster, the

:::::::::::
reconstructed

:
min-

imum January temperature evolved with a lower amplitude
( 4ºC) and was less sensitive to extreme fluctuations than
the other clusters, with climate gradually evolving to current690

pattern
::::::
indicate

:
a
:::::
mild

::::::
climate

::::
with

::::::
higher

::::::::::
precipitation

::::
than

:::::::
currently, which is compatible with the persistence of species
in these areas. The southern plateau, mostly comprised in
the second cluster (Fig.4

::
5), recorded also mild condi-

tions which are often associated with southern refugia but695

a rapid feedback to late-Quaternary events
::::
Tjul

:::::::::
oscillations

::::::::
associated

::::
with

::
a
::::
cold

::::
Tjan

::::
and

:::
low

:::::::::::
precipitation

:
may have

prevented persistence or recolonisation processes
::::
long

::::
term

:::::::::
persistence

:::
but

:::
are

::::::
likely

:::::::::
compatible

:::::
with

:
a
::::::::::::

recolonisation

::::::
process.

:
700

:::
The

:::::::
pattern

:::
of

::::::::
stability

:::::::::
indicates

::
a
::::::::

southern
::::::

Iberia

::::
with

::::
less

:::::::
change,

::::::::::
particularly

::::
with

::::::::::::
reconstructed

:::::::
January

::::::::::
temperature

:::
and

::::::
annual

::::::::::::
precipitation.

::::
The

::::::
higher

:::::::
altitudes

::::
offer

::::::
more

:::::::::
resilience

:::
to

::::::::
change,

::::::::::
particularly

:::
to
:::::

July

::::::::::
temperature

:::
and

::::::
lower

:::::
areas

:::::
may

::
be

::::::
swept

:::::::
rapidly

::::
with705

::::::::
occurring

:::::::
changes

::::
(see

:::::::::
Appendix

::::
E).

::::
Our

:::::
data

:::::::
suggests

:::
that

::
at
::::

the
::::::::
regional

:::::
scale

:::
and

:::::
with

:::::::::
extensive

:::::::::
time-series

::::
data,

::::
this

:::::::
relation

::
is
::::::::::

preserved.
::::::
Areas

::
of

::::::
lower

:::::::
velocity

::
of

:::::::
change,

::::::
hence

:::::
more

::::::
stable,

::::
are

:::::::::
associated

:::::
with

::::
high

:::::
levels

::
of

::::::::::
endemicity

::
at

::::::
global

:::::
scales

::::::::::::::::::
(Sandel et al., 2011) ,710

:::
and

:::::
areas

::::
of

::::
high

::::::::
velocity

::::
are

::::::
often

:::::::::
associated

:::::
with

::::::
species

::::::::
extinction

:::::::::::::::::::::::::
(Nogués-Bravo et al., 2010) .

:::
Our

::::::
results

::::::
indicate

:::::::
higher

::::::::
stability

:::
in

::::
the

:::::::::
southern

::::
part

:::
of

::::
the

::::::::
Peninsula

::::::::
similarly

::
to

:::::
other

::::::
studies

::::::
based

:::
on

::::::
cliamte

::::
data

:::::::::::::::::::::
(Ohlemüller et al., 2012) ,

:::
but

:::
our

::::::
studied

::::
time

:::::
frame

::::::
extends715

::
to

::
15

:::
ka,

::::::
which

::::
does

::::
not

:::::
cover

:::
the

::::::
glacial

:::::::::
maximum

::::
(~21

:::
ka).

:::
At

::::
this

:::::::
period,

:::
an

:::::::
higher

::::::
degree

:::
of

::::::::::::
fragmentation

::
of

:::
the

:::::::
stability

:::
is

::::::::
expected

::::
due

::
to

::::
the

::::::
colder

:::::::::
conditions,

:::
and

:::::
areas

::::::::::
compatible

:::::
with

:::::::
refugia

::::::
would

::::
be

::::
also

::::
less

:::::::::
contiguous.

:::::
This

:::::
could

:::::
also

:::
be

::::
seen

:::
as

::
a
::::::::::::

macrorefugia,720

::::::
offering

:::::::::
conditions

:::
for

:::::
large

:::::::::
population

::::::::
effectives

::
at
::::::

glacial

::::::::
conditions

:::::::::::::::::::::
(Mee and Moore, 2014) .

:::::::::::
Microrefugia

::
is
::::::
known

::
to

::::::
occur

:::
at

::::::::
northern

::::::
areas

:::
of

::::
the

:::::::
Iberian

:::::::::
Peninsula

:::::::::::::::::::::::::::::
(e.g. Fuentes-Utrilla et al., 2014) but

::::
the

::::::
spatial

:::::
scale

::::
used

:::
here

:::::
and

:::
the

::::::::
number

:::
of

::::::
pollen

:::::
sites

::::::::
available

:::::::
renders725

::::::::::
microrefugia

:::::::::::
undetectable

::
in

:::
this

:::::
study.

5 Conclusions

The reconstruction of past climates using biological data
is an invaluable resource for the study of the dynamics of
glacial refugial areas. Although there is a limited number of730

available sites and time range coverage, the spatial combina-
tion of fossil pollen data provides a continuous record with
a climate signal that can be translated into spatially explicit
analysis of climate dynamics.

The reconstructed climate variables for the post-glacial pe-735

riod show different patterns of evolution but clearly marked
by the lasting impact of climatic events. The Iberian Penin-
sula had areas that shared similar climate evolution during
the late-Quaternary. Some areas that we have suggested as
potential refugia are consistent with those areas where ge-740

netic diversity was found to be high and which are often con-
sidered as refugial areas for several animal and plant species.

The analysis of these areas and the related climate pro-
vides new insights about the dynamics of refugia through
time and space which helps a better understanding of the evo-745

lution of biodiversity hotspots both at the species and the in-
traspecific levels. Thus, such study

:::::
Liking

::::
past

:::::::
climate

:::
and

:::::::
diversity

:
on the Iberian peninsula has

:::
and

:::
its

:::::::::::
quantification

:::
will

::::
have

:
an increased interest for conservation issues, espe-

cially under the expected future climate change.750

Appendix A:
:::::
Linear

::::::::::
regression

:::
of

::::
the

:::::::::::::
reconstructed

::::::
climate

::::
and

:::::::::
worldclim

:::::
data.

Appendix B:
::::::::::::
Reconstructed

:::::::::
variables

:::
in

::::
the

:::::::
Iberian

::::::::
Peninsula

::::
and

:::
the

::::::::
Balearic

:::::::
Islands.

Appendix C:
:::::::
Climate

:::::::::
anomalies

:::::
maps.755

Appendix D:
::::::
Spatial

::::::::::::
distribution

::::
of

::::
the

:::::::::
variance

:::::::::
associated

::
of

::::
the

::::::::::
Thin-Plate

:::::
spline

::::::::::::
interpolation

:::
of

:::
the

::::::::::::
reconstructed

:::::
data.

Appendix E:
:::::::
Relation

::::::::
between

:::::::
stability

::::
and

:::::::
altitude

:::
for

::::
each

::::::::::::
reconstructed

::::::::
variable.760
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Figure 6. Average differences between millenia for each of the climate variables. Calculation of the differences are computed between a
given age and the previous one. Isolines in each map indicate the average value of change.


