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Abstract 20 

 21 

In semi-arid regions subject to rising temperatures and drought, palaeoecological insights into past 22 

vegetation dynamics under a range of boundary conditions are needed to develop our understanding of 23 

environmental response to climatic changes. Here, we present a new high-resolution record of 24 

vegetation history and fire activity spanning the last 12,000 years from Lake Sidi Ali in the southern 25 

Middle Atlas Mountains, Morocco. The record is underpinned by a robust AMS radiocarbon and 26 
210Pb/137Cs chronology and multi-proxy approach allowing direct comparison of vegetation, 27 

hydroclimate and catchment tracers. The record reveals the persistence of steppic landscapes until 28 

10,340 cal yr BP, prevailing sclerophyll woodland with evergreen Quercus until 6300 cal yr BP, 29 

predominance of montane conifers (Cedrus and Cupressaceae) until 1300 cal yr BP with 30 

matorralization and increased fire activity from 4320 cal yr BP, and major reduction of forest cover 31 

after 1300 cal yr BP. Detailed comparisons between the pollen record of Lake Sidi Ali (2080 m a.s.l.) 32 

and previously published data from nearby Tigalmamine (1626 m a.s.l.) highlight common patterns of 33 

vegetation change in response to Holocene climatic and anthropogenic drivers, as well as local 34 

differences relating to elevation and bioclimate contrasts between the sites. Variability in evergreen 35 

Quercus and Cedrus at both sites supports a Holocene summer temperature maximum between 9000 36 

and 7000 cal yr BP in contrast with previous large-scale pollen-based climate reconstructions, and 37 

furthermore indicates pervasive millennial temperature variability. Millennial-scale cooling episodes 38 

are inferred from Cedrus expansion around 10,200, 8200, 6100, 4500, 3000 and 1700 cal yr BP, and 39 

during the Little Ice Age (400 cal yr BP). A two-part trajectory of Late Holocene forest decline is 40 

evident, with gradual decline from 4320 cal yr BP linked to synergism between pastoralism, increased 41 

fire and low winter rainfall, and a marked reduction from 1300 cal yr BP, attributed to intensification of 42 

human activity around the Early Muslim conquest of Morocco. This trajectory, however, does not mask 43 

vegetation responses to millennial climate variability. The findings reveal the sensitive response of 44 

Middle Atlas forests to rapid climate changes and underscore the exposure of the montane forest 45 

ecosystems to future warming.  46 
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1 Introduction 47 

 48 

1.1 Background and rationale 49 

 50 

Northwest Africa is a key region for exploring changes in forest vegetation cover and composition in 51 

response to past climate changes. Future climate change projections highlight the exposure of 52 

Northwest Africa to increased heat and drought stress (Lelieveld et al., 2016; Diffenbaugh and Scherer, 53 

2011; Born et al., 2008). This exposure underlines the need for understanding the resilience of keystone 54 

forest species such as Cedrus atlantica and the ecosystem functions they support (e.g. nutrient cycling, 55 

carbon sequestration, reducing soil erosion) in the face of global change (Moritz and Agudo, 2013; 56 

Dawson et al., 2011; Parmesan, 2006). The biological and bioclimatic diversity of the region, 57 

particularly as contained within the Atlas mountain ranges (Médail and Quezel, 1997; Ozenda, 1975), 58 

furthermore provides a valuable “test-bed” for understanding the wider response of Mediterranean and 59 

semi-arid environments and ecosystems to climatic perturbations.  60 

 61 

[FIGURE 1] 62 

 63 

The Middle Atlas range in Morocco presents a diversity of perennial and seasonal wetlands suitable for 64 

palaeoecological analysis and represents a focal area of current research investigation. Pioneering 65 

palynological investigations at Col du Zad (Reille, 1976) yielded the first insights into past changes in 66 

the vegetation cover of the western Middle Atlas (Figure 1), including fluctuations in the local 67 

population of Cedrus atlantica during the last ca 3000 calendar years before present (cal yr BP). 68 

Studies at Tigalmamine on a marginal core (Lamb et al,. 1989) and deep lake core (Lamb and van der 69 

Kaars, 1995) contributed the first well constrained environmental reconstructions spanning the full 70 

Holocene, and highlighted a Holocene succession of environmental changes at the site including an 71 

Early Holocene transition from grasslands to evergreen Quercus forest and the subsequent Late 72 

Holocene establishment of Cedrus. The studies also supported fundamental insights into palaeoclimatic 73 

linkages between Northwest Africa and the Atlantic region, linking lake-level lowering in the Middle 74 

Atlas with North Atlantic cooling events (Lamb et al., 1995). Alongside palaeoclimatic insights, key 75 

information emerged about the scale and nature of human impacts, through the complementary study of 76 

Holocene deposits at Taguelmam N’Harcha, Dayat Iffir and Dayat Afoughagh (Lamb et al., 1991). The 77 

studies indicate a history of low intensity human impact on the Middle Atlas landscape during the last 78 

five millennia, intensification of impacts around 2000 cal yr BP and a significant reduction of Cedrus 79 

populations at Taguelmam N’Harcha at 1400 cal yr BP. A 7000 cal yr record from Lake Sidi Ali 80 

(Lamb et al., 1999) adopted a multiproxy approach and examined interactions between climate, 81 

catchment processes and lake status associated with the transition from evergreen Quercus- to Cedrus- 82 

dominated forest and subsequent forest decline during the last 3000 cal yr. 83 

 84 

The Middle Atlas has recently experienced a resurgence of palaeoecological activity, including 85 

contributions to the understanding of longer term environmental change since the last glacial including 86 

past fire activity at Lake Ifrah (Rhoujjati et al., 2010; Reddad et al., 2013), although the core does not 87 

include the last 5000 years. Recent studies have contributed further knowledge regarding patterns and 88 

processes of Holocene vegetation change in the northwestern Middle Atlas at Ras el Ma and Dayat 89 

Hachlaf (Nourelbait et al., 2014, 2016; Tabel et al., 2016), and forthcoming data for the Holocene are 90 
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indicated for Lake Tifounassine (Cheddadi et al., 2015). At Dayat Hachlaf, forested conditions with 91 

Quercus (undifferentiated) and Pinus are recorded throughout the record from 6000 cal yr BP, and 92 

include a shift in forest composition around 3500 cal yr BP, with the expansion of Cedrus (Nourelbait 93 

et al., 2016). In contrast, the nearby record of Ras el Ma documents a late development of forest with 94 

Quercus and Cedrus only after 5000 cal yr BP (Nourelbait et al., 2014). In the southwestern Middle 95 

Atlas, the pollen record of Ait Ichou documents the transition from steppic to forested vegetation at 96 

6800 cal yr BP (Tabel et al., 2016). Comparison of Late Holocene records from the Middle Atlas and 97 

Rif support similar trajectories of increasing human impact during the last 2000 years (Cheddadi et al., 98 

2015). Overall, the growing number of studies from the Middle Atlas highlight important spatial and 99 

temporal variability in the patterns of forest development, and point to multiple drivers of 100 

environmental change (climate, human activity, fire). 101 

 102 

In light of the available information, key research areas regarding the dynamics of montane vegetation 103 

in the Middle Atlas require further investigation and are highly relevant in the context of future climate 104 

change. These include: 105 

(i) the nature and timing of vegetation changes during the Holocene, including spatial and 106 

altitudinal patterns in the forest cover and composition; 107 

(ii) the exposure of forest ecosystems to long-term and rapid climate changes of the Holocene 108 

(e.g. Mayewski et al., 2004) and/or resilience in the face of climatic perturbation (Aranbarri et al., 109 

2014);  110 

(iii) the spatiotemporal characteristics of Holocene fire regimes and the role of fire as an agent of 111 

Holocene vegetation change; 112 

(iv) the role of human agency in Holocene land cover changes, the resilience of the natural 113 

vegetation cover, and human-environment interactions (Blondel, 2006). 114 

Ultimately, robust exploration of these research areas requires palaeoecological data with high 115 

temporal resolution (centennial-scale sampling or better), robust radiometric chronological control, 116 

and, ideally, a multi-proxy approach with co-registration of independent climate tracers in the same 117 

cores.  118 

 119 

The focus of this study is Aguelmam (Lake) Sidi Ali. As the largest and deepest perennial lake in the 120 

Middle Atlas, the site offers great potential for addressing key regional palaeoenvironmental and 121 

palaeoclimatic questions. The first coring efforts at the site focused on a marginal sub-basin, yielding a 122 

sediment record spanning the last ca. 7000 cal yr BP (Barker and Roberts, 1994; Lamb et al., 1999). 123 

These previous studies reveal signals of recurrent centennial-scale water-level fluctuations in the 124 

diatom assemblages (Barker and Roberts, 1994), and long-term catchment impacts on lake status linked 125 

to vegetation change and human impact (Lamb et al., 1999).  The studies clearly highlight the merits of 126 

a multiproxy palaeolimnological approach (Birks and Birks, 2006), and also provide first indications of 127 

some of the particular challenges at Lake Sidi Ali, notably for radiocarbon dating in the hardwater 128 

karstic setting, for disentangling climate and catchment influences on the lake system, and for 129 

elucidating climatic and anthropogenic drivers of change. 130 

 131 

New research activity at Lake Sidi Ali since 2012 has focused on drilling of the main (deep) lake basin, 132 

recovery of longer cores extending across the full Holocene, and development of a robust radiometric 133 

deposition model (Fletcher et al., 2017). Reliance on 210Pb/137Cs analysis and 26 AMS radiocarbon 134 
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dates on terrestrial pollen concentrates and macrofossils circumvents the problem of hardwater errors 135 

for bulk radiocarbon dates (Fletcher et al., 2017) and underpins the high-resolution and multiproxy 136 

palaeolimnological study (Zielhofer et al., 2017a). Key findings include the detection of pervasive 137 

variability in Atlantic-derived winter precipitation, and a Mid Holocene shift in prevailing climate 138 

pattern reflecting the emergence of centennial dynamics resembling the North Atlantic Oscillation 139 

(NAO-like) after 5000 cal yr BP (Zielhofer et al., 2017a). The main horizon of anthropogenic 140 

catchment disturbance is also constrained by geochemical and sedimentological data to 1400 cal yr BP 141 

(Zielhofer et al., 2017a), and is supported by evidence for a relatively old, soil-derived pollen 142 

component in some dating samples (Fletcher et al., 2017). New research also reveals that Lake Sidi Ali 143 

acts as a receptor for remote (Saharan) dust, providing indications of millennial-scale fluctuations in 144 

dust mobilization across the end of the African Humid Period (Zielhofer et al., 2017b). Overall, this 145 

context provides an ideal opportunity to evaluate vegetation dynamics on a range of timescales (orbital, 146 

millennial, centennial), and to test the coupling of vegetation and hydroclimate proxies. 147 

 148 

Here, we present a new record of vegetation and fire activity from Lake Sidi Ali in the Middle Atlas 149 

with sub-centennial resolution (60 year average), and undertake a detailed comparison with the deep 150 

lake record of Tigalmamine (Lamb and van der Kaars, 1995), the only other full Holocene pollen 151 

record in the Middle Atlas with a comparable (110 year average) sampling resolution as well as robust 152 

age control incorporating correction for hardwater errors. Specifically, we seek to address several key 153 

questions about the environmental drivers of vegetation change in the Middle Atlas. First, regarding 154 

vegetation-climate relationships, is there evidence for an Early Holocene summer temperature 155 

maximum consistent with insolation forcing and climate models (Renssen et al., 2009), or a cool Early 156 

Holocene, as suggested by large-scale pollen-based reconstructions for the Western Mediterranean 157 

(Davis et al., 2003; Mauri et al., 2015)? Is there evidence for vegetation response to millennial-scale 158 

variability in Holocene climate, as previously reported for the Western and Central Mediterranean 159 

(Fletcher et al, 2013; Jaouadi et al., 2016) but for which evidence is generally lacking in the Middle 160 

Atlas (cf. Lamb et al., 1995)? Second, regarding fire ecology in the Middle Atlas landscape, how did 161 

fire activity develop with respect to Holocene changes in climate, biomass, and human activity? Was 162 

fire activity at this high elevation site limited by fuel availability or climate (Linstadter and Zielhofer, 163 

2010), and did constraints change through the Holocene in parallel with neighbouring regions (Gil-164 

Romera et al., 2010)? Finally, regarding the origins of the currently degraded forest landscape, was the 165 

trajectory of human impact gradual and multi-millennial (e.g. Tinner et al., 2010) or incremental, with 166 

distinct thresholds of major impact (e.g. Morales-Molino et al., 2017)? Moreover, did the transition to 167 

an anthropogenic landscape mask climate responses in the vegetation, or were impacts of pervasive 168 

Holocene climatic fluctuations and historical climate changes evident?  169 

 170 

1.2 Study area 171 

 172 

The Middle Atlas range is an intracontinental fold-thrust belt that extends for around 250 km in 173 

northern Morocco along a primarily SW-NE alignment (Arboleya et al., 2004) and reaches elevations 174 

in excess of 3300 m.a.s.l. in the eastern sector. The dominant geology of the Middle Atlas is Mesozoic 175 

limestones giving rise to significant karstification of the landscapes. A legacy of Plio-Pleistocene 176 

volcanism is also highly evident in regional landforms (De Waele and Melis, 2009). Located on one of 177 

the main regional SW-NE trending lineaments, Lake Sidi Ali (33° 03’ N, 05° 00’ W) is one of the 178 
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largest (surface area of up to 2.8 km2), highest (2080 m.a.s.l.) and deepest (up to 40 m water depth) 179 

lakes in the karstic uplands of the western Middle Atlas Mountains in Morocco. The lake is located 180 

within a small closed catchment (~14 km2) that reaches up to around 2400 m.a.s.l. in elevation. The 181 

lake lies in a structural depression at the contact between Middle Jurassic limestones and Lower 182 

Jurassic dolomites. In September 2012, the lake displayed a maximum water depth of 38 m and 183 

anaerobic conditions at the hypolimnion (Zielhofer et al., 2017a). A shallow sub-basin to the SW is 184 

partly separated from the main basin by early Quaternary basalt flows. The two basins are linked when 185 

lake levels are at their highest (Lamb et al. 1999); they are currently separated due to lake lowering 186 

trends in recent decades (Menjour et al., 2016) (Figure 2). There are no significant surface inlet or 187 

outlet streams, and lake levels are sensitive to annual precipitation variability (Sayad et al., 2011).  188 

 189 

[FIGURE 2] 190 

 191 

Located at the southern margins of the Middle Atlas, Lake Sidi Ali is situated near the transition 192 

between the Atlantic, Mediterranean and Saharan climatic zones (Born et al., 2010; Knippertz et al., 193 

2003). The regional climate is Mediterranean with summer drought influenced by the sub-tropical high-194 

pressure belt and humid winters impacted by the Atlantic westerly circulation. Across the Middle Atlas, 195 

a strong NW to SE gradient of increasing aridity is evident, with high rainfall due to orographic effects 196 

at the NW margins of the Middle Atlas near Ifrane, and drying associated with subsequent Foehn 197 

effects as northwesterly air masses cross the SW-NE ridges of the Middle Atlas (Rhanem, 2009). The 198 

local climate station at Lake Sidi Ali documents a mean annual temperature of 10.3°C, mean 199 

temperature of the coldest month (January) of 2.0°C and mean temperature of the warmest month 200 

(July) of 19.7°C. A mean annual precipitation of 430 mm was recorded between 1982 and 2009, with 201 

maxima in spring (April-May) and late autumn/winter (November-December), as well as torrential 202 

summer storms associated with convection along the Atlas-Sahara margins.  203 

 204 

[FIGURE 3] 205 

 206 

The vegetation of the Middle Atlas displays a characteristic series of altitudinal vegetation levels 207 

associated with temperature and moisture availability across the thermo- to oro-mediterranean 208 

bioclimates (Benabid, 1982) (Figure 3). The current forest vegetation surrounding Lake Sidi Ali 209 

corresponds to the high-altitude, semi-arid Cedrus series (Achhal et al., 1980) with Cedrus atlantica 210 

(Endl.) Manetti ex Carrière, Quercus rotundifolia Lam. (synonym Quercus ilex. subsp. ballota (Desf.) 211 

Samp.), Juniperus thurifera L., Crataegus sp., Acer monspessulanum L. and Fraxinus dimorpha Coss. 212 

& Durieu accompanied by Berberis sp., Ribes uva-crispa L. and Ephedra major Host on locally rocky 213 

substrates (Figure 3). The forest surrounding the lake is rather sparse and degraded, and has an open 214 

character that gives way to scrub with spiny, cushion-form xerophytes (primarily Fabaceae spp.), along 215 

with an array of herbaceous taxa, including Asteraceae spp., Brassicaceae spp., Plantago spp. and 216 

Rumex spp.. In common with many areas across its Maghrebian range (Linares et al., 2012), Cedrus 217 

atlantica trees near the site show signs of degradation (logging, grazing pressure, and cutting for 218 

firewood) and die-back (loss of foliage, crown dieback, mortality) (Figure 4).  219 

 220 

[FIGURE 4] 221 

 222 
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Tigalmamine (32° 54’ N 05° 21’ W, 1626 m a.s.l.), studied by Lamb and van der Kaars (1995) and a 223 

source of secondary data for this study, is part of a cluster of lakes located ca. 50 km to the southwest 224 

of Lake Sidi Ali and 450 m lower in elevation. The study site was 0.6 km2 in area and around 16 m 225 

water depth at the date of coring, with an above ground catchment area of ~3.5 km2 (Lamb and van der 226 

Kaars, 1995). Tigalmamine experiences a similar temperature regime to Lake Sidi Ali (mean 10°C, 227 

mean temperature of the coldest month (January) of 2.5°C and mean temperature of the warmest month 228 

(July) of 20°C) and significantly higher rainfall (930 mm/yr) (Cheddadi et al., 1999). The surrounding 229 

forest vegetation is characteristic of the upper mediterranean level (Figure 3), dominated by Quercus 230 

rotundifolia with Quercus canariensis Willd. and Cedrus atlantica along with Ilex aquifolium L. and 231 

Crataegus spp. (Lamb et al., 1989). 232 

 233 

2 Material and methods 234 

 235 

Sediment cores were recovered at Lake Sidi Ali from a floating platform located at the deepest part of 236 

the main lake (Figure 2) basin using a UWITEC piston corer with plastic liners. A 19.56 m core (ALI 237 

01-10) was recovered in ten drives from a single borehole. Careful measurement on the steel depth 238 

cable was used to control the depth of the ten sequential drives. A core-catcher device prevents material 239 

from falling out of the core chamber. Total depth of the borehole was determined by the capability of 240 

the equipment, and does not represent the base of the sediment infill of the lake. The reported depths 241 

represent a corrected depth scale that accounts for core expansion in the liners. Full details of the 242 

bathymetric and seismic surveys and coring procedure are given in Zielhofer et al. (2017a). 243 

 244 

[FIGURE 5] 245 

 246 

The ALI 01-10 cores comprise horizontally bedded, faintly laminated, calcareous to lime silicic gyttja 247 

without any hiatus or major sedimentological shifts (Figure 5). Due to rare terrestrial macrofossils in 248 

the core, a dating strategy focusing on systematic AMS radiocarbon dating of pollen concentrates was 249 

implemented (Fletcher et al., 2017). Dates on pollen concentrates (n=23), terrestrial macrofossils (n=3) 250 

and 210Pb/137Cs constraints on the upper sediments were used to generate a realistic Poisson-process 251 

Bayesian deposition model (Ramsey, 1994) (Figure 5). The deposition interval spans the last 12,000 cal 252 

yr BP. Long-term average sedimentation rates at this deep-lake location exceed 0.15 cm/yr (1.5 m/ka), 253 

offering great potential for high resolution proxy analysis spanning the entire Holocene. 254 

 255 

Volumetric 1 cm3 samples were prepared for pollen analysis at regular, 10 cm intervals, yielding a total 256 

of 201 samples and an average temporal resolution of 60 years. A series of standard preparation 257 

treatments were employed, specifically: (i) addition of Lycopodium tablets to enable the calculation of 258 

pollen concentrations (Stockmarr, 1971); (ii) KOH digestion to remove humid acids; (iii) sieving at 180 259 

µm to remove coarse material; (iv) removal of siliceous material using either HF digestion or dense-260 

media separation with sodium polytungstate (SPT); and (v) acetolysis to destroy cellulose. At stage (iv) 261 

SPT was selectively applied to improve concentration of organic material in the upper part of the 262 

sequence, following rigorous testing to ensure that no bias is imparted in terms of pollen type recovery 263 

(Campbell et al., 2016). Residues were dehydrated in alcohol and mounted using silicon oil. A 264 

minimum of 300 terrestrial grains were counted for each sample using transmitted light microscopy at 265 

high magnification (400x – 1000x). Non-pollen palynomorphs (NPPs) observed during the pollen 266 
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counts were recorded. Pollen taxa were identified with reference to pollen atlases and keys (Beug, 267 

2004; Reille, 1999; Moore et al., 1991). Lygeum spartum is an unusual example of a single species 268 

within the Poaceae family that is easily distinguished due to its large size (longest dimension 50-70 269 

μm), elongated elliptical/ovoid form (length/width ratio > 2) and lateral pore position (Giner et al., 270 

2002; Abdeddaim-Boughanmi, K. and Kaid-Harche, 2009).   271 

 272 

Pollen percentages are calculated on the basis of a main sum of total land pollen (TLP) excluding 273 

aquatics and spores. Percentages of aquatic pollen and spores are expressed on the basis of the main 274 

sum of TLP plus the individual pollen/spore count. Pollen assemblage zones (PAZs) are defined based 275 

on changes in the TLP percentages, with a hierarchical division of major PAZs reflecting higher order 276 

shifts in dominant taxa and sub-zones reflecting lower order fluctuations in the pollen spectra. The 277 

PAZs were determined by numerical zonation by optimal splitting by information content (Bennett, 278 

1996) including twenty-two taxa occurring at >3% in at least one sample (Acer, Apiaceae, Artemisia, 279 

Astragalus type, Brassicaceae, Caryophyllaceae, Cedrus, Chenopodiaceae, Coronilla type, 280 

Cupressaceae, deciduous Quercus, Ephedra, evergreen Quercus, Fraxinus, Olea, Phillyrea, Pinus, 281 

Pistacia, Plantago, Poaceae, Rumex, Ulex type). Statistically significant PAZs exceeding a broken-282 

stick model were retained (Bennett, 1996). Sub-zones were subsequently selected by eye so as to best 283 

facilitate the description of the pollen record. The arboreal / non-arboreal (AP/NAP) pollen ratio was 284 

also calculated as a proxy for forest cover that is not constrained by the limitations of closed percentage 285 

data (Magri, 1994). 286 

 287 

In addition to pollen percentages, pollen concentration and pollen accumulation rates (PARs, expressed 288 

as grains cm-2 yr-1) were calculated. PARs are a useful tool for understanding the behaviour of 289 

individual taxa, while avoiding the classical problem of interdependence of percentage abundance 290 

values (Jensen et al., 2007). The PAR for each taxon is independent of other taxa within the record, and 291 

therefore may provide a better representation of the local abundance of the individual taxa (Seppa and 292 

Hicks, 2006).  293 

 294 

Taxon-specific concentrations (XC, expressed in grains · cm-3) were calculated as follows: 295 

 296 

XC = (NX  ·  TL) / ( NL  ·  V) 297 

 298 

where NX is number of the individual taxon counted, TL is the number of Lycopodium added, NL is the 299 

number of Lycopodium counted, and V is the volume of the sample in cm3. PAR were subsequently 300 

calculated using the concentrations and sedimentation rates derived from the age-depth model: 301 

 302 

XPAR =  Xc  x SR 303 

 304 

where XPAR is the pollen accumulation rate of the taxa (expressed in grains · cm-2 year-1), Xc is the 305 

concentration of the taxa (in grains · cm-3) and SR is the sedimentation rate (in cm · year-1).  306 

 307 

Microscopic charcoal analysis was conducted on the same slides as the pollen analysis. A sum of 200 308 

charcoal particles and Lycopodium spores was counted in each sample, to reach an accurate estimate of 309 
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particles for the entire sample (Finsinger and Tinner, 2005). Charcoal concentration (CHAC) and 310 

accumulation rate (CHAR) are calculated in the same way as for pollen concentration and PAR.  311 

 312 

Comparative pollen data for the central lake core C-86 at Tigalmamine (Lamb and van der Kaars, 313 

1995) were downloaded from the European Pollen Database (EPD, Fyfe et al., 2009). We reproduce 314 

the published age model for C-86 using linear interpolation between the seven hardwater-corrected 315 

calcite dates (see Table 1 of Lamb and van der Kaars, 1995: 402) but recalibrate the corrected 316 

radiocarbon ages using the IntCal13 calibration curve (Reimer et al., 2013). Following Lamb and van 317 

der Kaars (1995), the dates on organic material are excluded as they may be subject to hardwater 318 

errors. Select pollen curves are reproduced graphically in this study from the pollen diagram of the Sidi 319 

Ali marginal basin core C-91 (Lamb et al., 1999). We harmonise the pollen nomenclature of these 320 

works with our own, equating Quercus rotundifolia with evergreen Quercus type, Quercus canariensis 321 

with deciduous Quercus type, and Gramineae with Poaceae. 322 

 323 

To highlight millennial-scale trends, data for select curves from Lake Sidi Ali and Tigalmamine were 324 

resampled to a regular sample spacing of 60 years and a lowpass filter was applied at 1000 yr (T0/T = 325 

0.06) using the statistics software PAST (Hammer et al., 2001).   326 

  327 

3 Results 328 

 329 

3.1 Pollen 330 

 331 

[FIGURE 6]  332 

[FIGURE 7] 333 

 334 

Core ALI 01-10 contains well-preserved and abundant pollen. The dominant feature of the Holocene 335 

record is the long-term transition from herbaceous- to arboreal-dominated spectra associated with a 336 

succession of dominant pollen types (Artemisia, Poaceae, Quercus evergreen type, Cedrus and 337 

Cupressaceae) across five major pollen assemblage zones (PAZ-1 to PAZ-5) and several sub-zones 338 

(Figure 6, Table 1). Pollen concentration values and PARs confirm the main changes in pollen 339 

percentages throughout the record (Figure 7). Specifically, high PARs support the following sequence 340 

of dominant pollen types: Artemisia and Poaceae (PAZ-1); Poaceae and evergreen Quercus, with 341 

episodic increases in Cedrus and Cupressaceae (PAZ-2); Cedrus (PAZ-3); Cedrus and Cupressaceae 342 

(PAZ-4); and finally a reduction in all woody taxa (PAZ-5). Alongside terrestrial pollen, chlorophyte 343 

algae (Botryococcus and Pediastrum) are abundant in some intervals, with high values for both taxa in 344 

PAZ-1b, PAZ-2 and PAZ-3, and spikes in Pediastrum abundance in PAZ-5. Only a modest assemblage 345 

of submerged (e.g. Myriophyllum) and marginal (e.g. Typha/Sparganium) aquatic pollen types is 346 

documented. Overall, pollen concentrations (typically ~2 x 105 grains cm-3) and PARs (typically 347 

around ~5 x 104 grain cm-2 yr-1) are high throughout the core. 348 

 349 

3.2 Microcharcoal 350 

 351 

Microcharcoal is recorded throughout the sequence and CHAC values vary between the PAZs, 352 

specifically: low in PAZ-1; moderate and fairly stable in PAZ-2; low in PAZ-3; high, dynamic, 353 
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fluctuating in PAZ-4; low in PAZ-5, excluding a sub-recent peak (Figure 6). CHAR values, taking into 354 

account sedimentation rates, display low values in PAZ-1 to PAZ-3, and show the highest values in in 355 

PAZ-4 and PAZ-5. 356 

 357 

4 Discussion 358 

 359 

4.1 Vegetation signals at Lake Sidi Ali 360 

 361 

Due to the large surface to catchment ratio and closed hydrological system at Lake Sidi Ali, the pollen 362 

signal should be dominated by a well-mixed atmospheric pollen rain without over-representation of 363 

local or lake-marginal vegetation, making it an ideal site to study regional vegetation responses to 364 

climate. Considering the size of the basin, it is anticipated that pollen will be recruited from long 365 

distances (up to 20 km) (Prentice, 1985). Furthermore, upslope transport of pollen from lower 366 

elevations is typical of montane locations (Markgraf, 1980).  This phenomenon is evident in modern 367 

surface pollen samples from the Lake Sidi Ali catchment (Bell and Fletcher, 2016), which contain taxa 368 

such as Olea, Phillyrea and deciduous Quercus that grow at lower elevations in thermo-, meso- and 369 

supra/upper-mediterranean bioclimates, respectively (Figure 3). The interpretation therefore considers 370 

that pollen source areas will be very large and will integrate signals across several altitudinal levels. 371 

High pollen concentrations and PARs may indicate focusing of organic matter into the deepest part of 372 

the lake (Figure 2). While the PARs provide valuable confirmation of the main vegetation changes, 373 

they may not necessarily be independent of lake level changes or represent true productivity values of 374 

surrounding vegetation (Giesecke and Fontana, 2008). 375 

 376 

[FIGURE 8] 377 

 378 

The new pollen data show excellent replication of the original pollen record of Lamb et al. (1999) 379 

allowing for some centennial-scale temporal offsets probably relating to the weaker chronological 380 

control on core 91-C (Figure 8). Three phases of Cedrus expansion are clearly recognized (Figure 8, 381 

shaded bars), as well as strong similarities in the curves for other important terrestrial (Artemisia, 382 

evergreen Quercus) and aquatic (Myriophyllum, Pediastrum) types. Some differences are noted; for 383 

example, higher abundances of Cupressaceae and deciduous Quercus are recorded in cores ALI 01-10, 384 

which may reflect differences in dominant transport vectors to the marginal and deep-lake core sites.  385 

 386 

4.2 Comparison of vegetation and lake proxies 387 

 388 

[FIGURE 9] 389 

 390 

Select results of the multiproxy approach at Lake Sidi Ali are shown in Figure 9. Inferences about past 391 

winter rainfall are based on the oxygen isotope composition of benthic ostracods, with enrichment in 392 
18O on orbital- to multi-centennial timescales associated with reduced influence of isotopically light, 393 

winter-season Atlantic moisture sources (Zielhofer et al., 2017a) within an overall highly evaporative 394 

closed-lake context (positive 18O values). Changes in lake status (Unit 1 to Unit 5) are based on 395 

sedimentological proxies for terrestrial sediment supply (magnetic susceptibility, K concentrations) and 396 

lake sediment composition (calcium carbonate, CaCO3, and total organic carbon, TOC) (Figure 9). 397 
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Lake-level inferences are further supported by sulfur and iron (S/Fe) ratios and ostracod abundances 398 

providing insights into hypolimnion conditions, as well as a preliminary diatom dataset and the derived 399 

planktonic/littoral (P/L) ratios (Zielhofer et al., 2017a). In general, low lake level phases (aerobic 400 

hypolimnion) correspond to higher precipitation of CaCO3, high ostracod abundances and enhanced 401 

magnetic susceptibility, while high lake level phases (anaerobic hypolimnion) are inferred from higher 402 

TOC values, enhanced S/Fe ratios and high P/L ratios (Zielhofer et al., 2017a). 403 

 404 

The compilation of proxies highlights how some vegetation and fire activity changes correspond to 405 

changes in lake status, including:  406 

i. The transition from steppe to wooded landscape in the Early Holocene (PAZ-1 to PAZ-2) and 407 

increasing CHAC accompanies indicators of rising/high lake levels from Unit 1 to Unit 3  408 

ii. Maximum forest development (highest AP/NAP), the Holocene Cedrus maximum (PAZ-3c) 409 

and low CHAC and CHAR correspond with high lake level in Mid Holocene Unit 4b 410 

iii. Shifts in forest composition (higher Cupressaceae, PAZ-4) and increased fire regime 411 

(fluctuating high CHAR) accompany the transition from high to low lake level (Unit 4b to 4c) 412 

at the transition to the Late Holocene, along with increased abundance of Myriophyllum 413 

iv. Forest cover decrease (low AP/NAP, PAZ-5) accompany indicators of catchment disturbance 414 

and soil erosion in Unit 5 along with highest Holocene CHAR peak. 415 

 416 

Nevertheless, a broad contrast is apparent between prevailing high winter rainfall and high lake levels 417 

during the early Holocene and predominance of steppic and sclerophyll vegetation types in the pollen 418 

record. We interpret this contrast to reflect different predominant seasonal (winter/summer) sensitivity 419 

of the hydrological and vegetation proxies, and explore the detailed environmental and climatic 420 

implications of the record in the next section.  421 

 422 

4.3 Environmental changes at Lake Sidi Ali 423 

 424 

4.3.1 PAZ-1 (12,000 – 10,340 cal yr BP) 425 

 426 

PAZ-1 reflects an open, non-forested landscape with Artemisia and Poaceae around Lake Sidi Ali 427 

during the Pleistocene-Holocene transition and first centuries of the Holocene. AP percentages below 428 

20% are consistent with frequencies observed in surface samples from non-forested areas of the Middle 429 

and High Atlas at present (Bell and Fletcher, 2016). Artemisia-dominated vegetation does not have 430 

analogues in the Lake Sidi Ali area today, but is dominant in more arid environments with high 431 

continentality. In the Moulouya Basin (located to the east of the Middle Atlas), Artemisia herba-alba 432 

Asso is typical on poorly drained fine substrates – subject to some seasonal waterlogging – as part of an 433 

edaphic mosaic of steppe vegetation, alongside Stipa tenacissima L. (Poaceae) on rocky slopes and 434 

halophytic Chenopodiaceae where there is significant soil salinity (Emberger, 1939; Rhanem, 2009). 435 

Recurrent observations of Lygeum spartum in the pollen record, which develops on arid, saline soils, 436 

further point to high continentality and seasonal aridity. Although non-arboreal vegetation was 437 

dominant, the moderate presence of shrubby sclerophylls (notably Pistacia) reflects pre-steppic woody 438 

formations developing under warm and dry conditions, probably at lower elevations. Low frequencies 439 

of evergreen Quercus may represent long-distance transport, although increasing values from 11,810 440 

cal yr BP (PAZ-1b) suggest incipient afforestation processes in the Lake Sidi Ali sector.  441 
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 442 

A rapid increase in algal productivity is implied by the increasing, high abundances of colonial green 443 

algae (Botryococcus and Pediastrum) in PAZ-1b. Although very widely distributed, Botryococcus is 444 

commonly associated with seasonally cold climates in montane environments (Rull et al., 2008), and is 445 

favoured by warm summer temperatures. Blooms of Pediastrum may similarly occur in response to 446 

several factors, but warm summer temperatures and possible nutrient enrichment associated with 447 

snowmelt at the onset of Holocene hydroclimatic conditions may be implicated here. Regional fire 448 

activity appears low despite prevailing arid conditions, pointing to fuel limitation as a primary 449 

constraint on wildfire at this time. Overall, the contrast between, on the one hand, inferred moderate to 450 

high lake levels and high winter precipitation (Figure 9) and, on the other, vegetation indications of 451 

semi-arid to arid bioclimate may be explained by very strong seasonal extremes, with concentration of 452 

precipitation as snowfall in the winter and warm dry summers. 453 

 454 

4.3.2 PAZ-2 (10,340 – 6300 cal yr BP) 455 

 456 

PAZ-2 reflects the development of an open sclerophyll woodland with evergreen Quercus and, 457 

probably at lower elevations, Phillyrea. Pistacia continued to play a role in the regional vegetation, 458 

again probably at lower elevations and somewhat reduced in importance compared with PAZ-1. 459 

Afforestation in PAZ-2 represents an extension of processes commencing in PAZ-1b and suggests an 460 

increase in moisture availability permitting arboreal development near the bioclimatic margins for tree 461 

growth. It is important to note that the evergreen Quercus pollen morphology (syn. Quercus ilex-type) 462 

in the Middle Atlas derives from Quercus rotundifolia. This sclerophyll tree occurs across an enormous 463 

altitudinal range in Morocco (300-2800 m.a.s.l.) and is remarkable in its ecological plasticity (Barbero 464 

et al., 1992). It is tolerant of drought and high continentality, and is abundant across the meso- to 465 

montane-mediterranean vegetation levels in subhumid and semiarid bioclimates (Peguero-Pina et al., 466 

2014). While the taxonomic status of the “rotundifolia” morphotype is debated, it clearly represents a 467 

distinct ecotype with enhanced drought resistant functional traits compared with Q. ilex (Barbero et al., 468 

1992). Evergreen Quercus pollen reaches maximum percentages and PARs in PAZ-2, indicating an 469 

important degree of drought stress under warm, summer-dry conditions in the Early Holocene. Parallel 470 

indications of summer warmth are provided by the abundant lake algae, Botryococcus, pointing to high 471 

lake productivity. Microcharcoal points to a moderate, stable background fire activity without 472 

exceptional fire episodes, gradually increasing in line with rising forest cover and lake level. These 473 

features suggest a continued role of fuel limitation at the regional scale. 474 

 475 

Within PAZ-2, two well-defined episodes marked by increased Cedrus and Cupressaceae pollen (PAZ-476 

2a and PAZ-2c) occured, commencing at 10,340 cal yr BP and 8640 cal yr BP, respectively. Cedrus 477 

peaks exceed 15% and 20% respectively during this episodes. In the study of soil surface samples from 478 

the Sidi Ali catchment (Bell and Fletcher, 2016), Cedrus percentages exceeding 7% were generally 479 

observed only in the immediate vicinity of Cedrus trees. The inferred low pollen dispersal of Cedrus, 480 

similar to that reported for the eastern Mediterranean species Cedrus libani A.Rich. (Hajar et al., 2008), 481 

supports the interpretation of local presence of Cedrus stands in the Sidi Ali catchment during these 482 

episodes. Nevertheless, as the pollen transport pathways will be different for the lake basin and surface 483 

samples, notably with a greater contribution of a well-mixed atmospheric pollen rain into the lake 484 

basin, a longer-distance signal reflecting enhanced pollen production in select distant locales, or 485 
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integrating across more numerous and productive patches in the wider landscape, cannot be ruled out. 486 

These episodes are also distinguished by isotope-inferred decreases in winter rainfall (Figure 9), 487 

increases in the submerged macrophyte Myriophyllum, and reductions in Pediastrum. Noting the 488 

general correlation between Myriophyllum and lower-lake-level phases (Figure 9), these changes 489 

suggest a combination of winter drying, lake level lowering and aquatic vegetation changes at the same 490 

time as summer cooling and reduced bioclimatic drought inferred from the expansion of montane 491 

conifers. Broadly, these indicators point to “cool summer, dry winter” episodes with diverse ecological 492 

impacts.  493 

   494 

4.3.3 PAZ-3 (6300 – 4320 cal yr BP) 495 

 496 

PAZ-3 represents a Mid Holocene transition in forest composition characterized by a decline in 497 

evergreen Quercus and the expansion of Cedrus. The floristic changes suggest a climatic transition 498 

towards generally cooler and more humid conditions favouring the development of montane conifer 499 

forest. A step-wise expansion of Cedrus is evident, initially accompanied by Cupressaceae at 6300 cal 500 

yr BP (sub-zone PAZ-3a), and later accompanied by deciduous Quercus at 5380 cal yr BP (PAZ-3c). 501 

The two phases of expansion leading to the dominance of Cedrus are separated by a minor regression 502 

during which warm-tolerant taxa Pistacia, Phillyrea and Olea increased (PAZ-3b). The PAZ-3a to 503 

PAZ-3b sequence, with contrasting expression of conifer and sclerophyll vegetation suggests the 504 

continuation of the dynamics prevailing in PAZ-2 and the superimposed impacts of cool-warm cycles 505 

onto the long-term transition from sclerophyll to conifer dominance. In this respect, Cedrus expansion 506 

in PAZ-3a in association with isotope-inferred winter rainfall decline suggests a further “cool summer, 507 

dry winter” interval centred around 6100 cal yr BP. In contrast to the prevailing dynamics evident in 508 

PAZ-2, where Cedrus appears to have undergone local extirpation during unfavourable episodes (PAZ-509 

2b, PAZ-2d), long-term conditions from 6300 cal yr BP onwards permitted the development of a 510 

resilient local population of Cedrus at Lake Sidi Ali. Indeed, even the floristic characteristics during the 511 

minor regression of Cedrus in PAZ-3b point to slightly less severe bioclimate than that prevailing in 512 

PAZ-2b and PAZ-2d, with the Holocene maximum representation of both Olea (a remote signal of 513 

thermophilous woody cover at low elevations) and Acer (probably a local component of summer-green 514 

vegetation on the lake margins benefitting from groundwater moisture).  515 

 516 

Subsequently, maximum arboreal development for the Holocene was attained during a fairly stable 517 

interval with high values of Cedrus accompanied by increased deciduous Quercus between 5280 and 518 

4320 cal yr BP (PAZ-3c). In concert with high lake levels (Unit 4b), these features suggest the 519 

Holocene interval of most humid bioclimate in the Middle Atlas. With regard to the isotope record, this 520 

humid interval does not appear to have been caused by especially high winter rainfall and is associated 521 

instead with intermediate isotopic values close to the long-term average (Figure 9). Instead, humidity 522 

signals at this time may result from the long-term (orbitally-driven) reduction in summer temperature 523 

and reduction in seasonal extremes (reduced summer drought, reduced concentration of precipitation in 524 

the winter season) leading to more favourable growing season conditions for moisture-sensitive taxa. 525 

The combined signals suggest development of moisture-demanding forest vegetation series with 526 

Cedrus in the montane belt around Lake Sidi Ali, and with deciduous Quercus at lower elevations 527 

(supra/upper mediterranean level). Alternatively, specimens of deciduous Quercus may have 528 

established alongside Cedrus in the Sidi Ali sector; however, the rather modest increase of this taxon in 529 
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PAZ-3 in the context of recurring low values throughout the record may accord more strongly with a 530 

remote signal than a shift in local floristic composition.  Low fire activity throughout PAZ-3 in the 531 

context of maximum arboreal development and floristic and limnological indications of humid 532 

bioclimate suggests a transition away from prevailing fuel-limitation during the Early Holocene 533 

towards a climate-limited fire dynamic after 6300 cal yr BP. 534 

 535 

4.3.4 PAZ-4 (4320 – 1300 cal yr BP) 536 

 537 

PAZ-4 documents the continued dominanct of montane conifer forest with Cedrus and, notably, 538 

Cupressaceae. PAZ-4 also reveals a modest, progressive opening of the forest cover from 4320 cal yr 539 

BP onwards with increases in shrubby taxa and reduction of AP/NAO ratios. These changes 540 

accompanied lower lake level status and weak influence of winter rainfall (Figure 9) and suggest a 541 

transition to generally drier conditions. A considerable decline in lake algae and increase in aquatic 542 

macrophytes (Myriophyllum), may also reflect either shallower lake levels and/or enhanced nutrient 543 

status (Lamb et al., 1999). At the same time, certain grazing resistant and waste ground taxa – notably, 544 

Astragalus, Ulex and Coronilla types, reflecting spiny cushion form shrubs, along with Brassicaceae – 545 

may point to early signals of pastoral activity at this time. From 4320 cal yr BP, a shift in fire activity is 546 

also evident, with frequent high amplitude fire episodes. This enhanced fire dynamic developed in the 547 

context of high forest cover and a shift to drier conditions, consistent with climate-limited fire 548 

dynamics from the Mid Holocene (PAZ-3) onwards. The association of high fire frequency and early 549 

anthropogenic signals in PAZ-4 suggests that anthropogenic triggers for fire lighting may be 550 

implicated. 551 

 552 

PAZ-4 subzones suggest a competitive dynamic between Cedrus and Cupressaceae in response to 553 

moisture increases (Cedrus) and decreases (Cupressaceae) under a generally cooler prevailing 554 

temperature regime than during the Early Holocene. The Late Holocene maxima in Cupressaceae 555 

(PAZ-4a, PAZ-4c, PAZ-4e) probably represent local populations of Juniperus thurifera, the most 556 

prevalent Cupressaceae species around Lake Sidi Ali. However, as Cupressaceae pollen is identifiable 557 

only to family level, the record may integrate several taxa with a range of thermic preferences, from the 558 

high mountain juniper, J. thurifera, and the fairly widespread J. oxycedrus, to warm climate taxa such 559 

as J. phoenicea and the western Mediterranean endemic, Tetraclinis articulata (Emberger, 1939). All 560 

taxa are, however, generally associated with semiarid conditions, supporting the inference of a drier 561 

affinity than Cedrus.  562 

 563 

4.3.5 PAZ-5 (1300 cal yr BP to present) 564 

 565 

PAZ-5 reflects an opening and degradation of the forest cover that affected Cedrus and Cupressacceae 566 

most strongly. The pollen spectra imply a prevalence of open ground areas with herbaceous vegetation, 567 

with Poaceae, Artemisia, Chenopodiaceae, Plantago types and Rumex. Following a major fire episode 568 

around 1300 cal yr BP, fire activity appears generally low and stable, which may be a consequence of 569 

the opening of the vegetation cover and low flammable material due to grazing. The signals of 570 

deforestation are strongly supported by proxies for erosion and terrestrial input to the lake (Figure 9), 571 

and may have caused a pulse in nutrients promoting Pediastrum blooms. Within PAZ-5, three distinct 572 

phases are detected, reflecting a modest oscillation in arboreal cover (AP/NAP ratios, Table 1) with 573 
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lowest arboreal cover and maximum Plantago between 1300 cal yr BP and 580 cal yr BP (PAZ-5a), a 574 

subsequent increase in Cedrus and evergreen Quercus after 580 cal yr BP (PAZ-5b), and a final 575 

reduction in the 20th century (PAZ-5c). Although this pattern occurs within an anthropogenically-576 

modified environment, it may reflect climatic influence on arboreal vegetation, particularly decreased 577 

drought stress during the Little Ice Age interval as documented in Middle Atlas Cedrus atlantica tree-578 

ring widths (Esper et al., 2007). 579 

 580 

4.4 Local and regional patterns of long-term ecological change 581 

 582 

[FIGURE 10] 583 

 584 

In order to differentiate local and regional signals, and examine vegetation development at two different 585 

elevations, it is informative to compare the Lake Sidi Ali and Tigalmamine records in detail. Key pollen 586 

taxa and AP/NAP ratios (Figure 10) highlight both commonalities and contrasts in vegetation history 587 

between these two sites located within 50 km distance. Key common features include: 588 

i. peak abundance of Artemisia at the Pleistocene-Holocene transition and a parallel reduction 589 

during the Early Holocene, reflecting the gradual disappearance of regional steppic vegetation; 590 

ii. an Early Holocene maximum of evergreen Quercus at both sites, reflecting the maximum 591 

regional development of drought tolerant sclerophyll forest; 592 

iii. a Mid Holocene maximum for moisture-demanding taxa between ca. 5000 and 4000 cal yr BP 593 

with Cedrus at Lake Sidi Ali and deciduous Quercus at Tigalmamine; 594 

iv. an important role of Cedrus at both sites from 4000 cal yr BP onwards. 595 

 596 

Broadly, these parallels suggest a prevailing common influence of long-term regional climatic drivers. 597 

Essentially, they may be explained by a long-term cooling from an Early Holocene thermal maximum 598 

towards present, consistent with both summer insolation forcing (Berger and Loutre, 1991) and climate 599 

simulations (Renssen et al., 2009), accompanied by gradual reduction of seasonal temperature extremes 600 

and reduced temperature-driven summer drought stress associated with the precession cycle (Bosmans 601 

et al., 2015). At Lake Sidi Ali, a long-term reduction in the contribution of winter rainfall to the lake 602 

water is inferred (Figure 9, Zielhofer et al., 2017a), which might be assumed to counterbalance the 603 

positive effect of cooling on moisture availability for plant growth. However, in a high-insolation 604 

mountain setting with significant snowfall, winter precipitation may be subject to rapid melting and 605 

sublimation effects and hence of limited bioavailability during the growth season. While winter 606 

precipitation may ultimately help to recharge groundwater, only deep-rooting taxa (such as evergreen 607 

Quercus) will be able to take advantage of this water source to mitigate against summer drought, while 608 

shallow rooting taxa (e.g. Cedrus) depend on edaphic moisture sources and are more exposed to 609 

extended summer drought (Aussenac, 1984).  610 

 611 

The interaction of these factors allows a model for regional environmental change related to long-term 612 

climatic drivers to be proposed. During the Early Holocene, a combination of cold, wet winters and hot, 613 

dry summers promoted the development of deep-rooting sclerophyll taxa and the persistence of steppic 614 

vegetation where aridity was too great. During the Mid Holocene, a “Goldilocks interval” where winter 615 

precipitation was moderately high, summer temperatures moderately warm and summer drought less 616 

intense promoted the maximum development of moisture demanding trees, similar to the phenomenon 617 
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of the mesophytic forest maximum identified in SE Iberia mountain regions (Carrión, 2002; Carrión et 618 

al., 2003). During the Late Holocene, lower summer temperatures and reduced temperature-driven 619 

drought stress favoured cool-tolerant and shallow-rooting forest taxa despite hydrological aridity 620 

resulting from reduced winter precipitation. 621 

 622 

The specific timing and character of local vegetation responses to this long-term evolution will have 623 

been modulated by the specific geographical and bioclimatic settings of the sites. Notable differences 624 

for Lake Sidi Ali and Tigalmamine (Figure 10) include: 625 

i. an important role of Cupressaceae at Lake Sidi Ali, particularly during the Late Holocene, while 626 

Cupressaceae is insignificant in Tigalmamine pollen record (<1%);  627 

ii. delayed expansion of Cedrus at Tigalmamine compared with Lake Sidi Ali; 628 

iii. maximum forest development (AP/NAP ratios, Figure 10) was attained at Tigalmamine during 629 

the Early Holocene, but only during the Mid to Late Holocene at Lake Sidi Ali, with an 630 

opposed, corollary pattern for Poaceae. 631 

 632 

These differences can be understood firstly with respect to the elevation of the sites. The elevation 633 

difference of >450 m should account for a moderate prevailing temperature difference between the sites 634 

due to the normal lapse rate of 0.6°C per 100m. This difference is reflected nicely in the contrasting 635 

forest composition during the Mid Holocene under prevailing humid bioclimatic conditions (Cedrus at 636 

higher elevation vs deciduous Quercus at lower elevation), and during the drier Late Holocene (Cedrus 637 

with Cupressaceae vs. evergreen Quercus with Cedrus). These patterns are coherent with characteristic 638 

vegetation differences along elevation gradients at present (Figure 3). Between the mid and Late 639 

Holocene, the shift in vegetation composition can furthermore be understood to reflect an effective 640 

lowering of the regional vegetation levels in response to gradual cooling. The delayed expansion of 641 

Cedrus at the lower elevation site also points to local threshold responses to gradual cooling, with 642 

suitable conditions for Cedrus forest development reached earlier at higher elevations.   643 

 644 

Secondly, Lake Sidi Ali is a significantly drier location (current semi-arid to subhumid bioclimate) than 645 

Tigalmamine (subhumid to humid bioclimate), primarily due to weaker influence of Atlantic-derived 646 

winter rainfall. As this difference is primarily linked to topographical controls arising from the NE-SW 647 

alignment of the Middle Atlas, it is likely to have remained fairly constant throughout the Holocene. In 648 

contrast, Mediterranean-sourced precipitation during the spring and autumn, and convective storms in 649 

summer, may play a more important role at Sidi Ali. A broadly consistent difference in aridity likely 650 

explains the important role of Artemisia steppe at the Pleistocene-Holocene transition and its greater 651 

persistence into the Early Holocene at Sidi Ali. Artemisia-rich steppe was dominant also at 652 

Tigalmamine during the Late Pleistocene (Lamb et al., 1989), but the expansion of sclerophyll 653 

woodland was more advanced by the onset of the Holocene.  Similarly, greater aridity may also explain 654 

the weaker development of forest at Sidi Ali during the Early Holocene. Although evergreen Quercus 655 

was favoured at both sites, a greater impact of high Early Holocene winter rainfall was probably 656 

effective at the more humid site. This may have been compounded by increased ecological challenges 657 

at the higher elevation site for colonization by seedlings. 658 

 659 

The interplay of regional climatic changes and local conditions should have explanatory power for 660 

interpreting other existing and forthcoming Middle Atlas records. For example, at the nearby site of Ait 661 
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Ichou (Tabel et al., 2016), located farther to the SW at similar elevation to Tigalmamine and in an 662 

intermediate bioclimatic setting between Lake Sidi Ali and Tigalmamine, common features with both 663 

records are observed. The site documents a synchronous Mid Holocene maximum with mesophytic 664 

deciduous Quercus and a Late Holocene expansion of Cedrus, reflecting similarities in forest 665 

composition changes with Tigalmamine related to gradual Holocene cooling. However, a Mid to Late 666 

Holocene maximum in forest development occurred that is similar to trends at Lake Sidi Ali, along 667 

with a strong persistence of Artemisia steppe into the Early Holocene; both features may be related to 668 

the drier setting that did not permit a strong response to enhanced Early Holocene winter rainfall.  669 

 670 

In common with other Mediterranean climate regions, human impact and fire also appear to have 671 

played a role in the Holocene vegetation development, and within the study area many similarities are 672 

apparent in these factors. Broadly, at Lake Sidi Ali two phases of impact are recognized, with signals of 673 

matorralization (increase of shrubs) and enhanced fire activity apparent from around 4300 cal yr BP, 674 

followed by a stronger horizon of impact with forest decline around 1500-1100 cal yr BP. These early 675 

responses have parallels At Ait Ichou, where development of Cistus scrub and increased burning is 676 

recorded around 4500 cal yr BP. The coincidence of these changes and independent evidence for winter 677 

drying and lake level lowering at Lake Sidi Ali point to synergistic impacts of pastoral activities of the 678 

indigeneous Berber peoples of the Atlas and climate changes at the onset of the Late Holocene. Similar 679 

early signals were suggested for sites in the northern Middle Atlas (Afourgagh, Iffir) (Lamb et al., 680 

1991), but predate the suggested 2000 cal yr BP horizon of human impact reported for Ras el Ma, 681 

Tifounassine and sites in the Rif (Cheddadi et al., 2015). Important similarities with fire activity in SE 682 

Iberia (Gil-Romera et al., 2010) are noted, notably modest fire activity during the Early Holocene in a 683 

fuel-load limited system, low fire activity during a humid Mid Holocene associated with the installation 684 

of Cedrus at Lake Sidi Ali and a mesophytic tree maximum in SE Iberia, and dynamic fire activity 685 

during the Late Holocene in the context of drying and increased human activity. 686 

 687 

The second phase, marked by strong forest cover reduction and Cedrus decline in the first millennium 688 

AD, is evident at all sites in the southern Middle Atlas, including Lake Sidi Ali, Tigalmamine (Lamb et 689 

al., 1995), Ait Ichou (Tabel et al., 2016), Taguelmam n’Harcha (Lamb et al., 1991) and Col du Zad 690 

(Reille, 1976). The timing at Sidi Ali (PAZ-5 boundary, 1300 cal yr BP, or 650 AD) suggests a 691 

possible association with more intensive use of forest resources in the Middle Atlas following the Early 692 

Muslim conquest of Northwest Africa in the mid 7th century AD (Abun-Nasr, 1987). As such, the forest 693 

decline in the southern Middle Atlas may be part of a wider phase of significant first millennium AD 694 

anthropogenic impact in mountain environments extending to the High Atlas (McGregor et al., 2009; 695 

Fletcher and Hughes, 2016). The two-phase forest decline at Sidi Ali represents an valuable example of 696 

the wider phenomenon of montane conifer forest decline in the face of intensification of human 697 

pressure on Mediterranean mountain environments and changes in fire activity, which includes Abies 698 

alba in Italy (Tinner et al., 2013), and Pinus nigra and P. sylvestris in Iberia (Rubiales et al., 2012; 699 

Morales-Molino et al., 2017). The details of the temporal, cultural and climatic context appear 700 

regionally-specific, and a synthetic treatment of the shared and unique features of the historical 701 

trajectories of these vulnerable organisms could be a valuable future research avenue. 702 

 703 

4.5 Impacts of long-term and millennial-scale summer temperature changes  704 

 705 
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[FIGURE 11] 706 

 707 

The important role of two climate-sensitive species at Lake Sidi Ali and Tigalmamine supports the 708 

investigation of common trends and patterns of millennial-scale variability. As discussed above, the 709 

contrasting rooting depths of Cedrus atlantica and Quercus rotundifolia relate to different strategies for 710 

maintaining photosynthetic activity during summer drought. Cedrus atlantica develops an extensive 711 

shallow root system and tolerates drought through gradual reduction of stomatal conductance to reduce 712 

transpiration, maintaining photosynthetic activity under considerable hydric stress. However, lack of 713 

transpiration blockage can lead to difficulties under prolonged, severe drought (Aussenac, 1984). In 714 

contrast, Quercus rotundifolia develops deep rooting structures to access groundwater reserves and 715 

maintain high rates of transpiration in combination with stomatal closure under extreme stress (David 716 

et al., 2004; Cubera and Moreno, 2007; Vaz et al., 2010). These different strategies leave Cedrus more 717 

vulnerable to extended temperature-driven summer drought and low soil moisture. This phenomenon is 718 

implicated in current dieback of Cedrus in NW Africa (Rhanem, 2011; Linares, 2012) and 719 

encroachment of Quercus rotundifolia into cedar forest areas (Figure 4). Field observations highlight 720 

the current decline at the lower limits of the species’ elevation range and a healthy state towards the 721 

upper limits, further supporting temperature-driven abiotic stress as a key driver of ongoing dieback 722 

(Rhanem, 2011). 723 

 724 

Figure 11 highlights opposed trends on long-term and millennial timescales between warm-tolerant 725 

evergreen Quercus and cool-preferring Cedrus. We find that the long-term trend is in good agreement 726 

with orbital forcing during summer (July, August) (Berger and Loutre, 1991) and with the chironomid-727 

based temperature reconstructions of Samartin et al. (2017) for Mediterranean northern Italy. 728 

Millennial phases of warmer and cooler bioclimate are also inferred and again these show good 729 

coherence with signals in Mediterranean northern Italy. Despite the remote location of the Verdarolo 730 

and Gemini reconstructions, similarities with NW Africa would be anticipated from significant 731 

correlations in July temperatures between the regions (r=0.3-0.5, Samartin et al., 2017). The millennial 732 

patterns of warmer and cooler temperatures also show coherent signals with respect to well-known 733 

Holocene cooling intervals, such as multi-centennial summer cooling around the short-lived 8.2 ka 734 

event (Rohling and Pälike, 2005), and the so-called “cold relapses” around 8200, 6300, 4700, 2700, 735 

1550 and 550 cal yr BP identified in global records by Wanner et al. (2011). It is noteworthy that the 736 

last of these relapses, associated with the Northern Hemisphere Little Ice Age, is evident in Cedrus 737 

expansion at both sites, weakly at Lake Sidi Ali and more strongly at Tigalmamine, even though this 738 

climatic shift occurred after the main horizon of anthropogenic impact on the landscape. In contrast to 739 

lowland Mediterranean areas, where precipitation changes are implicated as the main driver of 740 

millennial-scale vegetation changes, including forest declines (Fletcher et al., 2013) and matorral-741 

steppe fluctuations (Jaouadi et al., 2016), we suggest that the temperature component of millennial-742 

scale climate variability may have been a key driver in the Middle Atlas, impacting directly on growing 743 

season bioclimate and modulating the intensity of summer drought. 744 

 745 

The match between the records of evergreen Quercus at Lake Sidi Ali and Tigalmamine and the Italian 746 

records supports an Early Holocene summer thermal maximum between 9000 and 7000 cal yr BP in 747 

the Middle Atlas, interrupted by a multi-centennial interval of summer cooling around 8000 cal yr BP. 748 

More widely, an important role of Early Holocene high summer temperatures is implicated in strong 749 
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development of evergreen Quercus in the Alboran Sea basin regions of S Iberia and N Morocco 750 

(Fletcher and Sanchez Goñi, 2008; Combourieu Nebout et al., 2009) and southern Portugal (Fletcher et 751 

al., 2007). High temperatures during the Early Holocene are also implicated in the maximum depletion 752 

in speleothem 13C by 9500 cal yr BP at La Mine Cave in Tunisia associated with enhanced soil 753 

microbial activity above the cave (Genty et al., 2006). The summer thermal maximum inferred from the 754 

Middle Atlas pollen records is coherent with insolation forcing and model predictions (Renssen et al., 755 

2009). In contrast, it does not support the results of large-scale pollen-based climate reconstructions 756 

(Davis et al., 2003; Mauri et al., 2015) which produce cool Early Holocene temperatures for the SW 757 

European / W Mediterranean sector. The challenge for pollen-based reconstructions in the 758 

Mediterranean climate zone is the interaction of temperature and precipitation changes in determining 759 

bioclimatic moisture availability for vegetation development, and hence the truly independent 760 

reconstruction of either temperature or precipitation. In this case, the multiproxy approach at Lake Sidi 761 

Ali indicates high lake levels and strong influence of winter precipitation during the Early Holocene 762 

(particularly evident in anaerobic hypolimnion conditions favouring organic preservation and light 763 

oxygen isotope signatures; Figure 9). As such, an alternative scenario that the vegetation changes 764 

essentially reflect a shift from low to high precipitation changes can be rejected, with a caveat relating 765 

to possible enhancement of summer precipitation over the Holocene in line with precession forcing 766 

(Bosmans et al., 2015). More widely, another challenge for continental-scale reconstructions will be the 767 

merging of signals from Quercus rotundifolia (extensive across NW Africa and S Iberia) and Quercus 768 

ilex (in NW, central and E Mediterranean sectors), given the very different tolerances for high 769 

continentality of these species.  770 

 771 

4.6 Implications for future change 772 

 773 

[FIGURE 12] 774 

 775 

The pollen records of Lake Sidi Ali and Tigalmamine reveal the significant exposure of forest vegetation 776 

to pervasive millennial climate changes in the Middle Atlas. This finding contrasts with other areas of 777 

the western Mediterranean where vegetation resilience in the face of rapid climate changes has been 778 

identified, such as the continental interior of eastern Iberia (Aranbarri et al., 2014). The picture reinforces 779 

the view of high sensitivity of mountain regions to climatic changes, as predicted for the 21st century 780 

(Nogues-Bravo et al., 2007). Importantly, fluctuations in the relative abundance of evergreen Quercus 781 

and Cedrus (Figure 12) persist even in an anthropogenically altered landscape. Indeed, from a Holocene 782 

perspective, the current decline of Cedrus atlantica may be understood partly as a response to a quasi-783 

periodic Holocene fluctuation in climate and less favourable conditions since the end of the Little Age 784 

Ice. However, the pollen records also indicate that total forest cover is at the lowest level since the onset 785 

of the Holocene, increasing the vulnerability of Cedrus to regional extirpation due to reduced population 786 

size and range fragmentation. Moreover, projected increases in summer heat stress in the context of 787 

anthropogenic global change will exacerbate the natural trend, pushing the species towards extinction 788 

from many areas of its current range (Cheddadi et al., 2009). 789 

 790 

The Holocene perspective on total forest cover at Lake Sidi Ali and Tigalmamine (Figure 12) highlights 791 

a second implication of future warming. Similar trends of forest increase following the Pleistocene-792 

Holocene transition and Late Holocene decline during the last 3000 years are very similar at both sites, 793 
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consistent with broadly parallel trajectories of climatic and anthropogenic forcing (Figure 12, green 794 

shaded intervals). However, the patterns diverge during the Early Holocene, especially near the Early 795 

Holocene summer thermal maximum, and forest cover changes in response to millennial fluctuations 796 

were opposed in direction (Figure 12, red shading). This is most clearly evident around two inferred 797 

warm phases centred around 9500 cal yr BP and 7500 cal yr BP (Figure 12). We suggest that under a 798 

prevailing high summer temperature regime, forest vegetation at the site receiving higher winter rainfall 799 

(Tigalmamine) could respond positively to millennial intervals of summer warming, while the same 800 

warming intervals lead to forest declines at the drier site (Lake Sidi Ali). Our findings are similar to long-801 

term observations in the Canadian Cordillera (Schwörer et al., 2017), where Holocene forest dynamics 802 

were modulated by millennial temperature changes, but the development of closed forest was limited by 803 

topographical and geomorphologic controls on moisture availability. Our findings suggest that in a 804 

warmer future, forest response to climate will be spatially complex. Higher temperatures will exacerbate 805 

differences in moisture availability associated with topography and elevation, leading to divergent 806 

patterns of productivity, biomass and carbon sequestration within the region.  807 

 808 

5 Conclusions 809 

 810 

The high-resolution and robustly-dated pollen record from Lake Sidi Ali documents the Holocene 811 

vegetation history at a high elevation site in the southern Middle Atlas and provides multiple insights 812 

into the environmental drivers of ecological change. Five main vegetation phases are identified, of which 813 

the first four appear climatically-driven, namely: (i) Artemisia steppe between 12,000 and 10,340 cal yr 814 

BP under a semi-arid, continental regime, (ii) open sclerophyll woodland with evergreen Quercus 815 

between 10,340 and 6300 cal yr B under a warm, subhumid regime with marked summer drought, (iii) 816 

transition to Cedrus forest between 6300 and 4320 ca yr BP under a cool, humid to subhumid regime 817 

with reduced summer drought, and (iv) gradual decline of cold-tolerant montane conifer forests with 818 

Cedrus and Cupressaceae between 4320 – 1300 cal yr BP under a cool, subhumid to semiarid regime.  819 

The succession of changes points to a primary influence of long-term climatic drivers including gradual 820 

reduction in seasonal extremes of winter precipitation and summer drought, consistent with lake level 821 

and rainfall proxies from the same core. Associated changes in fire activity suggest a shift from fuel-load 822 

limitation to climate-limitation from the Early to Mid Holocene, and reveal a significant increase in fire 823 

activity in the Late Holocene. Anthropogenic impact may be implicated in processes of matorralization 824 

and enhanced fire activity from 4320 cal yr BP, but the timing coincides with lake level lowering and 825 

reduced winter rain during the Late Holocene and synergistic climate-human impacts may be implicated. 826 

The fifth phase (v) reflects opening and degradation of the forest cover from 1300 cal yr BP, and probably 827 

marks a horizon of more intense human impact, evident across the southern Middle Atlas (Reille, 1976; 828 

Lamb et al., 1991; Tabel et al., 2016). 829 

 830 

The detailed comparison of the pollen records from Lake Sidi Ali and Tigalmamine (Lamb and van der 831 

Kaars, 1995) on their respective age models provides valuable insights into forest cover and composition 832 

at two different altitudes within the same southern Middle Atlas region. The main phases of vegetation 833 

change are replicated, but elevation and precipitation differences contribute to site specific patterns. 834 

Notably, the Mid Holocene interval of maximum bioclimatic humidity (dated from 5280 to 4320 cal yr 835 

BP at Lake Sidi Ali) is reflected in a Cedrus maximum at higher elevation and a deciduous Quercus (Q. 836 

canariensis) maximum at lower elevation. Throughout the Holocene, similar dynamics are observed at 837 
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the sites in terms of fluctuating, opposed evergreen Quercus and Cedrus abundances. These dynamics 838 

can be understood in terms of the different drought tolerance mechanisms for these taxa, and may be 839 

predominantly controlled by summer temperature influence on moisture availability. The inferred 840 

summer temperature changes suggest a Holocene summer temperature maximum between 9000 and 841 

7000 cal yr BP (Samartin et al., 2017) and pervasive millennial-scale climate variability. Millennial 842 

cooling episodes favouring expansion of Cedrus were centred around 10,200, 8200, 6100, 4500, 3000 843 

and 1700 cal yr BP, as well as during the Little Ice Age (400 cal yr BP). These climate-driven fluctuations 844 

persist through the Late Holocene, despite opening of the forest cover and intensification of human 845 

impact. 846 

 847 

The results demonstrate the sensitive response of Middle Atlas forests to rapid climate changes, and 848 

underscore the important influence of temperature regime on vegetation dynamics in this mountain 849 

region. The negative implications of temperature increase for Cedrus are reinforced (Cheddadi et al., 850 

2008) and spatial complexity of future changes in forest cover and productivity appear likely in light of 851 

divergent trends of forest cover during the early to Mid Holocene thermal maximum.  852 
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Figure Captions 1123 

 1124 

Figure 1. The study region and location of pollen studies, showing: a) the location of the Middle Atlas 1125 

(MA), High Atlas (HA) and Rif mountain ranges in Morocco; b) the western Middle Atlas and the 1126 

location of the study site and other Holocene pollen studies cited in the text; and c) length and 1127 

chronological control of dated pollen records for the Middle Atlas. Key to sites: AFO – Dayat Afourgagh 1128 

(Lamb et al., 1991); ALI – Aguelmam Lake Sidi Ali (1 – Sidi Ali sub-basin, Lamb et al., 1999; 2 – Sidi 1129 

Ali deep lake, this study); CDZ – Col du Zad (Reille, 1976); HAC – Dayet Hachlaff (Nour el Bait et al., 1130 

2016); HAR – Taguelmam N’Harcha (Lamb et al., 1991); ICH – Ait Ichou (Tabel et al., 2016); IFF – 1131 

Dayat Iffir (Lamb et al., 1991); IFR – Dayat Ifrah (Rhoujjati et al., 2010); RAS – Ras el Ma (Nour el 1132 

Bait et al., 2014); TIF – Tifounassine (Cheddadi et al., 2015); TIG – Tigalmamine (Lamb et al., 1989; 1133 

Lamb et al., 1995; Lamb and van der Kaars, 1995; Cheddadi et al., 1998). 1134 

 1135 

Figure 2. Topographic setting and bathymetry of Lake Sidi Ali, showing the drilling position of core 1136 

sequence ALI 01-10 (Zielhofer et al., 2012 and this study) and core 91-C (Barker et al., 1994; Lamb et 1137 

al., 1999). 1138 

 1139 

Figure 3. Altitudinal distribution of the principal vegetation series of the Middle Atlas and their 1140 

associated bioclimates, derived from Benabid (1982), showing the position of Lake Sidi Ali (ALI) and 1141 

Tigalmamine (TIG). 1142 

 1143 

Figure 4. Vegetation cover in the Lake Sidi Ali catchment in 2014. Cedrus atlantica trees showing 1144 

signs of crown and/or branch dieback as well as dead individuals are common, interspersed with young 1145 

healthy specimens of Quercus rotundifolia.  (Credit: W. Fletcher). 1146 

 1147 

Figure 5. Core sequence ALI 01-10, lithology, radiocarbon control points and Bayesian deposition 1148 

model for Lake Sidi Ali (full details of the age model in Fletcher et al., 2017). 1149 

 1150 

Figure 6. Select pollen, NPPs and microcharcoal data from Lake Sidi Ali (cores ALI 01-10) plotted 1151 

against age. Pollen percentages calculated against a main sum of total land pollen (TLP) which 1152 

excludes aquatics and spores.  1153 

 1154 

Figure 7. Comparison of percentage, concentration and pollen accumulation rate (PAR) values for six 1155 

main taxa at Lake Sidi Ali plotted against age with Pollen Assemblage Zones (PAZs) indicated. 1156 

 1157 

Figure 8. Comparison of the pollen records from Lake Sidi Ali cores 91-C (Lamb et al., 1999) and ALI 1158 

01-10 (this study), showing select pollen taxa and radiocarbon chronological control. 1159 

 1160 

Figure 9. Comparison of hydroclimate, catchment, vegetation and fire proxies at Lake Sidi Ali, 1161 

showing (from left to right) stable oxygen isotope composition (18O) of benthic ostracods, core-1162 

scanning magnetic susceptibility, K concentration (benchtop XRF), CaCO3 and total organic carbon 1163 

(TOC) content, and sediment unit classification (all data from Zielhofer et al., 2017a) alongside pollen 1164 

assemblage zones (PAZ), forest cover proxy (AP/NAP ratio), select major pollen taxa, and fire proxies 1165 

of microcharcoal concentration (CHAC) and microcharcoal accumulation rate (CHAR). Coloured 1166 
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shading highlights changes in inferred lake level and human impact on the catchment (Zielhofer et al., 1167 

2017a). 1168 

 1169 

Figure 10. Comparison of key pollen taxa and AP/NAP ratios for Lake Sidi Ali (this study) and 1170 

Tigalmamine (Lamb and van der Kaars, 1995). Lake Sidi Ali sedimentological units colour-coded 1171 

according to inferred lake level and status (see key in Figure 9). Tigalmamine lithological units are 1172 

similarly colour-coded for shallow (yellow), deep-water (blue) and anthropic (red) facies following unit 1173 

descriptions and interpretation in Lamb and van der Kaars (1995). PAZ labels colour-coded according 1174 

to the dominant vegetation: Artemisia (yellow), evergreen Quercus (olive green), deciduous Quercus 1175 

and Cedrus (pale green), non-arboreal and anthropogenic indicators (red). Dashed lines highlight 1176 

similar assemblage changes at both sites: a) Early Holocene Artemisia decline and evergreen Quercus 1177 

rise; b) Mid Holocene deciduous Quercus rise; c) transgressive Mid to Late Holocene Cedrus 1178 

expansion; d) inferred Late Holocene anthropogenic forest decline. 1179 

 1180 

Figure 11. Inferred summer temperature variability in the Middle Atlas, Morocco, showing: orbital 1181 

insolation parameter for combined July and August insolation at 30°N (Berger and Loutre, 1991); 1182 

chironomid-based summer temperature reconstructions from Gemini (G) and Verdarolo (V) in northern 1183 

Italy (Samartin et al., 2017); pollen curves for warm-tolerant (evergreen Quercus) and cool-tolerant 1184 

(Cedrus) trees at Lakes Lake Sidi Ali (this study) and Tigalmamine (Lamb and van der Kaars, 1995). 1185 

Dashed lines through the pollen curves show results of lowpass filter (1000yr) removing centennial 1186 

variability. Stars indicate global Holocene “cold relapses” (Wanner et al., 2011). 1187 

 1188 

Figure 12. Holocene millennial trends in forest cover at Lake Sidi Ali (SA) and Tigalmamine (TIG), 1189 

highlighting intervals of parallel (green shading) and opposed (red shading) patterns of expansion and 1190 

decline.  1191 
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Table 1. Pollen assemblage zone (PAZ) definition and main characteristics. 1192 

 1193 
PAZ Sub-zones Depth  

(cm) 

Age 

(cal yr BP) 

Age  

(AD/BC) 

Main features AP/NAP ratio 

(PAZ mean) 

5  379 – 7 1300 – (-50)* 650 AD – 2000 AD Reduced Cedrus, increased Artemisia, Poaceae 

and Plantago types 

1.2 

 5c 138 – 7 30 – (-50) 1920 AD – 2000 AD Increase in spiny xerophytes (Astragalus, 

Coronilla, Ulex types) and Plantago types 

1.1 

 5b 229 – 138 580 – 30 1370 AD – 1920 AD Increase in Cedrus, evergreen Quercus and Olea, 

decline in spiny xerophytes (Astragalus, Coronilla, 

Ulex types), Artemisia and Plantago types 

1.3 

 5a 379 – 229 1300 – 580 650 AD – 1370 AD Decrease in Cedrus and Cupressaceae, increase in 

Poaceae, Artemisia, Chenopodiaceae and Rumex, 

peak Plantago types 

1.1 

4  993 - 379 4320 – 1300 4350 BC – 650 AD High abundance of Cupressaceae and Cedrus 

with evergreen and deciduous Quercus, rise in 

spiny xerophytes 

2.4 

 4e 556 – 408 1690 – 1370 260 AD – 580 AD Increase in Cupressaceae, decrease in Cedrus 1.9 

 4d 642 – 556 1990 – 1690 40 BC – 260 AD Increase in Cedrus, decrease in Cupressaceae  2.7 

 4c 757 – 642 2730 – 1990 780 BC – 40 BC Increase in Cupressaceae, decrease in Cedrus,  2.3 

 4b 831 – 757 3280 – 2730 1330 BC – 780 BC Increase in Cedrus, decrease in Cupressaceae,  2.3 

 4a 993 – 831 4320 – 3280 2370 BC – 1330 BC Increasing Cupressaceae, decreasing Cedrus, 

minor peak in deciduous Quercus, increase in 

spiny xerophytes (Astragalus, Coronilla, Ulex 

types), Brassicaceae and Rumex, decrease in 

Poaceae 

2.8 

3  1260 - 993 6300 – 4320 4350 BC – 2370 BC High abundance of Cedrus, with evergreen 

Quercus, deciduous Quercus and Poaceae 

2.7 

 3c 1132 – 993 5280 – 4320 3330 BC – 2370 BC Peak Cedrus, rise in deciduous Quercus 2.9 

 3b 1186 – 1132 5790 – 5280 3840 BC – 3330 BC Decline in Cedrus and Cupressaceae, declining 

evergreen Quercus, increase in Olea and Acer, 

with Phillyrea and Pistacia 

2.6 

 3a 1260 – 1186 6300 – 5790 4350 BC – 3840 BC Increase in Cedrus and Cupressaceae, declining 

evergreen Quercus and Artemisia 

2.3 

2  1642 - 1260 10340 - 6300 8390 BC – 4350 BC High abundance of evergreen Quercus, Poaceae 

and declining Artemisia, fluctuations in Cedrus 

and Cupressaceae 

1.6 

 2d 1398 – 1260 7980 – 6300 6030 BC – 4350 BC Peak evergreen Quercus, declining Artemisia, with 

Poaceae, Phillyrea, Pistacia and Fraxinus 

1.9 

 2c 1455 – 1398 8640 – 7980 6690 BC – 6030 BC Peak in Cedrus and Cupressaceae, reduced 

evergreen Quercus and Poaceae 

2.1 

 2b 1598 – 1455 9980 – 8640 8030 BC – 6690 BC High evergreen Quercus, Artemisia and Poaceae, 

with Phillyrea, Pistacia and Fraxinus  

1.2 

 2a 1642 – 1598 10340 – 9980 8390 BC – 8030 BC Rising evergreen Quercus, high Poaceae, with 

peak in Cedrus and Cupressaceae 

1.4 

1  1962 – 1642 12000 – 10340 10050 BC – 8390 BC High abundance of Artemisia, Poaceae, Pistacia, 

increasing evergreen Quercus 

0.6 

 1b 1924 – 1642 11810 - 10340 9860 BC – 8390 BC High Artemisia and Poaceae, with evergreen 

Quercus, Pistacia, Lygeum spartum and 

Cupressaceae 

0.7 

 1a 1962 – 1924 12000 - 11810 10050 BC – 9860 BC Peak Artemisia and Poaceae, with Pistacia, 

Lygeum spartum and Cupressaceae 

0.5 

*coretop defined as 2012 AD; uppermost sample modelled age -52.4 cal BP (2002 AD) 1194 
  1195 
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