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Abstract

The perennial and seasonal wetland diversity of the Moroccan Middle Atlas region provides a valuable
“test-bed” for understanding the response of different hydrosystems to climatic variations. A multiproxy
study, based on sedimentological descriptions, together with mineralogy, carbonate content, XRF core
scanning and biological proxies supported by AMS *C dates, were applied to the 3-m-long core extracted
from “Flowers Marsh”, a small Middle Atlas pond. This approach provides evidence for a continuous
paleohydrological and paleoenvironmental record during the Mid- to Late Holocene. The investigated
aquatic system evolved from a dry or very shallow waterbody towards a system with a progressively rising
water level. The dominance of the detrital fraction with poor preservation of bioindicators and eroded
pollen, indicate the existence of an ephemeral waterbody from 6000 cal. yr BP until a transitional phase
characterized by new sedimentological facies and the appearance of ostracods around 2300 cal. yr BP. This
transition, ending at 2000 cal. yr BP, is interpreted as a flooding phase leading to an ephemeral lake. It is
certainly fed by the excess water from the nearby Aguelmam Azigza Lake during its high level period.
Afterwards, enhanced organic matter deposition and the appearance of well-preserved diatoms until

1400 cal. yr BP corroborate a high water-level trend. Endogenic carbonate to detrital fraction ratios
indicate fluctuating, but generally shallow, water levels from 1400 cal. yr BP until 650 cal. yr BP when a
relatively rapid rise in water level occurred. Flowers Marsh data are, generally, consistent with most of the
existing regional records. The highstand period recorded between 2000 and 1400 cal. yr is a common
feature extending to more distant sites from the northern Mediterranean. It corresponds to the wetter
Iberian-Roman period. Fluctuating shallow water levels recorded since 1400 cal. yr BP to now could be
linked to drier/wetter phases associated with the Medieval Climate Anomaly and the Little Ice Age (650—
150 cal. yr BP) respectively, in the western Mediterranean realm. The present study demonstrates the
ability of Flowers Marsh to record valuable palaeohydrological changes since the Mid-Holocene and
confirms the high sensitivity of Middle Atlas hydrosystems to climatic changes.

Keywords (separated by '-')

Middle Atlas - Palacohydrology - Mid- to Late-Holocene - Lacustrine sediment - Climatic changes
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Abstract The perennial and seasonal wetland diver-
sity of the Moroccan Middle Atlas region provides a
valuable “test-bed” for understanding the response of
different hydrosystems to climatic variations. A
multiproxy study, based on sedimentological descrip-
tions, together with mineralogy, carbonate content,
XRF core scanning and biological proxies supported
by AMS '*C dates, were applied to the 3-m-long core
extracted from “Flowers Marsh”, a small Middle
Atlas pond. This approach provides evidence for a

Supporting Information The online version of this article
(https://doi.org/10.1007/s10933-020-00166-6) contains sup-
plementary material, which is available to authorized users.

H. 1. Abdellah (X)) - K. Tachikawa
Laboratoire Géoressources, Marrakech, Morocco
e-mail: hananeidabdellah@gmail.com

K. Tachikawa
e-mail: kazuyo@cerege.fr

H. 1. Abdellah - L. Vidal - K. Tachikawa -

C. Sonzogni - J.-C. Mazur - C. Paillés - F. Sylvestre
CNRS, IRD, INRAE, Coll France, CEREGE, Aix-
Marseille University , Aix-en-Provence, France
e-mail: vidal@cerege.fr

C. Sonzogni
e-mail: sonzoni@cerege.fr

J.-C. Mazur
e-mail: mazur@cerege.fr

C. Pailles
e-mail: pailles@cerege.fr

A20
A2l

A22
A23
A24
A25
A26

A27
A28

A29
A30
A31

continuous paleohydrological and paleoenvironmen-
tal record during the Mid- to Late Holocene. The
investigated aquatic system evolved from a dry or very
shallow waterbody towards a system with a progres-
sively rising water level. The dominance of the detrital
fraction with poor preservation of bioindicators and
eroded pollen, indicate the existence of an ephemeral
waterbody from 6000 cal. yr BP until a transitional
phase characterized by new sedimentological facies
and the appearance of ostracods around 2300 cal. yr
BP. This transition, ending at 2000 cal. yr BP, is
interpreted as a flooding phase leading to an ephemeral
lake. It is certainly fed by the excess water from the

F. Sylvestre
e-mail: sylvestre @cerege.fr

A. Benkaddour - A. Rhoujjati

Laboratoire Géoressources, Faculté des Sciences et
Techniques, CNRST (URAC 42), Université Cadi Ayyad,
Marrakech, Morocco

e-mail: a.benkaddour@uca.ac.ma

A. Rhoujjati
e-mail: a.rhoujjati@uca.ac.ma

G. Jouve
iXblue Sonar Systems Division, La Ciotat, France
e-mail: guillaume.jouve @ixblue.com

¥ Journal : Medium 10933
h Atticle No. : 166
- MS Code :  JOPL-D-19-00075R2

@ Springer
Dispatch :  18-1-2021 Pages : 19
O LE O TYPESET
& cp ¥ DISK

20
21
22
23
24
25
26
27
28
29
30
31
32


https://doi.org/10.1007/s10933-020-00166-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s10933-020-00166-6&amp;domain=pdf
https://doi.org/10.1007/s10933-020-00166-6

Author Proof

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

J Paleolimnol

nearby Aguelmam Azigza Lake during its high level
period. Afterwards, enhanced organic matter deposi-
tion and the appearance of well-preserved diatoms
until 1400 cal. yr BP corroborate a high water-level
trend. Endogenic carbonate to detrital fraction ratios
indicate fluctuating, but generally shallow, water
levels from 1400 cal. yr BP until 650 cal. yr BP when
a relatively rapid rise in water level occurred. Flowers
Marsh data are, generally, consistent with most of the
existing regional records. The highstand period
recorded between 2000 and 1400 cal. yr is a common
feature extending to more distant sites from the
northern Mediterranean. It corresponds to the wetter
Iberian-Roman period. Fluctuating shallow water
levels recorded since 1400 cal. yr BP to now could
be linked to drier/wetter phases associated with the
Medieval Climate Anomaly and the Little Ice Age
(650- 150 cal. yr BP) respectively, in the western
Mediterranean realm. The present study demonstrates
the ability of Flowers Marsh to record valuable
palaeohydrological changes since the Mid-Holocene
and confirms the high sensitivity of Middle Atlas

S5 hydrosystems to climatic changes.
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Introduction

The Mediterranean basin is one of the most sensitive
areas to climate fluctuations (Giorgi 2006). Future
climate change projections highlight the exposure of
the Western Mediterranean region to increased heat
and drought stress (Solomon et al. 2009; Born et al.
2010). The Middle Atlas region is considered to be the
main water reservoir of Morocco. This region is host to
a variety of perennial and semi-permanent wetlands
including natural lakes, rivers and springs. These
water resources are relied upon to meet the agricultural
and domestic needs of the region. During recent
decades, numerous lakes of the karstified Middle Atlas
region experienced a significant water deficit as a
result of recurrent droughts and human overexploita-
tion, including: Dayet Aoua (Sayad and Chakiri 2010),
Aguelmam Sidi Ali (Sayad et al. 2011), Ifrah Lake
(Etebaai et al. 2012) and Aguelmam Azigza (Adallal
et al. 2019). Examining the past history of lakes in the
Middle Atlas region can elucidate the prospective

@ Springer

impacts of combined climate change and anthro-
pogenic activity on the hydrological behavior of these
lacustrine systems.

Lake sediments have the potential to allow inves-
tigation of temporal paleohydrological trends under
various  environmental conditions. Lacustrine
sequences from Middle Atlas wetlands are ideally
suited to understanding the response of Mediterranean
semi-arid environments and hydrosystems to climatic
changes because of the small size of their basins, and
because their evolution and sedimentation are directly
influenced by regional hydrologic changes (Lamb and
van der Kaars 1995). Pioneering paleoenvironmental
investigations have demonstrated the high potential of
Middle Atlas lake sediments as archives of climate
variability (Martin 1981; Lamb et al. 1989). The
number of available paleoclimatic and paleoenviron-
mental reconstructions conducted on lacustrine
sequences from the region has greatly increased in
the last few decades. Most of these records cover the
last glacial period (Rhoujjati et al. 2010; Nour EI Bait
et al. 2014; Tabel et al. 2016) and the early Holocene
(Barker et al. 1994; Cheddadi et al. 1998; Lamb and
van der Kaars 1995; Campbell et al. 2017; Zielhofer
et al. 2017). The last few millennia are particularly
interesting owing to the fact that the main boundary
conditions were similar to present-day climate con-
figurations and detailed regional palaeoclimatic recon-
structions can be compared to current climate change
processes (Corella et al. 2011; Brisset et al. 2019).
However, records spanning the Mid-Late Holocene
period are rather scarce in the Middle Atlas region
(Damnati et al. 2015; Nour El Bait et al. 2016). Nour
El Bait et al. (2016) demonstrated that climate has
remained relatively stable over the last 6000 cal. yr BP
with a trend of aridity and warming towards the
present. Results obtained from lacustrine terraces at
three Middle Atlas lakes indicate high lake levels at
about 2300 cal BP followed by a significant drop in
lake level during the last millennium (Damnati et al.
2015).

Most of the paleoclimate and environmental recon-
structions in the Middle Atlas are based on fossil
pollen assemblages from lake sediments. These stud-
ies revealed a common pattern: the limited presence of
Cedrus atlantica Manetti pollen in the early Holocene,
with the general expansion of the species from the
Mid-Holocene which has been interpreted primarily as
evidence of increased moisture availability (Lamb
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et al. 1989; Cheddadi et al. 1998, 2015, 2019; Rhou-
jjati et al. 2010; Nour El Bait et al. 2014; Tabel et al.
2016; Campbell et al. 2017). However, a recent study
demonstrated a Mid-to Late Holocene summer aridity
in the Middle Atlas using stable carbon isotope
analysis of isolated fossil Cedrus pollen (Bell et al.
2019). Furthermore, several studies detected a Mid-
Late Holocene aridification trend from ecological or
hydrological records in the western Mediterranean
(Jalut et al. 2009; Carrion et al. 2010; Jiménez-Moreno
et al. 2015).

In order to strengthen paleolimnological interpre-
tations inferred from a single proxy it is important to
combine as many records as possible in a technique
known as a multi-proxy approach (Bradley 2015).
Some investigations have reconstructed lake paleohy-
drology in the Middle Atlas region using multi-proxy
analysis of lacustrine terraces (Damnati et al. 2015)
and of continuous sedimentary records (Nour El Bait
et al. 2014; Zielhofer et al. 2017). For example, in
Aguelmam Sidi Ali, Zielhofer et al. (2017) recon-
structed the Western Mediterranean hydro-climatic
variability, seasonality and forcing mechanisms dur-
ing the last 12,000 year using a multi-proxy approach
based on magnetic susceptibility, carbonate and total
organic carbon content, core-scanning and quantita-
tive XRF, stable isotopes of ostracod shells, charcoal
counts, Cedrus pollen abundance, and diatom data.
Only a few records span the Late Holocene period and
more investigations and a regional review of the
available lake records are needed. This would enable
details of the contrasting spatial and temporal hydro-
dynamics of Middle Atlas lakes in response to climate-
related variability to be verified.

Here we present continuous and high-resolution
records of a sedimentary sequence recovered from
“Flowers Marsh” (unofficial name), a karstic water-
body in the SW Middle Atlas, northern Morocco. The
approach is based on radiometric techniques for
dating, sediment geochemistry using XRF, sediment
mineralogy using DRX, as well as biological indica-
tors, including diatoms, coprophilous fungi spores,
and ostracods. The overall aim of this paper is to
provide a reconstruction of Flowers Marsh develop-
ment in response to catchment changes and to regional
climatic events during the Mid- to Late Holocene.
Specifically, we will address the following questions:
(1) what was the hydrological behavior of Flowers
Marsh during the Mid- to Late Holocene? (2) Is there

any synchronicity and/or validation between the proxy
records? (3) Are there any similarities with other
regional climatic archives? (4) Is there any evidence
for a Flowers Marsh response to variability of the
Holocene climate at different scales?

Study site

The Middle Atlas is an intracontinental mountain
chain in northern Morocco (Fig. 1a). It exhibits a large
synclinal trough extending 250 km with a SW-NE
trend. The geology of the region ranges from Palaeo-
zoic to Quaternary and is dominated mainly by
Triassic red beds covered by karstified Liassic lime-
stones and dolomites, Palacozoic sandstone, schist,
quartzite and doleritic basalt (Martin 1981). The
geomorphology and structural features of the region
favor the formation of natural permanent or seasonal
lakes. The genesis of these wetlands is a product of
subsidence related to an intense fault network and
karstification of dolomites (Hinaje and Ait Brahim
2002). The climate in the region is a mountain
Mediterranean type with sub-humid to cold winters.
The mean annual precipitation in the area approaches
900 mm year™ ', mostly occurring between October
and April (Martin 1981) and the average monthly
temperature varies between — 2 °C and 31 °C (Chil-
lasse et al. 2001). Evergreen oak (Quercus rotundifo-
lia) and Atlantic cedar (Cedrus atlantica) are the main
forest vegetation (Flower et al. 1989).

The studied site, Flowers Marsh (32°59°04°’N,
5°27°13’W), is a small pond lying about 1554 m
above sea level (asl) in the Middle Atlas Mountains, in
the High Oum Er-rbia catchment (Fig. la). The
waterbody’s name comes from the floating hydro-
phytes that cover the water surface. The surface area of
Flowers Marsh varies between 6 and 12 ha depending
on the season. During wet climatic periods and high
aquifer phases, water levels in Flowers Marsh may be
controlled through sub-surface inflows and/or through
local rainfall. During low stands, this pond is mainly
controlled by the surface runoff. Flowers Marsh is
located near Aguelmam (Fig. 1d), one of the largest
lakes in the Middle Atlas region (55 ha). Aguelmam
Azigza and Flowers Marsh belong to the same basin
with a catchment area of 1020 ha (Jouve et al. 2019).
Hydrological results from Aguelmam Azigza reveal
that lake levels were closely linked to subsurface
circulation with a high sensitivity to climate
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Fig. 1 Location of the studied area. A: Simplified map showing
the major geological provinces of Morocco. (modified from
Saadi 1982) and the location of the study site (FM) and other
paleoclimate studies cited in the text: 1, Ait Ichou Marsh (Tabel
et al. 2016); 2, Lake Tigalmamine (Cheddadi et al. 1998; Lamb
and van der Kaars 1995; Lamb and van der Kaars 1995;
Cheddadi et al. 1998); 3, Aguelmam Sidi Ali (Campbell et al.

fluctuations especially precipitation (Vidal et al. 2016;
Adalall et al. 2019). From observations of paleoshore-
lines in the catchment (Flower and Foster 1992) and
past hydrological reconstructions (Jouve et al. 2019),
previous studies inferred that significant variations
have occurred in the level of Aguelmam Azigza. High
resolution Digital Elevation Models (DEM) from
Aguelmam Azigza watershed indicate that lake levels
need to be 10-15 m above modern levels for the two
waterbodies to be connected. Arial photographs from
1964 suggest that this connection has happened in the
past (Jouve et al. 2019).
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2017; Zielhofer et al. 2017); 4, Ras El Ma marsh (Nour El Bait
et al. 2014); 5, Lake Iffer (Damnati et al. 2015). B: Simplified
geological map of the studied area (derived from the geological
map of Morocco 1/1 000 000). C: Map of the High Oum Er-Rbia
watershed, including topography and hydrographic network. D:
Satellite image (Google Earth-2016) showing Flowers Marsh
and Aguelmam Azigza situation

Materials and methods

The studied cores were recovered in 2016 from
Flowers Marsh using a 50-cm-long Russian corer.
Two lake-marginal cores were taken: AZA-SUP-1-A-
16 and AZA-SUP-1-16. The length of each sequence
is 300 cm and 250 cm, respectively. Sediment core
stratigraphy was described on-site. The core segments
were wrapped in Clingfilm and stored in a cold storage
room at 4 °C. The two cores show a good visual
agreement and a very similar lithologic and chemical
succession (ESM1). Only the long core AZA-SUP-1-
A-16 was selected for this study.

In total, 21 subsamples were recovered at 15-cm
intervals for particle size analysis. Subsamples were
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analyzed using a Horiba LA-300 laser diffraction
analyzer at the Georesources Laboratory (Marrakech,
Morocco). Subsamples were not pretreated before
analysis and measurements were made on the fine
sediment fraction (< 0.5 mm). The abundance of
three grain size fractions was determined: clays
(< 2 pm), silts (2-67 pum) and sand (> 67 pum).

To examine variations in sediment geochemistry,
high-resolution X-ray fluorescence XRF) was under-
taken on the fresh core using an Itrax core-scanner
(Cox Analytical Systems) at CEREGE (Centre de
Recherche et d’Enseignement en Géosciences de
I’Environnement), Aix-en-Provence, France. Sedi-
ment was analyzed with 500 pm spatial resolution
and a molybdenum (Mo) tube at 30 kV, 40 mA and
15 s per interval analyzed. Relative abundance of
elements (Fe, Ti, Mn, Si, K, Ca, Sr and Br) as well as
incoherent and coherent X-ray backscatter were
determined for the sedimentary sequence. Here we
use the ratio of incoherent to coherent X-ray scatter
(inc/coh) as a proxy for organic matter content in lake
sediments, according to Brown et al. (2007). Elemen-
tal XRF intensity can be related to processes taking
place within the lake. Titanium, K, Fe and Si can
represent terrigenous sediment input linked to ero-
sional parameters (Croudace et al. 2006; Olsen et al.
2012). In this research, K intensity is interpreted to
reflect variations in detrital input (Aufgebauer et al.
2012). The Ca/Ti ratio mainly reflects Ca derived from
within-lake processes and can be used to identify the
occurrence of endogenic carbonate concretions in the
sediments (Brown et al. 2007). Bromine (Br) has been
regarded as a potential proxy for identifying relative
variations in organic content in lake sediments
(Kalugin et al. 2007; Gilfedder et al. 2011) and the
Br/Ti ratio is an important proxy for productivity
(Agnihotri et al. 2008). Manganese (Mn) contents may
be related to changing redox conditions at the water-
sediment interface in the lake (Davies et al. 2015) with
high Mn content reflecting oxygenation of bottom
waters (Kylander et al. 2011). Strontium (Sr) reflects
aragonitic and evaporitic concretions (Arz et al. 2003).

The total carbon (TC%) and total organic carbon
(TOC%) contents were determined for ten samples
from the AZA-SUP-1-A-16 core with a FlashSmart
NC Soil Thermo elemental analyzer at CEREGE. The
standard deviation for standard carbonate materials
was 0.07%, and the relative error of replicates was
< 2.29%. The TOC was measured following standard

procedures after acidification (to eliminate the car-
bonate fraction). Total inorganic carbon (TIC) was
determined using the following equation (Espitalié
et al. 1977):

CaCO;(%) = (TC — TOC) x 8.33

Mineralogical composition was examined from
bulk sediments for selected representative samples by
X-ray diffraction (XRD) with a SmartLab SE at CAC
(Centre d’Analyse et de Caractérisation), Marrakech.
Relative mineral abundance was determined using
peak intensity with PANalytical X Pert HighScore
Plus software. The main minerals occurring are
expressed as percentages.

The microstructures and element content of endo-
genic carbonates were determined using a scanning
electron microscope (SEM) equipped with an energy
dispersive spectrometer (EDS) at the CAC. The
microscope was operated at 10 kV with a magnifica-
tion of 116. The SEM and EDS allow the acquisition
of photographs and elemental content.

Stable isotope analyses were carried out on fossil
ostracods retrieved from Flowers Marsh sediments.
Core AZA-SUP-1-A-16 was sampled at 1 cm inter-
vals. The samples were sieved through a 63 pm mesh
under tap water. Ostracods were only present in the
upper 166 cm of the core and were handpicked from
each sediment subsample using a binocular micro-
scope and washed in deionized water. Carbon and
oxygen isotopic analyses were performed on the two
most abundant species separately: Candona neglecta
and [llyocipris gibba. Adult ostracod shell material
from C. neglecta species was used for C and O
stable isotope analyses. In addition, stable isotopes
were analyzed on the total dissolved inorganic carbon
(TDIC) of Aguelmam Azigza water (lake and spring)
and on modern ostracods (C. neglecta and I. gibba).
The isotopic composition of endogenic carbonates
extracted from the bulk sediment of the Flowers Marsh
sequence was also analyzed. Measurements were
performed using a Finnigan Delta Advantage mass
spectrometer coupled to a Kiel III Device at CEREGE.
The isotopic results were reported relative to the
Vienna Peedee Belemnite (VPDB) standard. Analyt-
ical precision of 8'®0 and 8'°C was 0.07%o and
0.05%o, respectively.

The AZA-SUP-1-A-16 core was subsampled for
diatom analysis at CEREGE. Sediment samples were
prepared for smear slide analysis to determine the
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presence of diatoms. Only 9 samples contained
abundant diatoms. Wet sediment samples were treated
using H,O, (33%) and HCI (10%) in order to remove
organic matter and carbonates respectively. Slides
were mounted in Naphrax and observed with an
optical microscope (Nikon 80i 1000 x magnification
with Nomarski optics, n.a.= 1.32). Taxonomic iden-
tification and assignment of planktonic and benthic
habitats were based primarily on Krammer and Lange-
Bertalot (1986—-1991) and Marciniak (1986).

Eight samples throughout the core were examined
for coprophilous fungal spore abundances and treated
according to Fagri and Iversen (1989) at CEREGE.
Lycopodium clavatum tablets were added to each
sample allowing determination of spore concentra-
tions (Stockmarr 1971). Coprophilous fungi spores
were identified according to the van Geel classification
(2002). Identification was limited to the most abundant
species: Delitschia-type, Sordaria-type, Tripteros-
pora-type, UG-1138-type and focusing on Sporor-
miella-type. The latter is an ascomycete fungus used
as a specific indicator of herbivore presence (Davis
and Schafer 2006; Cugny et al. 2010). Results are
expressed as concentrations (spores cm™ °).

The chronology of the lake core was constrained by
9 Accelerator Mass Spectrometry (AMS) radiocarbon
analyses performed on organic bulk sediments at Beta
Analytic Inc laboratory, Florida, USA. Over the
300 cm sequence, the age-depth relationship was
constructed by linear interpolation of calibrated
radiocarbon dates using the classical age modeling
code (CLAM) for the statistical software R developed
by Blaauw (2010), which also performs the calibration
(using the SHCal13.14C, Reimer et al. 2013).

Multivariate statistical analyses were applied to the
high resolution XRF dataset in order to extract and
assess elemental correlations downcore. First, to
attenuate non-linear matrix effects and constant sum
constraints, the multivariate statistical analysis was
applied after centered log-ratio (clr) transformation
(Aitchison 1982; Weltje et al. 2015) of the complete
set of XRF measurements (n = 5684). This simple
transformation provides a reliable basis for statistical
analysis of XRF core scanning data, unlike element
count intensities or element ratios (Weltje et al. 2015).
The following elements were considered for statistical
analysis: Si, K, Fe, Ca, Ti, Mn, Sr and inc/coh. The Br
was excluded because it frequently presents null
values and dealing with clr transformation excludes
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dealing with zeros. The clr transformation was carried
out using CoDaPack, a freely available Excel based
software for compositional data transformation (Thi6-
Henestrosa and Martin-Fernandez 2006). As a second
step, a normality assumption test was first applied
using the Shapiro—Wilk test (Ghasemi and Zahediasl
2012) in order to determine the type of correlation
analysis to be used. Spearman’s rank correlation
coefficient was then performed as a non-parametric
measure of correlation between the monitored vari-
ables (King and Eckersley, 2019) in order to quantify
the strength of correlation between elements within
each lithological unit. The correlation matrix was
visualized as a heatmap with a dendrogram calculated
by hierarchical clustering analysis (HCA) using the
“heatmap” function implemented in the R package
corrplot (Wei et al. 2017). The “rcorr” function in the
Hmisc package (Harrell et al. 2006) was used to
compute the significance levels for the Spearman
correlations. Correlations with a p-value < 0.05 were
considered significant.

Results
Chronological model

The chronological model of the AZA-SUP-1-A-16
core was established based on 9 AMS '*C dates
(Fig. 2, ESM2). Two dates were rejected (samples
obtained at 27 cm and 75 cm) because they were
much older than expected, likely due to reworking of
older lake deposits. According to the resulting age
model based on the remaining ages, the sedimentary
sequence reveals a robust and coherent chronology,
providing a continuous record for the last 6,000 years.
The mean sedimentation rate is low, about 0.8 mm
yr~ ', and varies between 0.1 and 2 mm yr~ ' down
core.

Lithology and mineralogical contents

Four sedimentary units were defined on the basis of
variations in described sediment lithology and micro-
scopic observation (Fig. 3). The basal A unit (bottom-
180 cm) comprises massive minerogenic sediments
with a compact, gray-to-light-reddish, clayey-silt
facies with poor preservation of biologic indicators
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Fig.2 Chronological model of Flowers Marsh core (AZA-SUP-1-A-16) based on a linear interpolation of calibrated radiocarbon dates

and eroded pollen. The sediment of this unit has the
highest proportion of siliciclastic minerals (quartz,
phyllosilicates, goethite), and the lowest proportion of
calcite (Fig. 3). Unit B (between 180 and 150 cm)
represents a transitional interval between the predom-
inantly massive lower unit A and the upper laminated
unit C. This unit B is characterized by a high
proportion of siliciclastic minerals (quartz) and a
gradual increase in carbonate content (Fig. 3). It is
also characterized by well-preserved or fragmented
ostracod shells, gastropods and charophytes. Unit C
(150-90 cm) is formed of massive to faintly-lami-
nated, black to dark-gray, organic-rich facies with
abundant diatoms. It shows a marked up-core increase
in carbonate content. XRD results clearly indicate that
calcite is the dominant carbonate mineral (Fig. 3).
Finally, unit D (the upper 90 cm) is dominated by
laminated brown sediment. It is characterized by high
calcite content and the recurrence of ostracod shells.
Dark laminated facies with abundant diatoms, similar
to unit C facies, are observed in the upper part of this

unit (10-20 cm). Siderite and rhodochrosite, absent in
the lowermost units A and B, are present within units
C and D in low percentages (Fig. 3).

Grain size analysis of AZA-SUP-1-A-16 showed
that the sediments of Flowers Marsh consist predom-
inantly of clay and silts in the lower part of the core
(units A and B) while a sandy fraction dominates the
upper part of the core (units C and D; Fig. 3). This
sandy fraction results mainly from the presence of
endogenic carbonate concretions called “cauliflow-
ers” rather than from detrital sand from the watershed
area. “Cauliflowers” were only detected in units C and
D. The high endogenic carbonate content of units C
and D is in good agreement with the TIC and the
CaCOj3 content, underlining the strong carbonate
precipitation in the upper part of the core. High-
resolution images of these endogenic carbonates
obtained by SEM yielded observation of their
microstructures. The morphology of the calcite crys-
tals is irregular having “cauliflower” shapes and

Journal : Medium 10933
Article No. : 166
MS Code : JOPL-D-19-00075R2

m
o

@ Springer
Dispatch :  18-1-2021 Pages : 19
O LE O TYPESET
¥ cp * DISK

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481



Author Proof

482
483
484
485
486
487

488

489

490
491
492
493
494
495
496
497
498
499
500
501

J Paleolimnol

XRF (intensity)

E
S = ’ o . . -
= S E Sedimentary Grain size (%) Mineralogical Depositional Age
2 & X units Mn K Ti Ca inc/coh Br comp. (%) environments (cal. yr BP)
@ o
o 0 20 40 60 80 1000 10000 1000 2000 1000 3000 O ~ 40000 3 4 5 0 200 4000 20 40 60 80 100
= — B S T S I L 1 L 1 | 64
o] = = e = Shallow waterbody with increased cea|,yrs BP
> = =N g anthropoginic impact
g i = & 2 Water freshening with increased OM
" < .; = / = content and recurrence of diatoms
A = = - > —
g T = £ Shallowing waterbody, decreasing
- = =] OM content and
%,k recurrence of ostracods
E | 1383
100/ F = 3 cal.yrs BP
%, ~ = Deep environment with
= = |= anoxic conditions, high
= productivity and appearance of
i%, diatoms and cauliflowers
— = | 2016
1504 = [ . cal.yrs BP
= ? = flooding of the waterbody :
=3 < = ;
== = & with appearance of ostracods
T T Je | 2331
~ § = 3:' % i cal.yrs BP
200/ e = &
£ [
I E
g § 3 f E Fndiionoihbod
- % § i E preservation of pollen and
250 & (3 = E; coprophilous fungal spores
= gg 4 I3
= & { E
300] L | £ = * E 6219
' cal.yrs BP
- Soil, brown facies @ Gastropods D Sand 0 0 5 Ly
with macrophytes . TOC (%) . i
= Silts &l Calcite Phylosilicates
Brown laminated Gyrogonites . - ‘:l g
facies 7 Vegetabl Clay I Quartz [ Goethite
i 7 Vegetable
[ Oxklaminated [ (RS M siderite [ Aragonite

organic peat

% Coproph. fung. spores absence
% Coproph. fung. spores precence

Comact grey
clayey silt

Fig. 3 Physical and lithological properties of Flowers Marsh
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bution (clay, silt and sand), X-ray Fluorescence (XRF) core
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shows a rough and porous surface and no obvious
internal structure (ESM3-A). The EDS analysis
showed that the elemental composition of this mineral
includes O, C and Ca and small amounts of Mg, K, and
Fe, indicating the calcic nature of these endogenic
carbonates (ESM3-B).

Geochemistry
Elemental geochemistry

The main chemical elements and ratios selected for
this study are the following: K, Si, Ti, Fe, Ca, Br,
inc/coh, Ca/Ti and Br/Ti. Downcore elemental profiles
are clearly consistent with the facies distribution
(Figs. 3 and 4, ESM4). Si, K, Ti and Fe show
comparatively higher values in clastic-dominated
intervals in unit A and reveal a decrease in unit B
with lower values in units C and D. The top of unit D
shows an increase in the elements. Calcium displays
an opposite trend, reaching maximum values in the
carbonate-rich facies of units C and D. The inc/coh
ratio and Br exhibit rather low and constant values in

[l Rhodochrosite [l Phillipsite

Total Inorganic Carbon (TIC), inc/coh, Total Organic Carbon
(TOC) and Br, mineralogical composition, reconstructed
depositional environments and chronological scale (in cal.
years BP)

units A and B, then present abrupt increases in
organic-rich intervals of unit C, decreasing upwards
(Fig. 3, ESM4). The Ca/Ti and Br/Ti ratios display
similar trends and present very low values in units A
and B and higher values within units C and D.
Manganese contents show a variable pattern with
higher peaks in unit A and B and in the uppermost
layer of unit D (Fig. 3).

Since changes in the core lithology reveal consid-
erable variation in the lake status, correlation analysis
and hierarchical clustering were constructed within
each unit to quantify the strength of correlation
between the lithology and geochemical composition
(Fig. 5). The main detrital elements (K, Ti, and Fe)
correlate strongly in all units (r = 0.58-0.96, p-
value = < 0.0001). Silicon shows good correlations
with the detrital elements in Unit A, B and D. This is
not the case in the diatoms-rich unit C, where Si
displays low correlations with these detrital elements.
The inc/coh ratio shows a strong correlation with Ca in
unit D (r = 0.84; pvalue < 0.0001; n = 1760), a
moderate  correlation in unit C (r=0.61;
p value < 0.0001; n = 1154) and unit B (r = 0.58;p-
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Fig. 4 Spearman correlation matrix and hierarchical clustering
of the main XRF elements for the four lithological units (A, B, C
and D). Red colors indicate positive correlations and blue colors
indicate negative correlations. The color gradient indicates the

value < 0.0001; n = 600) and a very low correlation
in unit A (r = — 0.09; p-value < 0.0001; n = 2170).
The Mn does not show any correlation with other
elements and likely reflects changes in redox condi-
tions. Generally, the HCA dendrogram shows two
clear main clusters: one associated with detrital

strength of correlation. The order of the elements determines the
ordered clusters. Asterisks refer to correlations with p-val-
ues > 0.05. Correlations  without asterisks have a
p value < 0.0001 (ESM6)

minerals (Ti, K, Fe and Si) and the second one linked
with organic matter and carbonate minerals (inc/coh,
Ca and Sr); these two groups are clearly negatively
correlated. In unit A, Sr and inc/coh show a weaker
connection to the detrital elements group. Manganese
is weakly related to the organic matter cluster.
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Organic geochemistry

The TOC values of the Flowers Marsh sequence range
from 1% to 8% (Fig. 3). The organic content of units A
and B is relatively low and constant (oscillating
around 1%), increasing in the top of unit B (3.1%) and
reaching maximum values of 8.3% in the lower part of
unit C. The TOC remains relatively high in unit D
(values range between 5 and 7%) with a decreasing
trend towards the core top. The inc/coh ratio shows a
similar trend to TOC, suggesting it is a reliable proxy
for organic content in this system. Similarly, TIC
values show a general trend towards increasing values
from the bottom (unit A and B) to the top of the core
(unit C and D). The highest concentrations of up to
75% occur at 32 cm and the lowest (0.5%) at the base
of the core.

Biological proxies
The occurrence of ostracod shells is limited to the
upper 166 cm of the Flowers Marsh sequence (166—

143 c¢cm and 25-79 cm); no shells were found in units
A and B. When ostracods were observed, Candona
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published isotope composition of detrital carbonate obtained
from the study area (Benkaddour 1993)

neglecta and Illyocipris gibba were the most abundant
species.

Diatom content is low throughout most of the
record, and diatom remains are poorly 382 preserved.
Diatoms present a sharp contrast with the abundance
of ostracods. Units A and B were sterile in regards to
diatoms. Unit C (150 -90 cm) is dominated by
epiphytic species such as Epithemia adnata (Kiitzing),
Sellaphora laevissima (Kiitzing) and Gomphonema
pumilum (Grunow) and by benthic species represented
mainly by Halamphora veneta (Kiitzing) and Coc-
coneis placentula (Ehrenberg) (ESM5). In the upper
90 cm, the diatom assemblage is still dominated by
benthic forms, except at 47-48 and 38-39 cm where
the centric Cyclotella distinguenda (Hustedt) domi-
nates the assemblage (ESMS).

The occurrence of coprophilous fungi species and
spore concentration throughout the core were exam-
ined. The lowest units A and B (280, 250 and 174 cm)
present low concentrations and poor preservation of
coprophilous fungi spores. The boundary between
units B and C (141 cm) is characterized by an increase
in values of coprophilous fungi spores with a better
preservation and high abundances of the UG-1138
species. In unit C (101 cm), continuation of the high
values of UG-1138 is recorded. The exclusive occur-
rence and high values of Tripterospora-type and a
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decrease in UG-1138 values occur in unit D (39 cm).
The topmost part of this unit (19 cm) is characterized
by the highest values of Sporormiella-type and a
relatively high abundance of Delitschia-type.

3!3C and 8'30 of Flowers Marsh carbonates

The oxygen isotopic composition values of biogenic
carbonates derived from the benthic ostracod species
C. neglecta were in the range — 5.34 to — 1.09%o.
These values are in agreement with ostracod &'°0
records measured on the same species in the larger
lake Aguelmam Azigza (this study) and with records
carried out on modern ostracods from Lake Tigal-
mamine (Benkaddour et al. 2005). The 8'®0 of
ostracods is mostly affected by the isotopic composi-
tion of lake water and water temperature at the time of
its formation (Xia et al. 1997). In semi-arid, closed
small lake settings, ostracod 5'%0 reflects primarily
the local hydrologic balance (Roberts et al. 2008;
Develle et al. 2010).

Figure 6 displays the relationship between &'*C and
380 for all of the carbonate species analyzed in this
study. The 8'°C in the studied samples of endogenic
carbonates from Flowers Marsh sediments vary con-
siderably and range from — 11.3 to -2.3%0 VPDB,
whereas 5'%0 of the same samples range from — 6.8 to
-0.5%0 VPDB. The dominant controls on the 8'*0 of
lacustrine endogenic carbonates is controlled are the
temperature of its formation and the isotopic compo-
sition of the water in which it precipitates (Epstein
et al. 1953; Craig 1965). The 13C content of lacustrine
carbonates mainly reflects the composition of the
TDIC in the lake water and the effects of biological
fractionation related to aquatic photosynthesis (Stu-
iver 1970; McKenzie 1985).

Discussion

Paleoenvironmental interpretation of the deposited
sediments requires an accurate understanding of the
proxy significance. In the following, different proxies
are discussed to provide a reliable paleohydrological
reconstruction of Flowers Marsh. A possible connec-
tion with Aguelmam Azigza hydrological behavior is
discussed so as to understand the hydrological func-
tioning of these hydrosystems at the catchment scale.
Finally, comparisons between the regional records are

proposed in order to demonstrate the local hydrolog-
ical differences and the common patterns in response
to regional climatic drivers.

Flowers Marsh hydrological development
during the last 6000 years

Four main phases were distinguished following the
lithologic units, the geochemical zonation derived
from the p-XRF data, the mineralogy and the recur-
rence of biomarkers (Fig. 4): (A) ephemeral water-
body, (B) flooding and permanent shallow water
conditions, (C) medium to deep waterbody and
(D) shallow water level.

Unit A—Ephemeral waterbody (6-2.3 cal. kyr BP)

The oldest sediments present in the Flowers Marsh
sequence are characterized by a high intensity of Ti, K,
Si which are grouped together with Sr and Fe (Fig. 5).
These detrital elemental intensities may mostly track
high clay and phyllosilicate contents that are deposited
during heavy rainfall and thus be related to a relatively
high lake level, or they may correspond to evidence of
arid conditions and thus be related to lake desiccation.
However, the highly clastic nature of unit A made up
of clay minerals, phyllosilicates and quartz particles
(as determined by XRD and microscope observations)
with a very low sedimentation rate suggests that the
sediments were originally deposited in a shallow,
littoral lacustrine setting. Furthermore, the minimum
carbonate values (TIC, DRX calcite and Ca intensi-
ties) point to an absence of dissolved calcite from
surrounding rocks, as a consequence of CO,-poor
groundwater associated with weakly developed soil
and vegetation and/or to low detrital carbonate input as
a consequence of decreased runoff. The complete
absence of biological fauna with non-preservation of
coprophilous fungi spores and eroded pollen also
supports oxic conditions typical of a shallow environ-
ment with frequent periods of subaerial exposure
(Gonzalez-Sampériz et al. 2008). The low accumula-
tion of organic matter (extremely low TOC content)
may indicate a barren landscape with sparse vegeta-
tion and low productivity in the waterbody (low Br/
Ti). The absence of endogenic calcite (low Ca/Ti)
indicates that conditions were not adequate for endo-
genic calcite precipitation and/or preservation in the
sediments. In addition, the relatively high Mn contents
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0.24 I I |

Age (cal.

Fig. 6 Selected Flowers Marsh proxies (lower part) compared
with other regional and global records (upper part) for the last
6 cal. kyr BP. In the lower section, from bottom to top:
calibrated radiocarbon dates, paleoenvironmental reconstruc-
tion for the different units (A-B-C-D), sedimentation rate (mm
yr~ 1), K-XRF, Ca/Ti ratio, Br/Ti ratio, 8'®0 record from C.
neglecta and the relative lake-level curve construction using
different proxies mentioned in the text. In the upper section: Ras

@ Springer

A Global o
temperature (°C) 7]
©n anomalies
-0.14 5
'g (Marcottal.2013) o5 ] | T Anoxic bottom water "
9 0.3 B
E | | L Aguelmam Sidi Ali
8 TOC
) | | - 10 (Zielhofer et al. 2017)
.g b Wet conditions |
£ Aguelmam Sidi Ali 40: |
= Cedrus 20
= (Campbell etal.2017) |
2 0 —30
> L
= | 20 Ras El ma marsh
] e s
ic Wet conditions — yperaceae
5 T | 10 (Nour El Bait etal. 2014)
NP C o
][ High -g_ Diatoms Diatomsl |
9 g Ostarcods fo)
g 0
Lake level s - S | To%
3 Medium P , Poor preservation of bioproxies 0
Low £5 | |4 +
S 2§18
Q
v | ostracods Droqg_ht
| | | 4 (%o vs PDB) conditions
_6 -
+ 200,
Authiginic 150
= carbonates | Ca/Ti 100
4 precipitation
3 50
@ 2
o = 0,
2 16 +
e
= 1.2 X .
< Br/Ti Productivity
s 0.8
=
n 04 -
[ 0
3 "
o Terrigenous 4000~
input 3000
K 2000 -
Watershed 1000 —
stabilization 0 | |
151 I
Sedimentation rate T |
(mmyr') 0.5 J
—| 7
[ [ 1
Lake Deep %g Ephemeral shallow body Paleoenvironmental
shallowing a[‘;(’:c 3?:8 and dessication reconstruction
Sedimentary D C B A
Y units T T T T
0 1000 2000 3000 4000 5000 6000

yr BP)

El Ma Marsh aquatic plant records (Nour El Bait et al. 2014),
Aguelmam Sidi Ali Cedrus records (Campbell et al. 2017), TOC
records (Zielhofer et al. 2017) and reconstruction of Global
Temperature anomalies at the uppermost part of the record
(Marcott et al. 2013). Vertical dotted lines represent temporal
subdivisions of units used in the “Discussion” section. Grey
shading highlights periods of high stand of Flowers Marsh
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indicate oxygenation of the bottom sediment with
increasing preservation of Mn as oxides (Davies et al.
2015). Sedimentological, geochemical and biological
evidence from unit A sediments indicates hydrological
scenarios that fluctuate between a very shallow and an
ephemeral waterbody. This interpretation is consistent
with results from other lake sediments with no organic
matter content and a high clastic content that were
related to periods of shallow lake levels (Valero-
Garcés et al. 2000; Gonzalez-Sampériz et al. 2008;
Corella et al. 2011; Nour El Bait et al. 2014).

Unit B—re-flooding and shallow water conditions
(2.3-2 cal. yr BP)

Unit B is a transitional phase between the clastic
material of Unit A and the laminated organic-rich
sediment of the top of the core. It represents a
progressive transition towards a shallow wetland
environment with calcite formation marked by peaks
in Ca/Ti. The high sedimentation rate underlines the
increase in carbonate deposition (Fig. 4). This phase is
characterized by the appearance of ostracods, espe-
cially benthic species (C. neglecta and I. gibba). Their
high abundance indicates that the lake-bottom condi-
tions were predominantly aerobic during this interval
(Meisch 2000). The abundance of charophytes and
gastropods also indicates a shallower littoral environ-
ment (Benkaddour 1993; Soulié-Mirsche et al. 2008).
The decline of terrigenous element contents can be
explained by the stability of the watershed as
confirmed by the forest cover expansion during this
period (Lamb et al. 1999; Nour El Bait et al. 2014).
Unit B deposits characterize the re-flooding of the
waterbody marked by changes in the depositional
mode which most likely resulted from climate ame-
lioration in the region. Slight fluctuations of ostracod
580 values in this unit probably point to a shallow and
steady water level (Fig. 4).

Unit C—Medium to deep waterbody (2—1.4 cal. kyr
BP)

This unit was deposited under relatively deep water
conditions as indicated by the preservation of lamina-
tion, the highest TOC values (up to 8%) and diatom-
and organic matter-rich facies, indicative of high
biological productivity and organic matter preserva-
tion in the lake (Martin-Puertas et al. 2011). The low

Mn content and the well preservation of pollen and
spores point to deposition in a relatively anoxic deep
lake (Brauer 2004; Zolitschka 2007; Martin-Puertas
et al. 2009). This unit is characterized by a major
change in grain size distribution from clay-silt to sand
as the dominant particle sizes, associated with an
increase in sedimentation rate (Figs. 3 and 4). This
sandy fraction is related to the massive endogenic
carbonate precipitation indicated by peaks in Ca/Ti
(Fig. 4). These carbonate concretions are related to the
occurrence of “cauliflowers” irregularly shaped car-
bonate concretions that have been described as being
of algal origin (Magny 1992). They reflect deposition
in a shallow-water environment with mobilization to
the deep basin during periods of higher runoff. In this
unit, endogenic carbonates record the highest isotopic
values (Fig. 6). Enriched isotopic values relative to the
TDIC values may be related to high productivity
(diatom and algal) in the littoral zone (Stuiver 1970;
McKenzie 1985). The absence of ostracods during this
interval is not due to calcite dissolution processes, as
indicated by the presence of endogenic calcite. Most
likely, diatom blooms, anoxic conditions and limited
water circulation in the lake bottom as indicated by
laminated sediments inhibited the survival of benthic
ostracods (Valero-Garcés 2003). This unit is also
characterized by negative shifts in Ti, K, Fe and Si
indicators for allochthonous detrital input (Fig. 3,
ESM4). This decrease could be related to the stability
of the watershed by forest development and to dilution
of the allochthonous input by precipitated calcite as
indicated by the negative correlations of Ca with the
detrital elements in unit C (Fig. 5). Silicon shows a
low correlation with the detrital elements in this unit
(Fig. 5), which highlights an additional source (bio-
genic) of Si provided by diatoms.

Unit D—Fluctuating and shallow pond (After 1.4 cal.
kyr BP)

During this period, Flowers Marsh sediments reflect
the change from dark laminations (unit C) to brown-
white laminations and several productivity proxies
point to a slight decrease (TOC, inc/coh, Br/Ti and
diatom abundance). A minor drop in carbonate
precipitation also occurred, extending until
~ 650 cal. yr BP. This decline in primary productiv-
ity and carbonate production together with more
positive ostracod 8'*0 values, compared to the onset
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of unit C, could be related to more arid conditions
(Fig. 4). Also, the replacement of diatoms by ostra-
cods points to a major shift in the lake level toward
shallow waters (Benkaddour 1993). A transitory
increase in the deposition of organic matter (high Br/
Ti) and calcite precipitation (high Ca/Ti) between 650
and 150 cal. yr BP points to a period of enhanced
biological productivity that allowed the precipitation
and preservation of endogenic calcite concretions
(Fig. 4). The diatom record is dominated by Cyclotella
distinguenda which indicates an enhanced lake level
and the dominance of a period of stable stratification
(Interlandi and Kilham 2001). A drop in ostracod 3'%0
values may reflect a short phase of more humid
conditions during this period (Fig. 4). Since 150 cal.
yr BP, another phase characterized by indicators of
lower productivity (decreases in TOC, inc/coh and Br/
Ti ratio) and increases in clastic input to the lake
occurred (Fig. 3). Stronger reduction of the waterbody
prevailed during this period as revealed by the high
Mn content indicating oxygenation of the lake bottom.
More arid conditions leading to enhanced littoral
erosion and sediment delivery to the pond may explain
the increase in detrital element contents. Nevertheless,
these trends could also be related to the anthropogenic
degradation of the landscape by increased farming or
land use practices including high pastoralism activi-
ties. An anthropogenic effect is supported by the
presence of anthropogenic markers such as the high
concentrations of Sporormiella (Cugny et al. 2010;
Williams et al. 2011; Curras et al. 2012) in recent
sediments (recorded at 180 cal. yr BP). This reflects an
increase in livestock grazing activity which is the main
anthropogenic pressure on soils in the area (Campbell
et al. 2017). Given the low temporal resolution of this
part of the core, the sub-millennial variability should
be interpreted cautiously in this part of the record.

Connection between Flowers Marsh and Aguelmam
Azigza

The Flowers Marsh paleohydrological reconstruction
reveals interesting links to Aguelmam Azigza. The
flooding at 2.3 cal. kyr BP may be interpreted as a
period of enhanced surface and groundwater flux to
the pond. Earlier and recent studies from the nearby
Aguelmam Azigza indicate metric water level fluctu-
ations at interannual and decadal scales (Flower et al.
1989; Adalall et al. 2019; Jouve et al. 2019). Precise
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geomorphological mapping of the watershed shows
that a connection existed between the two waterbodies
owing to a lake level increase at Azigza of about 15
meters, a level that was also reached in the late 1960s
(Jouve et al. 2019). We suggest that the re-flooding
period evidenced at the Flowers Marsh could corre-
spond to an equivalent Azigza lake-level high stand at
about 2.3 kyr BP. This would imply that the highest
Azigza lake level was probably reached at that time.
Precise geomorphological observations of the basin
catchments are consistent with a past high stand
(Jouve et al. 2019).

Comparison with Mid-Late Holocene regional
records

In Europe and in the Mediterranean region, the
Holocene period reveals diverse spatial and temporal
patterns of climate variability induced by large-scale
changes in atmospheric circulation and complex
interactions of various forcing factors (Di Rita et al.
2018). The linkage between phases of aridity and
humidity on a sub-regional to regional scale is highly
challenging (Carriéon 2002). The Moroccan Middle
Atlas is part of this Mediterranean periphery and has
also demonstrated local and regional sensitivity in the
response of lakes to climatic variation.

During the Mid-Holocene (6000-2300 cal. yr BP),
Flowers Marsh records ephemeral water conditions
with recurrent desiccation periods. This picture con-
trasts with evidence of a moister climate recorded in
the Middle Atlas region. Humid conditions were
highlighted by the arrival and expansion of cedar after
~ 6 cal. kyr BP, recorded in Aguelmam Sidi Ali
(Campbell et al. 2017), Lake Tigalmamine (Lamb
et al. 1999), the Ras El Ma marsh (Nour El Bait et al.
2014), and the Ait Ichou marsh (Tabel et al. 2016).
This Mid-Holocene expansion of Cedrus was related
to increasing available moisture and suggests a
climatic transition toward generally cooler and more
humid conditions with reduced summer drought
(Campbell et al. 2017). However, other Middle Atlas
paleohydrological studies have detected a striking
mismatch between the local hydrological water bal-
ance and plant available moisture reflected by the
abundance of Cedrus pollen. For instance, a maximum
in plant available moisture recorded at Lake Tigal-
mamine coincides with low lake levels (Lamb and van
der Kaars 1995). Equally, the Cedrus pollen in the
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Aguelmam Sidi Ali record indicates more humid
conditions during the Late Holocene, while the
majority of the lake level proxies point to a general
lake level lowering trend during this period (Zielhofer
et al. 2017). The authors interpreted Cedrus pollen
increases not as an indicator of more precipitation but
rather as an indicator for more available moisture that
may be the result of lower summer temperatures
(Lamb et al. 1999; Zielhofer et al. 2017). The low lake
level recorded in Flowers Marsh sediments during the
Mid- to Late Holocene may be related to a reduction in
winter precipitation which would have significantly
reduced groundwater recharge. During the Mid-
Holocene, arid conditions were recorded in lake
sediments in the Middle Atlas region (Rhoujjati
et al. 2012; Campbell et al. 2017; Bell et al. 2019),
and also in more distant sites from the northern Iberian
Peninsula (Santos et al. 2000; Morellon et al. 2008).
For instance, most of the saline lakes in the Central
Ebro valley (northeastern Spain) were desiccated or
ephemeral during the Mid-Holocene (Gonzdlez-Sam-
périz et al. 2008). In Arreo Lake, the presence of
coarse alluvial facies at the base of the sequence points
to more arid conditions prior to 2250 BP (Corella et al.
2013).

The Late Holocene is characterized by a transi-
tional phase towards a sustainable water supply to the
pond with a higher water level at Flowers Marsh
(2300 cal. yr BP—1800 cal. yr BP), particularly evi-
dent in lamination preservation and in organic matter
increase. Wet conditions during this period were also
recorded in Lake Iffer as indicated by an increase in
lake productivity and rising lake level (Damnati et al.
2015). At Tigalmamine Lake, increased precipitation
at about 2600 year BP, with equivalent troughs in
winter and summer temperatures were reconstructed
from pollen records (Cheddadi et al. 1998). Higher
lake levels are documented by the dominance of
aquatic plants (Typha L., Potamogeton Linn., Myrio-
phyllum L. and Cyperaceae) in the pollen diagram
from Ras El Ma marsh, with a high stand between
2000 and 1400 cal. yr BP (Fig. 4) (Nour El Bait et al.
2014). A relative increase in TOC around 2,200 cal. yr
BP was also recorded in Aguelmam Sidi Ali indicating
a high lake level and high productivity (Zielhofer et al.
2017). This period coincides with the wetter Iberian
Roman period in the northern Mediterranean. A humid
phase during the Iron Age and the Roman Optimum
from 2700 to 1600 year, inferred from lake and fluvial

records (Macklin et al. 2006; Martin-Puertas et al.
2008), has been found in the Iberian Peninsula.
Furthermore, a decrease in temperature around
2000 cal. yr BP was identified at a global scale
(Marcott et al. 2013).

The shallowing water level recorded at Flowers
Marsh since 1.4 kyr cal. BP coincides with decreasing
tree pollen abundance at other regional Lakes, such as
Aguelmam Sidi Ali where there was a reduction in the
arboreal/non-arboreal pollen ratio (AP/NAP) after
1300 cal. yr BP (Cambell et al. 2017). Most of the
Middle Atlas records reflect forest cover degradation
during this period, which might be related to more arid
conditions. This stage coincides with the Medieval
Climate Anomaly (MCA) which was marked by a
global increase in temperature (Marcott et al. 2013). It
has also been described in previous paleoclimatic
reconstructions across the Mediterranean Basin
(Magny 2004; Moreno et al. 2012). Aside from the
increase in arid conditions, the intensification of
anthropogenic activity during this period also had a
strong impact on the forest and the environmental
variability in the region (Reille 1976; Benkaddour
1993) where significant anthropogenic alteration of
forest cover was recorded, especially in the last two
millennia (Cheddadi et al. 2015). However, coprophi-
lous fungal spore evidence in the Flowers Marsh
record did not indicate increased anthropogenic pres-
sure during this period. A high stand period was
recorded at Flowers Marsh from 650 to 150 cal. yr BP.
Considering the uncertainties of the chronological
model for this time interval, this phase could coincide
with the Little Ice Age (LIA), a generally cold period
(Mann et al. 2009). This short humid phase is
synchronous with decreased drought stress in the
Middle Atlas documented in Cedrus atlantica ring
width data (Esper et al. 2007) and in speleothem
records (Wassenburg et al. 2013). Cooling episodes
favoring the expansion of Cedrus were recorded
during this period at Tigalmamine Lake (Lamb et al.
1989) and in Aguelmam Sidi Ali sediments (Campbell
et al. 2017).

Conclusions
The multiproxy study (sedimentological, geochemi-

cal, mineralogical, biological—spores of coprophilous
fungi, ostracods and diatoms, and AMS 4c dating),
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carried out on the Flowers Marsh sedimentary
sequence from the Middle Atlas region, provides a
paleohydrological and paleoenvironmental recon-
struction (of the area) since 6000 cal. yr BP, inter-
preted in terms of climate and environment variability.
This study demonstrates the ability of a pond such as
Flowers Marsh to show significant palaeohydrological
evolution and confirms the high sensitivity of Middle
Atlas hydrosystems to climatic changes in the
Mediterranean region as highlighted in previous
studies.

The Flowers Marsh record shows arid conditions
prior to 2300 cal. yr BP represented by highly clastic
sediments and poor preservation of bioproxies. A large
increase in water availability, marked by enhanced
organic matter and endogenic calcite preservation was
recorded during the wetter Iberian-Roman period,
particularly between 2000 and 1400 cal. yr BP and
during the Little Ice Age (650— 150 cal. yr BP). Lower
lake levels, a response to increasing regional aridity,
were recorded during the Medieval Climate Anomaly
(1400-650 cal. yr BP). Intensification of human
pressure by pastures in the Flowers Marsh catchment
is recorded since the last 150 year.

Comparison of the main hydrological phases in
Flowers March with other Middle Atlas and Mediter-
ranean records demonstrates a coherent pattern of the
main climatic phases in the region during the last 6000
years, at the same time highlighting spatial and
temporal variability due to latitudinal differences
and some site specific patterns.
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