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Comprehending the effects of climate variability and disturbance on forested ecosystems is paramount to
successfully managing forest environments under future climate scenarios (e.g., global warming, aridi-
fication increase). Changes in fossil pollen abundance in sedimentary archives record past vegetation
dynamics at regional scales, mainly related to climate changes and, in the last few millennia, to human
impact. Pollen records can thus provide long databases with information on how the environment
reacted to climate change before the historical record. In this study, we synthesized fossil pollen data
from seven sites from the Sierra Nevada in southern Spain to investigate the response of forests in the
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Ce}éms western Mediterranean area to millennial-scale climate changes and to human impact during the Ho-
Holocene locene. In particular, here we focused on Cedrus pollen abundances, which most-likely originated from
Climate Northern Africa and were carried to Sierra Nevada by wind. Cedrus pollen has received little attention in

the Iberian Peninsula palynological records, for it occurs in low concentrations and has an African source,
and thus this article explores the potential to reconstruct its past history and climate. Although Cedrus
abundances are generally lower than 1% in the studied pollen samples, a comparison with North African
(Moroccan) Cedrus pollen records shows similar trends at long- and short-term time-scales. Therefore,
this record could be used as a proxy for changes in this forest species in North Africa. As observed in the
Sierra Nevada synthetic record, the increasing trend of Cedrus pollen during the Middle and Late Ho-
locene closely correlates with decreasing summer insolation. This would have produced overall cooler
annual temperatures in Northern Africa (Middle Atlas and Rif Mountains) as well as lower summer
evaporation, benefiting the growth of this cool-adapted montane tree species while increasing available
moisture during the summer, which is critical for this water-demanding species. Millennial-scale vari-
ability also characterizes the Sierra Nevada Cedrus synthetic pollen record. Cedrus abundance oscillations
co-vary with well-known millennial-scale climatic variability that controlled cedar abundance and
altitudinal distribution in montane areas of N Africa.

Sierra Nevada
Western mediterranean
Windblown pollen

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Mountain and alpine environments are especially fragile and
sensitive to climate change (Thuiller et al., 2005). The stress of
recent climate warming is causing altitudinal displacements of
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forest species and other organisms towards higher latitudes or
higher elevation cooler and moister areas (Gehrig-Fasel et al., 2008;
Malanson et al., 2019). Previous studies also show that the increase
in drought conditions in the Mediterranean area is inducing tree
mortality of humidity sensitive forest species such as Cedrus
atlantica in the Middle Atlas and Rif mountains of Morocco
(Cheddadi et al., 2009; Linares et al., 2011). The present-day situ-
ation of Cedrus atlantica in those two areas is worrisome as
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indicated by several recent studies (Abel-Schaad et al., 2018; Copes-
Gerbitz et al,, 2019). The loss in mountain biodiversity could be
seriously intensified if drought and forest fires are enhanced in the
Mediterranean area, which is forecasted for the next decades
(Sanchez et al., 2004; IPPC, 2013). Climatic predictions are impor-
tant in efforts to reduce the impact of climate change on vulnerable
protected mountain environments and climatically sensitive spe-
cies. Similarly, the study of past climate changes can be used to
improve our understanding of future climate scenarios by
providing information on how mountain environments reacted to
long-term and millennial-to-centennial variations in climate dur-
ing the Holocene, especially during warmer and drier climate
conditions.

A significant effort has recently been made in this regard in the
western Mediterranean with the palynological study of the Holo-
cene sedimentary records from several alpine and montane wet-
lands in southern Spain (Carrion et al., 2003, 2007; Anderson et al.,
2011; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al.,
2013; Ramos-Roman et al., 2016, 2018a; 2018b; Mesa-Fernandez
et al,, 2018; Camuera et al., 2018, 2019; Manzano et al., 2019),
montane wetland records from northern Morocco (Lamb and van
der Kaars, 1995; Lamb et al., 1999; Cheddadi et al., 2009, 2017;
Nour et Bait et al., 2014; Campbell et al., 2017) and marine records
from the Alboran Sea (Fletcher and Sanchez Goni, 2008;
Combourieu Nebout et al., 2009). Fossil pollen of Cedrus has been
recorded in the above-mentioned studies and many other Holocene
records from Europe (see syntheses in Magri and Parra, 2002;
Magri, 2012; Magri et al., 2017; Alba-Sanchez et al., 2018). However,
the European record of Cedrus has been difficult to interpret mostly
due to its sporadic occurrence, usually lower than 1%, in most
pollen records. This is because Cedrus pollen is characterized by
short distance dispersal and fails to be well distributed in the
environment far from the source trees (e.g., Bell and Fletcher, 2016).
Some authors suggest that Cedrus could have persisted in refuge
areas in S Europe in Holocene times (Gonzalez-Sampériz et al.,
2010; Postigo-Mijarra et al., 2010), while others explain those oc-
currences as due to long-distance transport from N Africa (Magri
and Parra, 2002), claiming for instance, that the Holocene Cedrus
occurrences are connected with increased eolian activity during
dry spells such as the 8.2 and 4.2 ka events. The high number of
pollen records obtained from the Sierra Nevada area (Fig. 1) allows
us, for the first time, to conduct a detailed study and comparison of
Cedrus occurrence at a regional scale, compensating the limitation
of the single site per region approach.

Cedrus is an endemic conifer tree living today at mid elevations
(above ~1500 and up to ~2500 m.a.s.l.) on mountains around the
Mediterranean in northern Africa (Rif and Atlas Mountains) and the
Middle East (Turkey, Syria, Lebanon) (Quézel and Médail, 2003).
This taxon is well adapted for cool to cold climatic conditions and it
is best represented in humid to subhumid climates (Quézel and
Médail, 2003; Cheddadi et al., 2017). Cedrus decreased its distri-
bution and subsequently disappeared from the northern Mediter-
ranean area due to the drying and cooling trend that occurred
globally in the Neogene and Pleistocene (Zachos et al., 2001;
Jiménez-Moreno et al., 2010; Magri, 2012). In the western Medi-
terranean area, its occurrence is at present restricted to mountain
areas of northern Morocco, Algeria and Tunisia. The cedar wood is
much appreciated for its durability and has been an important
timber in the Mediterranean area, probably being exploited in the
last two millennia (Lamb and van der Kaars, 1995). At present,
Cedrus atlantica is considered an endangered species, for its pop-
ulations keep declining due to human activities including pasto-
ralism and wood harvesting, climate change and fires (Quézel and
Médail, 2003; Cheddadi et al., 2017).

Understanding the Holocene pollen record of Cedrus from

Europe in relation to that of N Africa, will help us understand the
Holocene biogeography of the species, as well as any variations in
air masses blowing from Africa (Magri and Parra, 2002). In this
study we synthetized Holocene Cedrus pollen data from seven
alpine and mountain wetland sites from the Sierra Nevada. The
study sites are located within 10 km of each other and are subjected
to a similar geographic-climatic setting (Table 1). These pollen re-
cords of Cedrus show an increasing trend in abundance in the
Middle and Late Holocene, and depict short-term variability at
millennial- and centennial-scales. In order to find shared patterns,
minimize the local differences between the records and the po-
tential error of individual site chronologies we synthetized the
Cedrus pollen data from the Sierra Nevada into a single plot. In
addition, we synthesized Cedrus pollen data from N Africa, the main
source area of the pollen transported to Sierra Nevada, to make a
comparison between records and gain insight about the signifi-
cance of Cedrus in European pollen records.

1.1. Geographic setting

Sierra Nevada is a west-east mountain range located in south-
eastern Spain featuring the tallest peaks in the Iberian Peninsula
(23 peaks above 3000 m asl, including Mulhacén: 3479 m asl;
Fig. 1A). Climate in the Sierra Nevada area is Mediterranean, with
mild winters and hot and dry summers, and is characterized by
mean annual temperatures ranging between ~15.5 and 2.5 °C be-
tween 725 and 3097 m asl, and annual precipitation between ~418
and ~750 mm between 725 and 2500 m asl (Pérez-Luque et al.,
2012; Garcia-Alix et al.,, 2018; Agencia Estatal de Meteorologia
AEMET, 2020).

The Rif and Atlas Mountains are the main and highest mountain
ranges in northern Morocco and northern Africa, with highest
peaks of 2456 and 4167 m, respectively. The Rif Mountains are
characterized by receiving the highest precipitation than any other
area in Morocco, generally between ~500 and 900 mm with certain
areas above 2000 mm/year (Cheddadi et al., 2017). Cedrus atlantica
and other conifers occur forming forests in those high-elevation
humid areas (Cheddadi et al., 2017). Climate in northern Morocco
is also Mediterranean, with warm and dry summers and mild and
humid fall and winter (Trigo et al., 2002).

The western Mediterranean area is also influenced by the North
Atlantic Oscillation (NAO), an atmospheric phenomenon control-
ling winter climate variability in the North Atlantic and neigh-
boring areas. The NAO controls the intensity and location of the
westerlies and therefore winter precipitation in the study area
(Trigo et al., 2004). In summertime, the western Mediterranean is
subjected to the expansion of the Azores High towards a north-
easterly position producing warm-dry summers (Trigo et al., 2004;
Lionello et al., 2006). The main wind directions in Sierra Nevada are
westerly during winter, with southerly and southwesterly winds
happening during spring, summer and fall associated with the
weakening of the westerlies (see wind direction for the Granada
area in Fig. 1B; https://www.woeurope.eu; Fig. 2).

2. Material and methods

In this study we used Cedrus data from seven well-dated Holo-
cene pollen records from wetland sites located at different eleva-
tion and orientations in the Sierra Nevada area (Fig. 1D; Table 1).
These sedimentary lake and bog archives were recovered by many
of the authors between 2006 and 2015 (Table 1). Six of the studied
sites are situated above treeline in the cryoromediterranean vege-
tation belt where typical vegetation is alpine tundra, while one site
occurs in the mesomediterranean vegetation belt, where natural
vegetation is mostly characterized by evergreen sclerophyllous oak
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Fig. 1. Location of western Mediterranean Holocene Cedrus sites used in this analysis. (A) Map of NW Africa and S Iberia showing the location of sites in the Middle Atlas, Rif, Sierra
Nevada mountain and Alboran Sea areas. See text for explanation. (A) schematic natural distribution of Cedrus atlantica at present is represented in green shading (from Quézel and
Meédail, 2003). Note that 80% of Cedrus in Morocco is distributed in the Atlas region at present (Linares et al., 2011; Cheddadi et al., 2017). The remaining 20% occurs in the Rif
Mountains. Yellow and blue arrows represent main SW and W winds affecting the study area. Black arrows trace the general marine surface circulation (Ausin et al., 2015). WAG:
Western Anticyclonic Gyre. EAG: Eastern Anticyclonic Gyre. (B) Wind direction in percentage from January 2000 to December 2019 for Granada, Spain (data obtained from https://
www.woeurope.eu); (C) Magnification of Sierra Nevada geographic area; (D) Location of Sierra Nevada Cedrus pollen records used in this study: Laguna de Rio Seco (LdRS; Anderson
et al., 2011), Borreguil de la Caldera (BdIC; Ramos-Roman et al., 2016), Borreguil de la Virgen (BdlV; Jiménez-Moreno and Anderson, 2012); Laguna de la Mosca (LdIMo; Manzano
etal,, 2019), Laguna Hondera (LH; Mesa-Fernandez et al., 2018), Laguna de la Mula (LdIM; Jiménez-Moreno et al., 2013), and Padul-15-05 (Padul; Ramos-Roman et al., 2018a,b). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

forests. Three sites — Laguna de la Mula (LdIM) (Jiménez-Moreno
et al., 2013), Laguna de la Mosca (LdIMo) (Manzano et al., 2019)
and Borreguil de la Virgen (BdlV) (Jiménez-Moreno and Anderson,
2012) — are situated at the north-facing side of the Sierra Nevada,
while three others — Laguna de Rio Seco (LdRS) (Anderson et al.,
2011), Borreguil de la Caldera (BdIC) (Ramos-Roman et al., 2016)
and Laguna Hondera (LH) (Mesa-Fernandez et al., 2018) — are
located in the south face. The Padul wetland site is located at the
southwest foothills of the Sierra Nevada (Ramos-Romadn et al,
2018a, 2018b). These sites are thus situated between ~725 m asl
in the mesomediterranean to ~3020 m asl in the

cryoromediterranean vegetation belt (Table 1).

We also used Holocene Cedrus pollen data from wetland sites
from N Morocco from the Middle Atlas: Sidi Ali (Lamb et al., 1995;
Campbell et al., 2017), Tigalmamine (Lamb and van der Kaars,
1995), Ras El Ma (Nour el Bait et al., 2014), Rif Mountains: Bab EIl
Karn (Cheddadi et al, 2016, 2017); and the Mediterranean
(Alboran) Sea: ODP site 976 (Combourieu Nebout et al., 2009) and
MD 95-2043 (Fletcher and Sanchez Goni, 2008) for comparison
with the synthetic pollen record from Sierra Nevada (Table 1).

Sierra Nevada Cedrus stack for the last 11,000 cal yr BP was
obtained using seven detailed (resolution between 57 and 232-yrs)
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Table 1

Site description of the Sierra Nevada, Morocco and Alboran Sea Cedrus records used in this study. Sites from the Sierra Nevada are: BdIV = Borreguil de la Virgen;
LdIMo = Laguna de la Mosca; LdIM = Laguna de la Mula; LdRS = Laguna de Rio Seco; BdIC = Borreguil de la Caldera; LH = Laguna Hondera; Padul = Padul peat bog. Asterisks (*)

indicate information for the Holocene part of those sedimentary records.

Coordinates and altitude Vegetation belt Site Core length Period covered Dating method Reference
(m asl) environment (cm) (cal yr BP)

BdIV 37°03'15”N, Cryoromediterranean Wetland/ 169 0-8200 9 'C dates Jiménez-Moreno and
3° 22'40" W; 2945 m peatland Anderson, (2012)

LdIMo 37°03'34.88"N, 3°18'52.98"W; Cryoromediterranean Lake 190 0—-8300 10 '%C dates Manzano et al. (2019)
2889 m

LdIM 37°3.583'N, 3°25.017"W; 2497 m Cryoromediterranean Lake 325 0—4000 6 'C dates Jiménez-Moreno et al.

(2013)

LdRS 37°02.43"N, 3°20.57'W; Cryoromediterranean Lake 150 0—11000 9 14C dates, Anderson et al. (2011)
3020 m 1 137¢s, 1 21%Pb

BdIC 37°03'02" N, 3°19'24” W; 2992 m Cryoromediterranean Wetland/ 56 0—4400 5 14C dates Ramos-Roman et al. (2016)

peatland

LH 37°02.88'N, 3°17.66'W; Cryoromediterranean Lake 83 0-9500 7 14C dates Mesa-Fernandez et al.
2899 m (2018)

Padul 37°00'39.77"N, 3°36'14.06"W; Mesomediterranean Wetland/ 327* 0—-11000 14 '%C dates* (Ramos-Roman et al., 2018;
725 m peatland Ramos-Roman et al., 2018b)

Sidi Ali 33° 03'N, 05° 00’ W; Oromediterranean Lake 1956 0—-11000 26 'C dates, 1, Campbell et al. (2017)
2080 m 210pp/137Cs

Tigalmamine 32°54’' N 05°21’ W; 1626 m Supramediterranean Lake 1600 0—-11000 11 '%C dates Lamb and van der Kaars,

(1995)

Ras El Ma 35.022524N, 5.206978W; Supramediterranean Wetland/ 300 0—11000 12 '4C dates Nour el Bait et al. (2014)
1633 m peatland

Bab El Karn 37°00'39.77"N, 3°36'14.06"W; Mesomediterranean Wetland/ 850 0—-9000 10 'C dates (Cheddadi et al., 2016,
1178 m peatland 2017)

ODP site 976 36°12'N, 4°18'W; marine 425%* 0—-11000 5 14C dates* Combourieu Nebout et al.
1108 m below sea level (2009)

MD 95-2043 36°8.6'N, 2°37.3'W; 1841 m below marine 425%* 1200—-11000 9 '4C dates* Fletcher and Sanchez Goni,
sea level (2008)

records from the Sierra Nevada in southern Spain (Table 1). Cedrus
stack for the last 11,000 cal yr BP for Morocco was built using four
Holocene records from the Middle Atlas and Rif mountains (Sidi Ali,
Tigalmamine, Ras El Ma and Bab El Karn, see details above). Ab-
solute chronologies of the individual sites are shown in the original
publications. Cedrus abundance data were resampled (linear
interpolation) at 100-yr windows using Analyseries (Paillard et al.,
1996) and normalized to z-scores, measuring deviations from the
Holocene mean of the utilized record with regard to standard de-
viations, to stabilize the variance, facilitate their comparison and
minimize the local differences within sites. We used the method
applied by Power et al. (2008). The z-score of synthetic Cedrus
abundance from the Sierra Nevada and Morocco for the last
~11,000 cal yr BP were generated averaging the individual Cedrus
series z-scores used in each region. Maximum and minimum con-
fidence limits for the estimated average values were calculated
with the standard deviation for the Sierra Nevada and Morocco
Cedrus stacks. Standard errors were also calculated (Figs. 3 and 4).
Cedrus data from the two records from the Alboran Sea were
also normalized and transformed to z-scores, as well as Holocene
paleoclimatic data from NW Africa (terrigenous dust record off NW
Africa: de Menocal et al., 2000; dDyax-inferred precipitation NW
Africa: Tierney et al,, 2017) and an eolian proxy record from the
Sierra Nevada (Zr/Th geochemistry data; Jiménez-Espejo et al.,
2014). Pearson correlations were made between the different
Cedrus z-score stacks and to other paleoclimatic records resampled
at 100-yr windows to measure their similarities and to evaluate a
possible common environmental response to climatic triggers.
Cyclostratigraphic analyses were performed on the Sierra
Nevada and Morocco z-score synthetic Cedrus stacks. Spectral and
wavelet analyses were run on the data using the software PAST
(Hammer et al., 2001) with the goal of characterizing the different
cyclical periodicities present in the Cedrus time series and
analyzing their evolution through time. The spectral analyses were
done using the REDFIT procedure of Schulz and Mudelsee (2002)

under the rectangular window function, a standard value of 2 for
the segment parameter and value of 3 for the oversample param-
eter. Confidence levels at 80% and 90% were also calculated. In the
wavelet analyses the basin function of Morlet with a sample in-
terval of 1 was used and the cone of influence and p = 0.05 sig-
nificance level were added.

Cluster-mean backward wind trajectories covering the last 50
years (1970—2019) for the Sierra Nevada area (Padul wetland at 730
masl and the highest Sierra Nevada study site LdRS at 3020 masl)
were obtained (Fig. 2). The daily 72-h backward trajectories
throughout these 50 years have been calculated by means of the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Hysplit 4.2 version) and the reanalysed meteorological data
CDC1  (https://www.ready.noaa.gov/HYSPLIT.php). Since this
approach produced a huge amount of data, models including 12-h
endpoints and every other backward trajectory endpoint have been
used to calculate the clusters and save computational time. The
obtained clusters objectively represent different subsets of back-
ward trajectories. The maximum number of these different subsets
was established considering the sum of all the cluster spatial var-
iances (total spatial variance, TSV) in each case.

3. Results

The Holocene Cedrus record from the Sierra Nevada shows very
low abundances in all the study sites, rarely being higher than 1%
(Fig. 3A and B). However, the various records show long- and short-
term common patterns, which are summarized in the z-scores
Cedrus stack (Fig. 3). The Sierra Nevada Cedrus stack fluctuates
between —0.63 and 0.84 values, reached at 7600 and 3600 cal yr BP,
respectively. This reconstruction shows long-term changes that
could be summarized as an (1) Early- and early-Middle Holocene
(11,000—6000 cal yr BP) with significant variability but overall
values below zero, (2) a late-Middle and early-Late Holocene
(6000—2000 cal yr BP) characterized by an increase first and
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Fig. 2. Cluster-mean backward wind trajectories covering the last 50 years (1970—2019) for the Sierra Nevada area. (A) and (B) are wind trajectories for the Padul wetland (730
masl) and (C) and (D) for the highest Sierra Nevada study site (LdRS, 3020 masl). (A) and (C) represent the cluster-mean backward wind trajectories of September and October, the
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brackets (%). Images below the maps represent the elevation above ground level (AGL) of the Cluster-mean backward wind trajectories for the previous 72 h. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

maximum values of Cedrus between 4200—2300 cal yr BP and (3) a
latest Holocene (2000 cal yr BP-present) depicted by a significant
decrease in Cedrus values (below zero) and an increase at the end of
the record with a positive peak between 500 and 300 cal yr BP
(Fig. 3).

The synthetic Sierra Nevada Cedrus stack also shows short-term
millennial- and centennial-scale variability superimposed on the
above-mentioned trends. Maximum abundances in Cedrus above
zero occurred at around 10,200, 9,000, 7,800, 6,800, 5,800,

4200—-3,600, 2800—2300 and 500-300 cal yr BP. A strong decrease
in Cedrus occurred at around 1400—1300 cal yr BP (Fig. 3).

The Holocene Cedrus synthetic record from Morocco also shows
long- and short-term patterns (Fig. 4). The Early and early-Middle
Holocene (11,000—6600 cal yr BP) is characterized by low but
increasing z-score values generally below zero. The late-Middle and
most of the Late Holocene (6600—1300 cal yr BP) is depicted by
overall high values above zero and maxima at 6200 and 3100 cal yr
BP. The latest Holocene (1300 cal yr BP — present) is depicted by



6 G. Jiménez-Moreno et al. / Quaternary Science Reviews 242 (2020) 106468

Age (cal ka BP)
4 5 6

0 1 2 8 9 10 11
L L 1 I H 1 1 L ! H L )
\ i " N
, N A — - = - cl. max. and min. (100-yr window) ~ [2-5
| [N h —— standard error
4 N 4
HOE v A .
"y IR RETRN 0
Y ' Y Dot b " (5]
n [ T i 8
o U § i 2
i i i Lyl y ! N i 15 o,
[ ! R i R I 1 2
1 ' [FRRSEY | I SR iy | [ £
[ | I | E 1 AT i | |y S
il ! IR 1T | R (PR i | i S
iy ! ] ' IR0 | 0 AR \ b [
iyl H A LT o K " | [ ©
k| o LN BV 1 0 | U A i h [ k]
i I | I !
R A v il 11].3] [ [ o g
! ) N ”u 1 | i I b ilIN [ ’A \ 0.5 &
\ ' h { o1 | Y | | AN T\ z
o ) . I A16 1] i AN o
1A k] B - i kTR 86k - BRer Bh SRR LS
-1} B / (7]
U Y
A B | | | 8
A ' v ol 1157 055
) \ IR | VAN Iy EYULALL -4 - ]
\ i i [T WA \ 1Sl WJIRNE \ 8
AL SNn \ ~ d o N ’
KT A R A ! \ LAl J N
~r h . L
vl VO ) [ BaY 1.0
! i i LR Ny v
Vv E Y v u
Lis

W a
o o

Mw
5 8
w)

BdICal

o 4 -~ N
o @w o

o @

. Z-scores Cedrus S Sierra Nevada sites
S
b

o

2

4.0
"
2
s Padul
g LdIMo
Q
P4
g BdIV
2
2]
z
1%]
5
Jo 3
o
pt
g N
3
B 2.0
N L
L
L1552
5
©
k]
o
3
B BdiCal z
1.0 £
LdRS %
2]
.z
I
L S
Los 3
X
” A [\ !
Lo
"
8 15
%
S
] A
Q
z
£ 10 Padul
o
g LdIMo
z
§ BdIV
§ o5
X
0
r T T T T T T T T 1
0 1 2 3 4

5 6 7 8 9 10 1

Age (cal ka BP)

Fig. 3. Reconstruction of Cedrus abundance stack for the Sierra Nevada during the last
~11,000 cal yr BP, from seven sites shown in Fig. 1A. (A) Cedrus abundances in per-
centage in the studied records from the north face of the Sierra Nevada plus Padul (see
Fig. 1 caption for explanation of the acronyms). (B) Cedrus abundances in percentage in
the studied records from the south face of the Sierra Nevada (see Fig. 1 caption for
explanation of the acronyms). (C) Z-scores of the north face Sierra Nevada Cedrus re-
cords and Padul. (D) Z-scores of the south face Sierra Nevada Cedrus records. (E) The
number of sites (grey line) contributing to the Cedrus regional summary. (F) Z-score
synthetic Cedrus stack from Sierra Nevada, S Spain (100-yr window). Maximum and
minimum confidence limits (c.l.) were calculated with the standard deviation. Stan-
dard errors are also shown.

decreasing values below zero and a slight increase to positive
values between 500 and 100 cal yr BP. Millennial- and centennial-
scale variability is also appreciated in the Morocco Cedrus stack.
Cedrus peaks (and subtle peaks, between parentheses) are recorded
at ~10,100, (9000), 8,200, (6900), 6,200, (4400), 3500—3,100, 2,300,
(1900) and 200-100 cal yr BP (Fig. 4).

Comparison and Pearson correlations were performed between
the Sierra Nevada Cedrus stack and individual Cedrus records from
N Morocco, Morocco Holocene Cedrus stack and Cedrus records
from the Alboran Sea at 100-yr windows (Table 2; Fig. 5). Positive
correlations were obtained between the Sierra Nevada and
Moroccan records, some of them being significant (r > 0.32;
p < 0.01) such as between Sierra Nevada and Morocco stack (r > 0.4;
p < 0.01). Little positive correlation (r = 0.19; p = 0.04) or no cor-
relation (r = —0.05; p = 0.59) were obtained between the Sierra
Nevada Cedrus stack and ODP site 976 and Bab El Karn records,
respectively. The Bab El Karn record shows negative correlations to
most of the sites, especially with the Tigalmamine (r = —0.72;
p <0.01) and Ras El Ma (r = —0.35; p < 0.01). The Moroccan sites all
correlate positively between each other except with Bab El Karn.
With respect to the marine records, MD95-2043 correlates posi-
tively with all the records, particularly with the Tigalmamine
(r = 0.58; p < 0.01) and Morocco (r = 0.5; p < 0.01) and Sierra
Nevada (r = 0.39; p < 0.01) stacks, and ODP site 976 shows little
correlations with any of the sites except for the positive correlation
(r = 0.45; p < 0.01) with the data from Bab El Karn.

Our Pearson correlation analysis also compares the Sierra
Nevada Cedrus stack and climate and aridity-related dust from W
Africa (terrigenous dust record off NW Africa: de Menocal et al.,
2000; ODwax-inferred precipitation NW Africa: Tierney et al,,
2017), and eolian proxy data from the Sierra Nevada (Zr/Th record
from the Laguna de Rio Seco; Jiménez-Espejo et al., 2014) (Table 3;
Fig. 6). This analysis shows negative correlations (r = —0.38;
p < 0.01) for precipitation reconstructions, and positive (r > 0.35;
p < 0.01) correlations with climate related eolian dust in both NW
Africa and Sierra Nevada records. Strong correlations are obtained
between climate in NW Africa (i.e., precipitation) and dust flux in
Africa (r = —0.7; p < 0.01) and Sierra Nevada (r = —0.72; p < 0.01)
and between the dust records from the two studied regions
(r=0.96; p <0.01).

Spectral analysis on the Sierra Nevada z-scores Cedrus pollen
stack shows statistically significant (above the 80 and 90% confi-
dence level) spectral peaks at periodicities between ~520 and 550,
1050 and 1600 years (Fig. 7). Spectral analysis on the Morocco z-
scores Cedrus pollen stack depicts statistically significant spectral
peaks with periodicities of ~550—650, 900-1000, 1500 and 2100
years. The wavelet analysis of the Sierra Nevada data time-series
displays a change in the cyclical periodicities from an Early and
early-Middle Holocene dominated by a ~1000-yr cycle to a late-
Middle Holocene and Late Holocene dominated by ~1600-2000-
yr cyclicity. Wavelet analysis of the Morocco Cedrus data time-
series also shows a change in periodicities at around 6000 cal yr
BP, with the muting of the ~1000-yr cyclicity in the late-Middle
Holocene and Late Holocene.

Two main groups of backward wind trajectories were obtained
using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT): 1) September and October (SO; Fig. 2A and C), since
Cedrus atlantica releases pollen during those two months, and 2)
annual periods (Fig. 2B and D), to assess the wind pattern all year
round. A SSW wind component during September and October is
relatively important (>10%) at the study sites. This contribution
changes with the elevation when annual periods are considered,
ranging from 24% at 3020 masl to 3% at 730 masl. Lower elevations
(Padul wetland) will also register the accumulated effect of the
catchment basin that extends to higher Sierra Nevada areas.
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Fig. 4. Reconstruction of Cedrus abundance stack for Morocco during the last ~11,000 cal yr BP, from four sites shown in Fig. 1A. (A) Percentages and z-scores of Cedrus record from
Bab El Karn (Rif Mountains, Morocco; Cheddadi et al., 2017). (B) Percentages and z-scores of Cedrus record from Tigalmamine (Middle Atlas, Morocco; Lamb and van der Kaars,
1995). (C) Percentages and z-scores of Cedrus record from Ras El Ma (Middle Atlas, Morocco; Nour el Bait et al., 2014). (D) Concentration and z-scores of Cedrus record from
Sidi Ali (Middle Atlas, Morocco; Campbell et al., 2017). (E) Z-score synthetic Cedrus stack from Morocco (100-yr window). Maximum and minimum confidence limits (c.l.) were
calculated with the standard deviation. Standard errors are also shown.

Table 2

Pearson correlations between the normalized z-scores of Holocene (11,000-0 cal yr BP) Cedrus records from northern Morocco (Sidi Ali: Lamb et al., 1995; Campbell et al., 2017;
Tigalmamine: Lamb and van der Kaars, 1995; Ras El Ma: Nour el Bait et al., 2014 and Bab El Karn: Cheddadi et al., 2017), the synthetic z-score stacks from Morocco and Sierra
Nevada and the marine core records from the Alboran Sea MD95-2043 (Fletcher and Sanchez Goni, 2008) and ODP 976 (Combourieu-Nebout et al., 2009). All records were
previously resampled by linear interpolation at 100-yr window (see methods for further explanation). In orange and red color are positive correlations between r = 0.25—-0.50
and higher than 0.50, respectively. In light and dark blue are negative correlations between r = —0.25 - -0.50 and higher than —0.50, respectively.

Sidi Ali Tigalmamine Ras El Ma Bab El Karn Morocco Sierra Nevada MD95-2043 ODP 976
Sidi Ali 0.00090 5.51E-05 0.77 1.24E-21 0.00014 0.0016 0.12
Tigalmamine 0.31 4.24E-24 4.32E-16 2.94E-15 5.95E-04 1.93E-10 0.073
Ras El Ma 0.37 0.78 0.00054 2.29E-29 6.17E-04 1.55E-06 0.42
Bab El Karn 0.03 -0.72 -0.35 0.99 0.59086 8.65E-02 7.08E-06
Morocco 0.75 0.66 0.82 0.0004 8.85E-06 1.29E-07 0.11
Sierra Nevada 0.35 032 0.32 —0.05 0.40 4.98E-05 0.042
MD95-2043 0.31 0.58 0.46 -0.19 0.50 0.39 0.094

ODP 976 0.15 -0.17 0.07 0.45 0.15 0.19 0.17
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Fig. 5. Comparison of Cedrus records from the western Mediterranean area. (A) Sierra Nevada z-scores Holocene Cedrus stack. C1-C8 correspond to peaks in Cedrus. (B) Z-scores of
Cedrus record from Alboran Sea ODP 976 site (Combourieu-Nebout et al., 2009). (C) Z-scores of Cedrus record from Alboran Sea MD95-2043 site (Fletcher and Sanchez Goni, 2008).
(D) Morocco z-scores Holocene Cedrus stack. C1-C8 correspond to peaks in Cedrus that could correspond to the ones detected in Sierra Nevada. Green and yellow shadings highlight
high and low abundances of Cedrus, respectively, in Sierra Nevada and the western Mediterranean. IRHP, DA, MCA and LIA are abbreviations for Iberian-Roman Humid Period, Dark
Ages, Medieval Climate Anomaly and Little Ice Age, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

4. Discussion dynamics (positive correlation of r = 0.4; p < 0.01; Table 2), mostly
related to climate change at long- and short-timescales during the

4.1. Long-term climate control of the Holocene Cedrus pollen record Holocene (Fig. 6). This indicates that the composite windblown
in the western Mediterranean Cedrus record from the S Europe sites could be used as a proxy for
environmental and climate change in northern Africa, if analyzed

This synthetic study using pollen records from Morocco and carefully. Below we discuss the main changes observed in the

Sierra Nevada in the western Mediterranean shows similar Cedrus Cedrus abundance in the western Mediterranean area.
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Table 3

Pearson correlations between the normalized z-scores of Holocene (11,000-0 cal yr BP) Cedrus records from Sierra Nevada and Morocco, climate and dust records from
northern Africa and Sierra Nevada. 3Dy ax-inferred precipitation NW Africa (Tierney et al., 2017). Terrigenous dust record off NW Africa (de Menocal et al., 2000) and eolian
proxy record from the Sierra Nevada (Zr/Th geochemistry data; Jiménez-Espejo et al., 2014). In orange and red color are positive correlations between r = 0.25—0.50 and higher
than 0.50, respectively. In light and dark blue are negative correlations between r = —0.25 - -0.50 and higher than —0.50, respectively.

Precip. Africa Dust Africa Cedrus Morocco Cedrus SN Dust Sierra Nevada
Precip. Africa 1.10E-16 1.50E-06 6.07E-05 3.38E-18
Dust Africa -0.70 1.91E-18 5.13E-05 3.48E-62
Cedrus Morocco —0.45 0.73 8.37E-06 8.46E-20
Cedrus Sierra Nevada —0.38 0.38 0.42 0.0002
Dust Sierra Nevada -0.72 0.96 0.74 0.35

Cedrus abundance was generally low in the western Mediter-
ranean area during the Early- and early-Middle Holocene
~11,000—6000 cal yr BP, as indicated by Cedrus records from
Morocco, the Sierra Nevada and the Alboran Sea, which show
overall low values below zero (Figs. 5 and 6). Cedrus is restricted to
cool-cold and humid-subhumid climates and is very sensitive to
drought conditions (Cheddadi et al., 2009; Linares et al., 2011).
Perhaps its distribution was reduced to high elevations during the
Early and early-Middle Holocene due to very warm summers with
high evapo-transpiration rates during maxima in summer insola-
tion (Cheddadi et al., 2016; Laskar et al., 2004). Previous studies
have shown that temperature maxima (Samartin et al., 2017; Catala
et al., 2019) and highest elevation of treeline in the western Med-
iterranean area occurred between ~10,500 and 7000—6000 cal yr
BP (Cheddadi et al., 1998; Anderson et al., 2011; Jiménez-Moreno
and Anderson, 2012; Campbell et al., 2017; Ramos-Roman et al.,
2018a,b). This is indicated in the pollen records by the abundance
of temperate tree species, such as deciduous Quercus and the
highest tree (e.g., Pinus) abundance in high elevation alpine records
(Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Mesa-
Fernandez et al., 2018). However, different authors have interpreted
the vegetation sequence in terms of both precipitation maxima
(Fletcher and Sanchez Goni, 2008; Jalut et al., 2009; Dormoy et al.,
2009; Combourieu Nebout et al.,, 2009; Anderson et al., 2011;
Jiménez-Moreno and Anderson, 2012; Cheddadi et al., 2016;
Ramos-Romdn et al., 2018a,b) and minima (Cheddadi et al., 1998;
Nour el Bait et al., 2014) for the Early and early-Middle Holocene.
Cedrus, with its cold-humid preference (Cheddadi et al., 1998) is
most abundant during the Middle Holocene in Morocco in the Rif
Mountains (see the Bab El Karn record; Cheddadi et al., 2016, 2017,
Fig. 4) and during the late-Middle and Late Holocene in the Middle
Atlas Mountains (Lamb and van der Kaars, 1995; Lamb et al., 1999;
Nour et Bait et al., 2014; Campbell et al., 2017; see negative corre-
lations in Table 2; Fig. 4). These differences could be explained by
different site vegetation sensitivity to precipitation and/or humid-
ity depending on many factors such as elevation or orientation
(Anderson et al., 2011; Ramos-Roman et al., 2018a). For example,
soil humidity and plant evapotranspiration can be quite different
under the same climatic regime depending on elevation; if the site
is located at low elevation, subjected to higher evaporation, or at
higher elevation, subjected to higher precipitation and lower
evaporation. In any case, most of the synchronous paleoclimatic
records from the Mediterranean area show enhanced fall/winter
precipitation related to maximum summer insolation that could
have boosted land/sea temperature contrast triggering higher fall/
winter rainfall (Meijer and Tuenter, 2007). However, high summer
temperatures and evaporation rates probably limited the abun-
dance and distribution of Cedrus to high-elevations in Morocco.

Cedrus pollen increased in the western Mediterranean area
during the late-Middle and early-Late Holocene
(~6000—2000 cal yr BP), reaching maximum occurrences between
4200—-2300 cal yr BP (Fig. 5). Cedrus probably expanded during a

period favored by diminishing summer insolation, leading to a
decrease in summer water evaporation and plant evapotranspira-
tion (Tzedakis, 2007). Thus, Cedrus most likely thrived as climate
cooled, especially during the summer, when humidity persisted
and evaporation was lower. This follows other observations on the
effect of changing insolation dynamics on increases in mid- and
high-altitude conifers such as Cedrus or Abies during the late phase
of interglacials (van der Hammen et al., 1971; Combourieu Nebout,
1993; Tzedakis, 2007; Jiménez-Moreno et al., 2013). This evolving
vegetation pattern is most clear in the Holocene Tigalmamine
pollen record, where a pre-temperate, warm-dry phase of open
woodland characterized by evergreen Quercus was replaced by a
temperate, warm-humid phase with deciduous Quercus and later
with a cool-humid montane and coniferous forest including Cedrus
after 5000 cal yr BP (Lamb and van der Kaars, 1995; Cheddadi et al.,
1998). Another factor that could have accounted for the increase in
Cedrus abundance was probably its displacement towards lower
elevations due to climate cooling, occupying wider distribution
areas at the bottom of the mountain ranges (Cheddadi et al., 2016).
The only record from our study that shows a different pattern of
Cedrus is the Bab El Karn record, which documents a decline at that
time (Cheddadi et al., 2017) and no correlation or negative corre-
lation to the other Moroccan and Cedrus stack records (Table 2;
Fig. 4), probably due to local site particularities (see explanation
above and in sections 4.4 and 4.5 below).

Our study of Cedrus is consistent with previous research doc-
umenting a transition towards a climate cooling, a change in at-
mospheric configuration and more regional aridity since the
Middle Holocene ~6000 cal yr BP in the western Mediterranean,
which was intensified in the Late Holocene most likely related to
decreasing summer insolation (de Menocal et al., 2000; Dormoy
et al, 2009; Jalut et al., 2009; Fletcher et al., 2013; Jiménez-
Espejo et al., 2014; Ramos-Romadn et al., 2018a, 2018b; Bell et al.,
2019). Cedrus abundances also parallels an expansion of Ericaceae
heathlands since the Middle Holocene (~6000 cal yr BP) in the
Iberian Peninsula (Fletcher and Sanchez Goni, 2008; Combourieu-
Nebout et al., 2009; Carrién et al., 2010; Morales-Molino et al.,
2013; Oliveira et al., 2016; Ramos-Roman et al., 2018a; Gomes
et al,, 2020). Heathlands grow well under high atmospheric hu-
midity and climates characterized by little seasonal precipitation
contrast (Ojeda et al., 1998). Thus, heathland expansion also sup-
ports our hypothesis of reduced seasonality and more continuous
soil humidity (particularly during summer) since the Middle Ho-
locene in the western Mediterranean.

This trend is reversed between ~2000 and 600 cal yr BP with
declining Cedrus in the Sierra Nevada z-scores stack (Fig. 3). Ab-
solute minima occurred between 1400—1300 cal yr BP, coinciding
with the Dark Ages (DA) and Medieval Climate Anomaly (MCA)
(1550-650 cal yr BP; Moreno et al., 2012). A similar declining trend
and minimum at ~1200 cal yr BP occurred in all the Cedrus pollen
records from Morocco and thus the z-scores stack, as well as pollen
records from the Alboran Sea (Fig. 5). We interpret this decline in
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Fig. 6. Cedrus records and climate for the last 11,000 cal yr BP in the western Mediterranean area. (A) Sierra Nevada z-scores Holocene Cedrus stack. C1-C8 correspond to peaks in
debris (IRD) from the North Atlantic (Bond et al., 2001). Numbers 0-7 indicate cold climate events. (D) Z-scores of dDwax reconstructed mean annual precipitation from marine core
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Fig. 7. Wavelet and spectral cyclostratigraphy analysis of the Sierra Nevada Cedrus stack. (A) Sierra Nevada Cedrus stack indicating periods with characteristic cyclical variability. (B)
Wavelet analysis of the Sierra Nevada Cedrus stack. (C) Spectral analysis of Sierra Nevada Cedrus stack. Confidence levels at 80% (orange line) and 90% (grey line) and the statistically
significant periodicities above the 80% are shown. (D) Morocco Cedrus stack indicating periods with characteristic cyclical variability. (E) Wavelet analysis of the Morocco Cedrus
stack. (F) Spectral analysis of Morocco Cedrus stack. Statistical analyses were done using Past software 3.20 (Hammer et al., 2001). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Cedrus in the western Mediterranean area as a result of enhanced
and persistent aridity or droughty conditions at that time, which
probably generated forest decline or dieback. However, human
influence on the environments in the study area enhanced in the
last two millennia (Nour el Bait et al., 2014; Cheddadi et al., 2014;
Campbell et al., 2017; Ramos-Roman et al., 2018b) and the signifi-
cant decrease in Cedrus observed at that time could be due to the
combination of extreme drought and to the intensification of hu-
man activity (Campbell et al., 2017). Support for enhanced aridity at
that time includes decreases in Quercus forest species in the Sierra
Nevada around 1800—700 cal yr BP (Laguna de la Mula; Jiménez-
Moreno et al., 2013; Borreguil de la Caldera: Ramos-Roman et al.,
2016), being especially arid at ~1300 cal yr BP (Padul-15-05;

Ramos-Romadn et al., 2018b) and degradation and opening of forest
cover in Morocco between 1300 and 580 cal yr BP (Sidi Ali;
Campbell et al., 2017). Previous studies based on lake levels and
organic and inorganic elemental geochemical analyses also inter-
preted dry climate conditions during the DA and MCA in the
western Mediterranean area (Magny et al., 2004; Moreno et al.,
2012; Garcia-Alix et al., 2020), supporting our interpretations.
Persistent positive NAO phases are blamed for the overall reduction
in precipitation and increased aridity at this time in the region
(Trouet et al., 2009; Moreno et al., 2012; Ramos-Roman et al., 2016).
However, higher temperatures are also interpreted for the study
area during the DA and MCA periods (Nieto-Moreno et al., 2013;
Garcia-Alix et al., 2020), which would also have increased

site GC-27 (NW Africa) (Tierney et al., 2017). (E) Summer (August) insolation values at 37°N (Laskar et al., 2004). (F) Blue shaded areas show the S1 sapropel boundaries in the
Adriatic Sea by Filippidi and De Lange (2019). Note the transition at the end of the Sapropel deposition between 6000—6600 cal yr BP coinciding with the Cedrus record. (G) Sea
Surface Temperature (SST) reconstructed from G. bulloides Mg/Ca ratios from marine core ALB-2 (Alboran Sea; Catala et al., 2019). (H) SST (°C) reconstructed from alkenones from
marine sediment core MD95-2043 (Cacho et al., 1999). (I) SST (°C) reconstructed from alkenones from marine sediment core 434G (Rodrigo-Gamiz et al., 2014a,b). C1-C8 could
correspond to peaks in Cedrus detected in Sierra Nevada. (J) Z-scores of terrigenous (%) dust input in marine core 658C from NW Africa (deMenocal et al., 2000). (K) Z-scores of Zr/Th
dust proxy record from Sierra Nevada (Jiménez-Espejo et al., 2014). (L) Winter (January) insolation at 37°N (Laskar et al., 2004). Green-blue and yellow shadings highlight high and
low abundances of Cedrus, respectively, in Sierra Nevada and the western Mediterranean. IRHP, DA, MCA and LIA are abbreviations for Iberian-Roman Humid Period, Dark Ages,
Medieval Climate Anomaly and Little Ice Age, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



12 G. Jiménez-Moreno et al. / Quaternary Science Reviews 242 (2020) 106468

evaporation and increase water stress in Cedrus and other humid-
ity/drought sensitive plants, particularly during summer.

The Sierra Nevada Cedrus stack increases substantially at the end
of the record, peaking between 500 and 300 cal yr BP (Fig. 5). A
simultaneous increase in Cedrus occurs in both the Morocco stack
and marine record from the Alboran Sea (ODP site 976; Combourieu
Nebout et al., 2009, Fig. 5), confirming this is a regional feature of
the western Mediterranean. The timing suggests that the increase
in Cedrus could have been induced by enhanced humidity during
the Little Ice Age (LIA; ~650 to 100 cal yr BP). This is supported by
previous studies that show varying but overall humid climate
conditions during the LIA in the western Mediterranean area
(Morellén et al., 2011; Oliva et al., 2018; Zielhofer et al., 2019). More
humid conditions would have benefited Cedrus growth and distri-
bution in Morocco, as shown by the Middle Atlas Cedrus tree ring
record (Esper et al., 2007). Accompanying this were colder condi-
tions during the LIA (Campbell et al., 2017; Oliva et al., 2018; Garcia-
Alix et al., 2020). Overall colder conditions could have positively
impacted the Cedrus growing season and modulated the intensity
of soil evaporation during summer drought. This climatic cooling
also probably forced Cedrus woodlands towards lower elevations,
expanding its areal distribution in the Middle Atlas and Rif
mountain areas.

Gonzdlez-Sampériz et al. (2010) and Postigo-Mijarra et al. (2010)
have suggested the possibility that local populations of Cedrus
survived in refuge areas in the Iberian Peninsula until some point
during the late Glacial and the Holocene. Even though this hy-
pothesis cannot be discounted, Cedrus macroremains have not been
found from Holocene sedimentary records from within its potential
distribution, such as the Sierra Bermeja in S Spain (Olmedo-Cobo
et al,, 2017). However, negative evidence cannot be conclusive,
and until remains are found from this area we must remain skep-
tical of its occurrence.

4.2. Millennial-scale climate and Cedrus variability

Short-term millennial- and centennial-scale variability occur in
the Cedrus pollen stack from Sierra Nevada, superimposed on the
long-term insolation-related Holocene climate changes. Peaks in
Cedrus abundance occurred ~10,200, 9,000, 7,800, 6,800, 5,800,
4200-3,600, 2800—2300 and 500-300 cal yr BP (Figs. 5 and 6).
Similar short-term variability is observed in the Morocco Cedrus
stack with obvious peaks at ~10,100, 8,200, 6,200, 3500—3,100,
2300—1900 and 200-100 cal yr BP. Smaller peaks occur at 9,000,
6900 and 4400 cal yr BP. This short-term variability is also recorded
in the Alboran Sea Cedrus records (Fletcher et al., 2013; Combourieu
Nebout et al., 2009, Fig. 5). Therefore, even considering potential
age differences due to radiocarbon dating uncertainties, the Cedrus
records from western Mediterranean show synchronous expan-
sions at ~10,200 (C8), 9000 (C7), 8200—7800 (C6), 6900-6800 (C5),
6200—5800 (C4), 4400—4200 (C3), 2300 (C2) and 500-200 (C1) cal
yr BP (Figs. 5 and 6).

Millennial-scale Cedrus expansions and contractions in
Morocco, also reflected in the pollen records from Sierra Nevada,
were undoubtedly produced by climatic variability (Cheddadi et al.,
2009, 2017; Zielhofer et al., 2017, 2019). In this study we show that
expansions generally occurred during well-known cold [e.g., ~8.2
(C6) and 4.2 ka (C3) events, LIA (C1)] and/or humid [e.g., IRHP (C2),
LIA (C1)] events in the western Mediterranean or North Atlantic
areas (Fig. 6). Persistence of both colder and/or wetter conditions
would have reduced water stress and benefitted the reproduction
and growth of Cedrus species (Cheddadi et al., 2017), especially
during summers and throughout the Early Holocene peak in
summer insolation. In this respect, an agreement exists between
SST records from the Alboran Sea and Cedrus variability in the

western Mediterranean, with peaks in Cedrus (C1-8) occurring
during cold SST conditions (Fig. 6). A slight age discrepancy is
recorded between the Sierra Nevada and Morocco Cedrus stacks
during the C6 Cedrus peak related to the ~8.2 ka cooling event. This
peak is recorded just a few centuries later in Sierra Nevada, around
7800 cal yr BP. We believe this is not due to a lag in the pollen
transport between Morocco and Sierra Nevada but to age un-
certainties in the radiocarbon record. However, support for a more
modern age for the expression of this cold event in the Mediter-
ranean area comes from different records in the SW and central
Mediterranean, which show negligible or limited paleoclimatic
expression to the North Atlantic 8.2 ka cooling event (Frisia et al.,
2006; Dormoy et al., 2009), but a marked paleoclimatic variation
at ~7.7 ka (Magny et al., 2007; Holzwarth et al., 2010). Covariation
between the Sierra Nevada and Morocco Cedrus records is clearer
for the last 7000 cal yr BP (C5-C1), and agrees with Zielhofer et al.
(2019), who related Cedrus enhancements in the Sidi Ali pollen
record from the Middle Atlas in N Morocco to declines in summer
temperatures at short-scale millennial-scale variability.

A number of Holocene paleoclimatic studies suggest linkages
between millennial-scale climate variability in the western Medi-
terranean and the North Atlantic (Bond et al.,, 2001), with cold
events in the North Atlantic often occurring with cold and/or arid
events in the western Mediterranean (e.g., Dormoy et al., 2009;
Jiménez-Moreno et al., 2013; Ramos-Roman et al., 2018a, 2018b;
Zielhofer et al., 2019). Although our Cedrus record shows the same
number of variations with similar duration, their climatic affinity to
either cold (events from O to 7; Bond et al., 2001) or warm events in
the N Atlantic is not completely clear (Fig. 6). For example, the
Cedrus record peaks of C4 (6200—5800 cal yr BP), perhaps C3
(4400—4200 cal yr BP), and C1 (LIA) are roughly synchronous with
cold Bond events 4, 3 and 0 but the rest of the Cedrus peaks (i.e., C8,
C7 or C5) seem to occur during predominant warm conditions in
the N Atlantic. This can be true if the strength of climate tele-
connections between the two regions vary in time, or the Cedrus
record is more dependent on precipitation or the varying combi-
nation of both temperature-precipitation relations.

This study shows a maximum in Cedrus (C3) during the 4.2 ka
climatic event (Fig. 6). Regionally, this event has been interpreted as
cold (e.g., shown in SSTrecords in Fig. 6; Cacho et al., 1999; Rodrigo-
Gamiz et al,, 2014; Catala et al., 2019) but also dry (Lamb and van
der Kaars, 1995; Arz et al., 2006; Carrion et al., 2007; Fletcher
et al,, 2007; Jalut et al., 2009; Magny et al., 2009; Jiménez-Moreno
and Anderson, 2012; Ramos-Roman et al., 2018a, 2018b; Di Rita and
Magri, 2019). Therefore, temperature must have had a major role
controlling Cedrus expansions and contractions, at least in the
Middle-Late Holocene, with lower soil evaporation and evapo-
transpiration during cold events benefiting the growth and devel-
opment of this conifer species under arid conditions. A second peak
in Cedrus in recorded between 3800—3600 cal yr BP in the Sierra
Nevada record (Fig. 6), which could be related to a secondary phase
of this climatic event, also recorded at around 3800 cal yr BP in the
lipid biomarker temperature record from Laguna de Rio Seco
(Toney et al., 2020) and other paleoclimatic records from the
Mediterranean area (see syntheses in Bini et al., 2019 and Di Rita
and Magri, 2019). However, there is not an equivalent peak in the
Morocco record.

The C2 peak in Cedrus around 2300 cal yr BP occurred during the
Iberian—Roman Humid Period (IRHP; between 2600 and
1600 cal yr BP; Martin-Puertas et al., 2009) (Fig. 6), previously
regionally identified as an especially humid (Fletcher et al., 2013;
Combourieu-Nebout et al, 2009; Martin-Puertas et al., 2009;
Nieto-Moreno et al., 2013; Jiménez-Moreno et al., 2013; Ramos-
Romadn et al., 2016, 2018b; Mesa-Ferndandez et al., 2018). In this
case, enhanced precipitation must also have been an important
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driver for Cedrus expansion in the area. Perhaps the combination of
high precipitation and colder conditions at that time (shown in SST
records in the Albora Sea; Cacho et al., 1999; Rodrigo-Gamiz et al.,
2014a) triggered one of the maxima in Cedrus for the entire Holo-
cene period.

Short-term millennial- and centennial-scale variability in the
Cedrus record from the Sierra Nevada are cyclical (Figs. 6 and 7).
Visual as well as spectral and wavelet analyses of the Sierra Nevada
and Morocco Cedrus stacks show cyclicities that evolve through
time. The Early and early-Middle Holocene in the Sierra Nevada and
Morocco records is mostly characterized by cyclical periodicities of
~1000 and 2100 years in Cedrus abundance. The ~1000 cyclicity
transitioned towards frequencies of ~1600 and ~2000 years in the
Middle and Late Holocene between 6000—7000 cal yr BP in Sierra
Nevada (Fig. 7B). A ~1000 yr frequency cycle also characterizes the
Early and early-Middle Holocene of the Morocco Cedrus synthetic
record which, similar to Sierra Nevada, appears to be muted since
6000 cal yr BP (Fig. 7E). The ~1000 yr cyclicity is one of the most
pervasive cycles forced by solar activity, previously documented
from the Mediterranean and North Atlantic (e.g., Debret et al., 2007,
2009; Fletcher et al., 2013; Ramos-Roman et al., 2018a). The ~2000-
year periodicity has also been described in paleoclimatic records
from the study area as most-likely related with a solar origin or
marine circulation (Rodrigo-Gamiz et al., 2014b; Ramos-Roman
et al, 2018a). We suggest that solar activity variations forced
climate and vegetation changes in the Early Holocene, including
forest oscillations and Cedrus pollen. A cyclicity of ~1600-1500
years has also been identified in other records from both the North
Atlantic and western Mediterranean, including Morocco and the
Sierra Nevada, and has been interpreted as both a solar and
atmospheric-oceanic forcing mechanism (e.g. Bond et al,, 2001;
Rodrigo-Gamiz et al., 2014b; Jiménez-Espejo et al., 2014; Garcia-
Alix et al., 2017; Ramos-Roman et al., 2018a). A transition in
dominant periodicity of vegetation change from ~900 to 1000 to
~1750-2000 years in the Middle Holocene ~6000 cal yr BP was
previously observed by Fletcher et al. (2013) and later by Ramos-
Roman et al. (2018a). Therefore, our data confirm previous
studies that show the shift in periodicities from a climate system
mostly controlled by external solar forcing during the Early and
early-Middle Holocene that evolved to a system dominated by in-
ternal atmospheric-oceanic dynamics variability during the late-
Middle and Late Holocene (Debret et al., 2009; Fletcher et al., 2013).

4.3. African climate, vegetation, dust flux and wind intensity

This study shows that the Cedrus pollen in European records can
be mostly explained by the abundance of Cedrus in N Africa and its
evolution throughout the Holocene depending on climate change.
Therefore, the hypothesis of Cedrus occurrences in European re-
cords related with enhanced eolian activity during especially arid
periods such as during the 8.2 and 4.2 ka events (Magri and Parra,
2002) needs modification. Those two periods were also arid in N
Africa (Tierney et al., 2017), but in addition were cold, which would
have had a positive impact in Cedrus populations, counterbalancing
dryness by less evaporation-evapotranspiration in the mountain
areas. An apparent contradiction also exists between precipitation
records from this area, reflecting overall humid conditions during
the Early and early-Middle Holocene — the African Humid Period
(de Menocal et al., 2000; Tierney et al., 2017) — and overall low
Cedrus abundances in N Africa (notice the negative correlations
between Cedrus from Morocco and Sierra Nevada and precipitation
in Table 3; Fig. 6). Even though it might have rained more, especially
during winter (Zielhofer et al., 2019), the high summer insolation
during the Early Holocene most-likely produced very high sea-
sonality, summer drought and low representation of cool and

hygrophilous and drought sensitive conifers such as Cedrus. On the
other hand, other summer drought adapted forest species such as
Quercus thrived in the study area during the Early and early-Middle
Holocene (Ramos-Roman et al.,, 2018a; Campbell et al., 2017;
Zielhofer et al., 2019).

The dust records from NW Africa and Sierra Nevada covary
(r=0.96; p < 0.01; Table 3) and are strongly related to climate and
vegetation evolution in the western Mediterranean and N Africa
(deMenocal et al, 2000; Jiménez-Espejo et al., 2014; Mesa-
Fernandez et al., 2018). The comparison between the dust record
from NW Africa and Sierra Nevada with the precipitation record
from NW Africa shows strong negative correlations (r > —0.7;
p < 0.01; Table 3). This indicates that they could be strongly related
in a cause-effect relationship: high precipitation in the study area
during the Early Holocene and early-Middle Holocene generated
forested vegetation, which in turn caused low atmospheric dust
production and transport to Europe (e.g., Sierra Nevada). The
reduction in summer insolation during the Middle Holocene pro-
duced a change in seasonality and lower winter precipitation,
generating aridification in the western Mediterranean area
(Jiménez-Moreno and Anderson, 2012; Jiménez-Espejo et al., 2014;
Jiménez-Moreno et al., 2015; Carrion et al., 2018). This climatic shift
also marks the end of the African Humid Period in North Africa (at
~5500 cal yr BP; deMenocal et al., 2000) and related end of sapropel
(S1) sedimentation in the Mediterranean (at ~6000 cal yr BP;
Filippidi and De Lange, 2019) but the beginning of the enhance-
ment of Cedrus abundance in mountain areas in N Morocco at about
the same time (~6000 cal yr BP; Fig. 6). Therefore, Cedrus and dust
records from N Africa and Sierra Nevada are closely related (see
positive correlations in Table 3) because they depended on the
same climatic control (i.e., insolation), but they were most likely
independent of wind intensity. This is supported at shorter time-
scales by the fact that higher eolian input into the Sierra Nevada
area and Algerian-Balearic basin during the DA and MCA, which
was interpreted as indicating drier conditions and more persistent
northwest African winds (Nieto-Moreno et al., 2011; Jiménez-
Espejo et al., 2014; Mesa-Fernandez et al., 2018), does not coin-
cide with a higher input of wind-blown Cedrus in the pollen records
from the Sierra Nevada or Alboran Sea, indicating that the Cedrus
record from the Sierra Nevada reflects Cedrus abundance in N
Morocco and not the strength or persistence of eolian input in this
area. On the other hand, the Saharan dust Zr/Th record from Sierra
Nevada and Zr/Al records from Algerian-Balearic basin show a
decrease in eolian input during the LIA, contrary to the wind-blown
Cedrus increase at that time.

4.4. Cedrus and wind direction

The Sierra Nevada Cedrus stack is more similar to the Middle
Atlas records than to the Rif Mountains record from Bab El Karn (see
correlations in Table 2). At present, Cedrus mostly occurs in the
Middle Atlas (80% of its distribution area; Linares et al., 2011;
Cheddadi et al., 2017, Fig. 1). This might have been true for the past
and that is probably the reason why the Cedrus record from Sierra
Nevada is more similar to the records from the Middle Atlas. Cedrus
pollen data from Bab El Karn are negatively correlated with other
pollen records from the Moroccan area (especially with the
Tigalmamine and Ras El Ma) or show no correlation (Table 2).
However, Bab el Karn and ODP 976 site Cedrus records are positively
correlated (r = 0.45; p < 0.01). This shows that most of the pollen
preserved in marine ODP site 976 has a Rif source, which makes
sense, for ODP site 976 is closer to the Rif than for example MD95-
2043 or Sierra Nevada. Alboran Sea surface marine circulation,
characterized by two differentiated gyres in the western (Western
Anticyclonic Gyre, WAG) and eastern (Western Anticyclonic Gyre;
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EAG) areas (Ausin et al., 2015, Fig. 1A), probably precluded surface
marine transport of pollen from the west to the east. In addition,
these gyres can funnel the surface waters and particles from the
edge to the center of the gyre, where the gyre is less dynamic and
the pollen can flocculate and sink easily (Fabrés et al., 2002),
palynologically isolating these two marine geographic areas. This
also supports the differences among these two marine Cedrus
records.

These dissimilarities in the windblown Cedrus pollen records
could also be explained by the SW component of the prevailing
wind direction coming from the South in the Alboran Sea and S
Iberian Peninsula (Figs. 1 and 2). Cluster-mean backward wind
trajectories for the last 50 years at the Sierra Nevada study sites
support this statement and show an important wind component
from the SSW passing throughout the Middle Atlas region during
September and October, the months when Cedrus pollen is pro-
duced (Fig. 2). ODP 976 site would then be more influenced by
windblown pollen originating from the Rif, more directly located to
the SW than the Middle Atlas. Our data suggest that a similar
seasonal SSW wind pattern could have been active in the western
Mediterranean during the Holocene.

4.5. Human impact and Cedrus

Although previous studies show that forests dynamics in the
western Mediterranean were mostly shaped by climate, human
impact could have also altered the landscapes by logging, grazing,
burning, mining and cultivation (Carrion et al., 2010). Humans have
severely impacted the landscapes in the Mediterranean region in
the last millennia, and significantly since the Bronze age (Sadori
et al, 2011, 2013). Cedrus forest dynamics in Northern Africa
could have also been driven by human activities (Cheddadi et al.,
2017). The previously mentioned differences in the Cedrus records
between the Middle Atlas and Rif Mountains during the Middle and
Late Holocene (Fig. 4), with the decrease in Cedrus since 6000 cal yr
BP in the Rifian region, could be partly explained by a higher human
impact and exploitation of Cedrus in that region, in particular in the
last ~3000 cal yr BP. In this respect, a series of Phoenician colonies
were stablished along the Western Mediterranean coast during the
8th century BCE (~2800 cal yr BP) (Pappa, 2009; Guirguis, 2019),
including the foundation of the Russadir city (Melilla, Spain) in the
Rifian coast (Lopez Pardo, 2015), when an important Cedrus pollen
decline occurred (Fig. 4). It is well known that the Phoenicians
preferentially favored cedar timber for ship construction, being a
subject for profitable trade (Sommer, 2007). Phoenicians provided
cedar timber to different kingdoms across the entire Mediterra-
nean, such as Egyptians, who used it for ship construction, and for
building palaces and religious sites (Manning et al., 2014;
Liphschitz and Gideon, 1995) and for carpentry (Giachi et al., 2016).
This prominent role of Phoenicians as timber providers was even
recognized in the Bible “As you know, we have no one as skilled in
felling trees as the Sidonians” (1 Kings 5:20). Western Mediterranean
Phoenician shipwrecks in the Iberian margin also contain cedar
timber as structural element (Negueruela, 2004). In any case, cedar
was highly valued by shipwrights and other artisans for its water,
rot and parasite resistance (Pulak, 2001) and recent studies indicate
that cedar timber was obtained in many forests along the Medi-
terranean, and not exclusively in Cedrus forests located in Lebanon
(Rich et al., 2016). The Rifian coastal area was highly populated
during the Roman period compared with the more southern Mid-
dle Atlas region, which was a troublesome region and not included
in the Roman empire (Whittaker, 1994). Therefore, a higher human
pressure on the Cedrus forest in the Rifian coastal region in the past
is expected, compared with more inland areas such as the Middle
Atlas Mountains.

Human influence on the environments in the study area
enhanced since 2000—1500 cal yr BP (Nour el Bait et al., 2014;
Cheddadi et al., 2014; Campbell et al., 2017; Ramos-Roman et al.,
2018b). A significant decrease in Cedrus observed in both the
Morocco and Sierra Nevada records at around 1400-1300 cal yr BP,
during the DA and MCA periods could be due to the combination of
extreme drought (see references above) and to the intensification
of human activity at that time (Campbell et al., 2017). However, it is
interesting to note that Cedrus increased again later on during the
LIA, still under high or even higher anthropic pressure, which in-
dicates that climate forcing was probably more important con-
trolling forest dynamics at long- and short-time scales in north
African mountain areas.

5. Conclusions

The synthesis and comparison of the Holocene Cedrus pollen
records from Sierra Nevada in southern Spain, Alboran Sea and
Morocco indicate that:

1. Significant similarities are observed between Cedrus pollen re-
cords in the study area, which show similar trends at long- and
short-term time-scales. Therefore, windblown Cedrus pollen
records from Sierra Nevada and southern Europe can be used as
a proxy for environmental and climate change in northern Af-
rica, if analyzed carefully.

2. Cedrus pollen abundances are generally low during the Early
Holocene, increasing in the Middle and Late Holocene since
~6000 cal yr BP. This long-term trend is mostly related with
changes in summer insolation, producing a decrease in mean
annual temperatures and summer evaporation and evapo-
transpiration triggering the expansion of this cool-adapted and
hygrophilous summer drought-sensitive species in the late-
Middle and Late Holocene.

3. A significant Cedrus decrease occurred between 2000 and
600 cal yr BP during the DA and MCA periods most likely caused
by enhanced persistent aridity/drought conditions. Anthropo-
genic activities could have also intensified Cedrus deforestation
observed in the study area at that time. However, Cedrus pop-
ulations seem to recover during the LIA. Colder and more humid
conditions at that time would have benefited Cedrus growth and
re-expansion in the Moroccan area.

4. Millennial-scale variability is also observed in the Cedrus
abundances superimposed on the Holocene long-term trends.
Cedrus records from the western Mediterranean show syn-
chronous expansions at ~10,200, 9,000, 8200—7,800, 6900-
6800, 6200—5,800, 4400—4,200, 2300 and 500-200 cal yr BP
that generally occurred during well-known cold (e.g., ~8.2 and
4.2 ka events, LIA) and/or humid (e.g., IRHP, LIA), events in the
western Mediterranean or North Atlantic areas, triggering Ced-
rus expansion in Morocco. This study also shows a change in the
Cedrus abundance cyclical periodicities at ~6000 cal yr BP, from a
1000- to a 1600—2000-yr dominated cycles. This study confirms
that this change in periodicities in the Middle Holocene seems
to be a common feature in vegetation and paleoclimate records
in the western Mediterranean and North Atlantic regions. This
periodicity change was related with the establishment of the
actual climate system in the western Mediterranean region,
from being mostly controlled by external solar forcing to being
dominated by internal atmospheric-oceanic dynamics.

5. The amount of Cedrus pollen that is transported to southern
Europe seems to be mostly controlled by its abundance in
northern Africa and not so much by wind intensity. Differences
in windblown Cedrus records in southern Europe could be
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explained by geographic distribution of Cedrus under a preva-
lent SW wind direction.

6. This study shows that Cedrus has been very sensitive to summer
drought in the past. Predicted severe drought conditions for the
next decades in northern Africa (IPCC, 2013) will greatly affect
the already decreasing Cedrus populations.

7. Finally, our study shows that long distance and low concentra-
tion fossil pollen are useful in reconstructing paleoenviron-
ments and paleoclimates when a good density of records is
available for a certain geographic area.
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