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Abstract

The Gebel Akhdar massif in Cyrenaica, northeast Libya, has yielded a long record of human
occupation going back at least 100,000 years. To date, there is only a limited understanding of
how the landscape of the region varied in response to the climatic fluctuations of the last
glacial-interglacial cycle, and the implications of these changes for local human populations
remain largely unexplored. This study provides an isotope-based interpretation of past
environments directly linked to the archaeological record. Tooth enamel stable carbon isotope
ratios (8"°C) from herbivore species hunted by past human populations are used to infer the
isotopic characteristics of past diet and vegetation, and in turn the likely environmental
conditions that prevailed during periods when humans were active within the landscape. To
provide a baseline from which to interpret the archaeological 8"°C data, modern samples are
considered in relation to their diet and environmental origin. Archaeological samples come
from 2 cave sites, Haua Fteah and Hagfet ed Dabba, and span a period from oxygen isotope
stage 4 to the mid-Holocene. While results indicate a more arid environment in the
Pleistocene and an increase in humidity at the onset of the Holocene, the overall picture is one
of relative environmental stability. The biggest landscape change observed in the data occurs
during the mid-Holocene Neolithic, when C, plant species become evident in the herbivore
diet for the first time. There is little evidence to suggest that this occurred at a time of any
large-scale climate variation, and thus the contribution of anthropogenic influences to

vegetation change is considered likely.
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Highlights

*  We study caprid and bovid tooth enamel carbon isotopes to infer diet and vegetation
* Archaeological samples from Haua Fteah and Hagfet ed Dabba are analysed

* Palacoenvironmental interpretations for the Gebel Akhdar (Libya) are made

* The environment was relatively stable from OIS 4 to the mid Holocene

* Anincrease in C, plant species in the Neolithic is demonstrated
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1. Introduction

The Gebel Akhdar massif in Cyrenaica, northeast Libya (Fig. 1), possesses an
archaeological record that extends back to at least oxygen isotope stage (OIS) 5 (ca. 128 — 74
ka) (McBurney, 1967; Barker et al., 2007; Douka et al., 2014) and likely to OIS 6 (ca. 195 —
128 ka) on the evidence of unpublished OSL dates from the Haua Fteah cave (pers. comm. Z.
Jacobs). Across this time period numerous oscillations in climate occurred at a wide range of
spatial and temporal scales, which in North Africa were predominately manifested as shifts
between wetter and drier conditions (Cacho et al., 2000; Sierro et al., 2005; Enzel et al., 2008;
Kwiecien et al., 2009; Castafieda et al., 2010; Sprovieri et al., 2012). Concurrently,
archaeological archives from across the region appear to display varying periods of
population expansions and contractions, some of which occurred in step with environmental
changes (Hoelzmann et al., 2001; Garcea, 2006; 2012a; Castafieda et al., 2009; Scerri, 2013).
In particular, people appear to have been absent from many areas within North Africa during
times when hyper-arid conditions prevailed across much of the region (Clark, 1980; Petit-
Maire, 1991; Cremaschi et al., 1998; Cancellieri and di Lernia, 2013; Foley et al., 2013). In
contrast, the archaeology of the Gebel Akhdar, a coastal area of varied topography (Fig. 1),
alludes to a different population history, with people being present in the region during each
OIS of the last interglacial-glacial cycle, albeit likely in varying numbers and not necessarily
continuously (McBurney, 1967; Barker et al., 2010; 2012; Jones et al., 2011). This raises the
question of whether favourable environmental conditions in the Gebel Akhdar made the
region attractive for occupation during periods when other areas of North Africa appear to
have been largely abandoned.

Rising to a maximum elevation of ~780m the Gebel Akhdar is today cooler and more

humid than the surrounding desert regions (El-Darier and El-Mogaspi, 2009). Local mean
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annual precipitation ranges from <250mm to >600mm and mean annual temperatures from 16
to 21°C (Elfadli, 2009; El Kenawy et al., 2009; Ageena et al., 2014). Presently, the area has
the richest vegetation and highest floral diversity of any area in Libya. Maquis scrubland
dominates the local vegetation, with common species including Juniperus phoenicea,
Quercus coccifera, Pistacia lentiscus, and Ceratonia siliqua, while steppe species such as
Sarcopoterium spinosum, and Artemisia sp. are also common (Al-Sodany et al., 2003; El-
Darier & El-Mogaspi, 2009). A high degree of floral endemism suggests that the Gebel
Akhdar may have been biogeographically isolated for an extended period of time (Hegazy et
al.,2011), and combined with its geographical setting may indicate that in the past, as is the
case today, the Gebel Akhdar provided an environment notably different from adjacent more
desertic regions of North Africa.

Palaeoenvironmental research to date has indicated that the Gebel Akhdar experienced
relatively low magnitude variations in temperatures and rainfall amounts over the last
~100,000 years (Inglis, 2012; Reade et al., 2015a; Prendergast, et al., submitted). Alluvial,
tufa, and dune deposits are all found within the region suggesting the amount of moisture in
the landscape varied with time, but a lack of precise chronological understanding of these
deposits hinders comparisons with the archaeological record (Hey, 1955). Sediments in the
Haua Fteah cave, which contain archaeological material, indicate periods of increased climate
instability, particularly during OIS 3 (ca. 59 — 24 ka) (Inglis, 2012). However, while these
archives are sensitive to landscape-scale environmental conditions they are also heavily
influenced by sedimentary and taphonomic processes within the cave, making environmental
interpretations complex (Hunt et al., 2010; Inglis, 2012). Mollusc isotope data from the cave
suggests an increase in aridity during OIS 2 (ca. 24 — 12 ka) (Prendergast et al., submitted).
There is currently only a limited understanding of the impacts of these climatic variations on

the local landscape. Differences in the species composition of mammalian and molluscan



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

assemblages in the Haua Fteah and other archaeological sites have been use to infer shifts in
the composition of woodland/steppic environments, although as these assemblages are the
result of human procurement, the sensitivity of the archives to natural variations may be
reduced (Higgs, 1967; Klein and Scott, 1986; Hunt et al., 2011). Thus there remains a need to
gain further palaeoenvironmental insights from archives, which are linked to, but not directly
influenced by, human activity.

Here we focus on estimating past vegetation and environmental conditions in the
Gebel Akhdar through stable isotope analysis of mammalian faunal remains from two cave
sites, Haua Fteah and Hagfet ed Dabba. The carbon isotope (6'"°C) composition of tooth
enamel apatite is used to infer the 8"°C of past herbivore diet, and in turn to isotopically
characterise local vegetation. From this, the types of plants present within the region and the
climatic conditions under which they grew can be approximated. The samples used in this
study come from archaeological contexts and accumulated through human activities, so
provide data temporally tied to periods when people were present within the local landscape.
Analysed samples from Pleistocene-aged deposits come exclusively from wild herbivore
species (Ammotragus lervia and Bos sp.), while Holocene-aged samples consist of both wild
and domestic species (A. lervia and Capra sp. and Ovis sp.). In addition to
palaecoenvironmental insights, comparing Holocene wild and domestic caprids provides the
means to explore whether differences in ‘natural’ and ‘anthropogenic’ influences on herbivore
diet can be identified. This contributes to investigations into human exploitation of local plant
and animal resources, a topic of particular interest in understanding the development of the
Neolithic in this region of North Africa (Lucarini et al., 2015). To provide a baseline from
which to interpret the archaeological data, samples from modern herbivore species are also

analysed.
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2. Background

2.1 Archaeological context

Several caves have been excavated in the Gebel Akhdar revealing stratified sediments
containing archaeological material. These place humans in the landscape at least as early as
OIS 5 (ca. 128 — 74 ka) (Douka et al., 2014). By far the most significant site is the Haua Fteah
(32.90°N, 22.05°E, ~50m asl, Fig. 1), a large rock shelter situated ~1km from the present day
coastline on the northward facing lowest escarpment of the Gebel Akhdar. The cave was first
excavated during the 1950s and its re-excavation has been a central part of a renewed
programme of archaeological investigation in the region since 2007 (McBurney, 1967; Barker
et al., 2007; 2008; 2010; 2009; 2012; Rabett et al., 2013; Farr et al., 2014). From the original
excavations McBurney (1967) described an archaeological sequence containing (using his
terminology) Middle Palaeolithic (Pre-Aurignacian and Levalloiso-Mousterian), Upper
Palaeolithic (Dabban and Oranian), Epipaleaolithic (Libyco-Capsian), Neolithic (of Capsian
tradition), Graeco-Roman, and post-Classical deposits (McBurney, 1967). The ongoing re-
excavation of the cave and the reanalysis of the archive of material from the McBurney
excavations are examining whether these divisions and terminologies remain appropriate. All
samples selected for isotope analysis reported in this study are from the McBurney archives
and data is discussed using the McBurney cultural determinations. Chronological age
estimates for the cultural phases are displayed in Table 1 (Douka et al., 2014). These are the
most probable upper and lower dates for each phase; they do not imply that the phase lasted
the duration of the age bracket, nor indicate whether single or multiple periods of occupation
occurred within each phase.

Isotope investigations of archaeological fauna from a smaller cave in the Gebel

Akhdar, the Hagfet ed Dabba (32.68°N, 21.56°E, 365m asl, Fig. 1), are also presented. The
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cave is located ~15km from the present-day coast and ~60km from the Haua Fteah. Situated
on a south-facing slope of a tributary of Wadi Kuf (today the main watershed of the Gebel
Akhdar), the site was excavated in 1947 and 1948 by McBurney, with an additional small
test-pit being made in 2008 (McBurney and Hey, 1955; Barker et al., 2008). As with the Haua
Fteah, the Hagfet ed Dabba samples used in this study come solely from the McBurney
excavations, which revealed stratified deposits containing Upper Palaeolithic Dabban lithics
(Layers VII to II) and a loose sub-surface layer (Layer I) containing Roman pottery
(McBurney and Hey, 1955). The Hagfet ed Dabba sequence remains undated, and the site’s
chronological context can only be inferred through correlation with the lithic assemblage at
the Haua Fteah and the dates associated with these layers. In particular, McBurney suggested
that a change in lithic technology occurring between layers VI and III at the Hagfet ed Dabba
was similar to a change that occurs within layer XX at the Haua Fteah (McBurney and Hey,
1955; McBurney, 1967, pp. 170). Layer XX at the Haua Fteah has been dated to ca. 32 ka
(Douka et al., 2014) . It is unclear what duration or frequency of occupation the Hagfet ed

Dabba archaeological sequence represents.

2.2 Enamel isotopes in environmental studies

The stable carbon isotope composition of herbivore tooth enamel (6"°C,,,,.,) from
archaeological sites is used to estimate herbivore diets and, in turn, local vegetation through a
known enamel-diet 6"°C offset. Plant 8"°C is primarily determined by photosynthetic pathway
(C,, C,, or Crassulacean acid metabolism (CAM)), but is also influenced by species
physiology, atmospheric carbon and, in C; plants in particular, by climatic conditions
(O'Leary, 1988; Farquhar et al., 1989; Ehleringer et al., 1997; Dawson et al., 2002; Marshall
et al., 2007). Globally, around 85% of plants use the C, photosynthetic pathway (including

trees, herbs and most temperate grasses) and display 8"C values ranging from -38%o to -22%o
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(O'Leary, 1988; Still et al., 2003). C, plant 8"°C is sensitive to changes in water availability,
which is a function of temperature, precipitation and relative humidity, as well as local
environmental parameters such as soil type and topography (Dawson et al., 2002; Seibt et al.,
2008). Typically, C, plants in open, more arid environments have higher 8"°C, while plants in
humid, dense canopy environments possess lower 8"°C (Seibt et al., 2008; Cernusak et al.,
2009; Gebrekirstos et al., 2009; Kohn, 2010). At a global scale there is a negative relationship
between C, plant 8"°C and mean annual precipitation, with 8"°C values >-25.5%o restricted to
regions where mean annual precipitation is <500mm (Kohn, 2010). Seasonal variation in 8"°C
within C, species has been shown to be in the order of 1%oc-3%o, with higher values typically
occurring in the driest season (Ehleringer et al., 1992; Li et al., 2007). Such conditions most
commonly summer, when temperatures are high, and in many temperate environments,
rainfall low. In contrast, C, plant species are dominated by warm-/arid-adapted grasses with
&"C values between -16%o and -9%0 (O'Leary, 1988; Coplen et al., 2002). CAM
photosynthesis is predominately restricted to succulent plants that are adapted to very arid
conditions and display 8"°C values that can span much of the range observed in C; and C,
species (O'Leary, 1981; Luttge, 2004; Marshall et al., 2007). CAM plants make up only a
small proportion of total vegetation globally, and are unlikely to make a significant
contribution to herbivore diet in most habitats.

Studies of modern herbivore populations have demonstrated that 8"°C reflects

enamel
dietary 8"°C with a diet-enamel isotopic offset of ~14.1 + 0.5 %o in medium to large
herbivores (Cerling and Harris, 1999; Passey et al., 2005). Variations in 8"°C,, ., are linked to
the proportion of different plant species in the diet and to the environmental conditions in
which the plants grew (e.g. Lee-Thorp et al. 1989; Hoppe et al. 2004; 2006; Balasse et al.

2005; Fraser et al. 2008). When applied to archaeological/palacontological assemblages, this

relationship has been used to infer palaeodietary/palacoenvironmental parameters, typically
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using either "bulk’ or ‘intra-tooth’ sampling approaches (e.g. Merceron et al. 2006; Lee-Thorp
et al. 2007; Bedaso et al. 2010; Boardman and Secord, 2013; Kita et al., 2014). Bulk enamel
samples are used to estimate average dietary 6'"°C over the period of tooth formation and have
been used to infer average environmental conditions/vegetation structures (e.g. Forbes et al.
2010; Nunez et al. 2010). Intra-tooth 8"°C,,,, variation has been shown to preserve a signal
of seasonal dietary and environmental oscillations in modern populations, and has been used
to estimate a range of palaeo-seasonality parameters in fossil samples (e.g. Zazzo et al., 2002;
Balasse et al., 2006; Fraser et al., 2008; Brookman and Ambrose 2012).

Using the known ranges in C, and C, plant 8"°C and a diet-enamel offset of +14.1 +
0.5%0 (O'Leary 1988; Cerling and Harris 1999; Coplen et al. 2002; Still et al. 2003), the
theoretical maximum 8"C,,,,., value of a herbivore consuming a C;-only diet is approximately

-8%o and the theoretical minimum 8"C,,,,., of a herbivore consuming a C,-only diet is

ename
approximately -2%o. In most environments, where C; 8"°C is not at the maximum of its
potential range, and C, 8"C is not at the minimum of its potential range, the difference
between a C;- and C,- dominated 8"°C,,,,, signature will be greater. In fossil samples from
the last glacial and the pre-industrial Holocene, 8"°C values are ca. 0.5-1.5%o higher than

present day owing to differences in atmospheric 8"°C and CO, concentration (Marino et al.,

1992; Koch, 1998; Tipple et al., 2010).

3. Materials and methods

The most common medium and large herbivores found in the faunal assemblages of
the Haua Fteah and Hagfet ed Dabba were selected for analysis: wild Ammotragus lervia
(Barbary sheep), wild Bos sp. (most likely aurochs), and domestic Capra sp. (goat) and Ovis
sp. (sheep) (hereafter referred to as domestic caprids, as morphologically they can be difficult

to distinguish in fragmentary archaeological material). To further our understanding of the

10
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species’ 8"°C,,.; signature in relation to diet, climate, and environment, samples from
modern populations of wild A. lervia, wild Ovis orientalis musimon (mouflon), and domestic
Capra hircus and Ovis aries were also analysed.

Sample selection from the archaeological caprids was restricted to third molars (M3s),
which are morphologically distinct and easily distinguished from the other cheek teeth in the
studied species. Teeth with the best level of preservation, highest crown height, and most
robust stratigraphic provenance were preferentially selected. For the archaeological bovids
both M3s and M2s were analysed. All modern caprids had their mandibular M3 sampled.
Where further dentition was available, the second (M2) and first (M 1) molars were also
sampled. Including the additional molars in the modern study provides the means to assess
intra-tooth 8"°C variability over a greater period of time.

Prior to sampling, the outer surface of each tooth was thoroughly cleaned by abrasion
to prevent inclusion of surface contamination in the subsequent enamel sample. Powdered
enamel samples (5-10 mg) were collected using a diamond coated drill bit mounted on a
variable-speed handheld drill. All teeth were ‘bulk’ sampled. Bulk enamel samples, which
provide a homogenised sample that spans the length of the tooth, were taken to infer average
dietary composition over the period of formation. For bulk samples the enamel was abraded
evenly down the tooth until sufficient powder was collected for analysis. Each caprid tooth
sampled is predicted to have mineralized over approximately 1 year (Weinreb and Sharav,
1964; Ogren, 1965) although the time represented in each sample may be less as the full
enamel depth was not sampled (see Reade et al., 2015b). A subset of the modern and
archaeological teeth was then selected for serial sampling. Serial samples were taken down
the same transect as the bulk sample at approximately 3 mm intervals, using a 1 mm-diameter
cylindrical drill bit held perpendicular to the sampling axis. Between 7 and 16 samples were

collected per tooth, as determined by crown height.

11
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Powdered enamel was chemically pre-treated to remove organic and secondary
carbonate material following the method described by Balasse et al. (2002). The treated
powder was isotopically analysed at the Godwin Laboratory, Department of Earth Sciences,
University of Cambridge. Samples were analysed on an automated Gasbench interfaced with
a Thermo Finnigan MAT 253 isotope ratio mass spectrometer, being reacted with 100%
orthophosphoric acid for 2 hours at 70°C in individual vessels. Results are reported with
reference to the international standard VPDB calibrated through the NBS19 standard (Coplen,
2011). The long-term analytical precision for "C/"*C is better than +0.08%o. Statistical
analysis was performed using SPSS v.22 (Statistical Package for Social Sciences) and

statistical significance was accepted at p<0.05.

4. Modern caprid diets and environments

4.1 Study design and sample collection

Modern wild and domestic caprids from semi-arid/arid environments are analysed.

The study investigates the relationship between 8"C,,,,., and that of diet/vegetation, and the
relationship between this signal and the local climate. The temporal character of the 8"°C,,,.,
signature in relation to these parameters, and the potential influence of human animal-
management practices are also considered. Modern populations of wild Ammotragus lervia,
wild Ovis orientalis musimon (mouflon), and domestic Capra hircus and Ovis aries, are
analysed.

While A. lervia’s natural range once extended across North Africa, today the species
is locally extinct in many areas of the continent and it is currently listed as vulnerable on the
IUCN Red List of Threatened Species (Manlius et al., 2003; Cassinello et al., 2008).

Therefore, the only population of wild A. lervia available to this study was acquired from an

introduced population, located on a private range near the White Sands Missile Range, New

12
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Mexico, USA. Sampling of this population was only possible as it is considered invasive and
hunting is consequently permitted. Geographical and political circumstances also prevented
the collection of other wild caprid samples from North Africa. As such, the second wild
caprid included in this study is O. o. musimon from Mount Tiede, Tenerife, off the west coast
of North Africa.

Domestic caprids were collected from three populations in North Africa, two from the
Gebel Akhdar and one from Cairo, Egypt. Sample collection sites in the Gebel Akhdar
centred on two different areas, separated by ~150km: the central/eastern Gebel Akhdar
escarpments and the El Marj basin in the western Gebel Akhdar. These samples were
collected in the landscape and their level of preservation indicates that the animals died within
approximately the last 5 years. The domestic caprid samples from Cairo were obtained from a
butcher, with no further provenance information available. Although this study compares
different caprid species, caprid physiology is similar enough across the species included so as
not to introduce any additional uncertainty to interpretations.

The total number of samples, species attribution, and geographic origin (including
local plant 8"°C where available, and key climatic characteristics) are detailed in Table 2.
Results from bulk and intra-tooth sampling of these modern specimens are displayed in Table
2 and Figure 2, respectively. Where multiple teeth from an individual animal were sampled
bulk-tooth 8"°C,,,,., values were used to calculate an animal-mean 6"°C,,,,., value. Full results

are available in the online supplementary data file.

4.2 Wild caprid 6°C diet, and local vegetation

enamel’

Behaviourally, A. lervia and O. o. musimon are generalist feeders with non-selective,
availability-mediated diets (Ogren, 1965; Ramsey and Anderegg, 1972; Rodriguez Pifiero et

al., 1987). Therefore, in the wild these animals likely have diets representing a homogenised
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average of local vegetation available within a region. Although both species vary their range
size by tens of kilometres throughout the year, neither undertakes long-distance seasonal
migrations (Hampy, 1978; Ciuti et al., 2009). Therefore, their 8"°C,,,,., signatures are
expected to represent plant 8"°C local to the site of sample collection.

A. lervia animal-mean 8"C,,,, results range from -10.2%o to -6.3%0 (mean = -8.1 +

enamel
1.4%o0 (n=7)). Using the diet-enamel offset of +14.1 + 0.5%0 proposed by Cerling and Harris
(1999), average A. lervia dietary 8"C in the New Mexico samples is estimated to vary from
-24.3 £ 0.5 %o to -20.4 £ 0.5%¢ (Table 2). These values indicate a mix of C; and C, plant
species in the A. lervia diet, consistent with the mixed C;-C, vegetation in their habitat in New
Mexico. Mean local C, and C, plant 6"°C signatures have been measured to be -25.6 + 0.7%0
and -14.5 + 0.7%o, respectively (Hoppe et al., 2004).

O. o musimon animal-mean 8"C,,_, results range from -13.5%o to -12.9%0 (mean =

cnamel
-13.2 + 0.3 (n=4)), equating to an estimated mean dietary 8"°C intake ranging from -27.6 +
0.5%0 to -27.0 + 0.5%0 (Table 2). The vegetation in the local Tenerife environment is
composed only of C; plant species, with 8"°C ranging from -25.3 + 1.5%o to -26.2 + 2.0%0
(Yanes et al., 2009).

These results show that in both environments the wild caprids’ 8"°C,,,,., approximates
an average of local vegetation 8"°C, modified through a diet-enamel offset. However, greater
inter-individual variation is observed in the environment where a greater variation in plant
&"C is available. This demonstrates the influence of individual animal behaviour on the
&"C,,.ma Signature and highlights the need to sample multiple individuals in order to estimate
an average for that population, and to assess the variation within it.

Intra-tooth 8"°C,,,.., profiles show temporal variability in dietary 6"°C (Fig. 2), likely

linked to varying proportions of different plants in the diet at different times of the year and/or

to plant 8" C responses to seasonal variations in climate. For A. lervia, the combined M2-M3

14
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intra-tooth profiles represent dietary intake over approximately 18-24 months, and assuming a
spring birth (Ogren, 1965), should record a signal from the animal’s first autumn/winter at the
top of the M2 to the animal’s third summer at the bottom of the M3. However, there is no
consistent pattern of intra-tooth variation between the sampled individuals. While all animals
display intra-tooth ranges (2.7%o to 5.1%0) notably greater than the local mean seasonal range
in C, 8"”C (1.0 £ 0.2%0) and C, "C (0.6 + 0.2%0) (Hoppe et al., 2004), indicating the relative
contribution of C; and C, plant species in the diet likely varied seasonally, differences in
dietary behaviour between individuals is apparent (Fig. 2). For example, some animals
indicate a diet consistently dominated by C, plant species (NM7), some a diet where the
proportion of C, and C, plants varies seasonally (NM5), and some a diet that has a relatively
consistent mix of C;-C, plants throughout the year (NM6). The lack of a consistent pattern
between different individuals from the same environment could be produced by differences in
the season of birth, variations in the timing of tooth formation (formation of the M3 has been
shown to be particularly variable (Ogren, 1965)), year-to-year climate-mediated variations in
local vegetation, and/or variations in individual animal behaviour. This again highlights the
importance of analysing multiple individuals from the same population to capture the amount
of 8"C variation in the local vegetation. It also shows that while intra-tooth profiles can be
used to explore sub-annual variations in diet, at least in this example, there are difficulties in
using intra-tooth profiles to infer the timing of seasonal change.

The O. 0. musimon samples from Tenerife appear to show more consistent intra-tooth
8"C,, . Tesults than the A. lervia examples (Fig. 2). This is likely the result of less variation
in plant 8"C in the local environment. Intra-individual variation ranged from 0.7%o to 2.0%o
(mean=1.3 + 0.6%0, n=3). With the exception of sample TF4, whose profile is relatively short,

a sinusoidal pattern of variation is recorded in the samples, probably reflecting seasonal

variations in climate and/or plant species composition in the diet/local environment. Again,
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there is some variation in the timing of the recorded signal, but it is difficult to make further

interpretations based on the small number of samples analysed.

4.3 Domestic caprid 5°C,,,,. and the influence of humans

Unlike the wild caprids analysed, for the domestic species the proportion of local
versus imported vegetation (e.g. purchased animal feed) in the diet is unknown, as is the level
of human management in the animals’ access to specific food resources. Here we use
8"C,, .o to infer likely diet, and consider the potential influence of human animal-
management strategies.

Bulk-tooth §"C from the central/eastern Gebel Akhdar ranges from -12.2%o to

enamel
-10.5%0 (mean = -11.3 + 0.8%0 (n=5)). Intra-tooth profiles (n=2) show little down-tooth
variation (<1%o) and lack a clear pattern of variation (Fig. 2). Mean dietary estimates range
from -26.3 + 0.5 %o to -24.6 + 0.5%0 and indicate a C;-dominated diet (Table 2). This estimate
is within the range of plant 8"°C measured from the region, but does not approximate the
mean local value (Prendergast et al., 2015). In comparison, animal-mean 8"C,,,, from El
Marj ranges from -12.3%o to -8.8%o (mean -9.7 + 1.1%0 (n=8)). With the exception of one
result (-12.3%o), all other El Marj samples have 8"C values =-9.9%o, yielding mean dietary
estimates ranging from -24.0 + 0.5 %o to -21.4 + 0.5 %o (this range is extended to -26.4 + 0.5
%o if the -12.3%0 8"C,,,..; value is used). This estimate is at the boundary between what could
be expected for animals that have a diet comprised solely of C, plants in water-poor
environments, and those that have a diet containing both C; and C, plant species. The single
intra-tooth profile from the El Marj samples displays a down-tooth variation of 3.0%c and
8"C,,.. values that suggest this is unlikely to be a result of a significant seasonal intake of C,

plants (Fig. 2). No plant isotope data is available for El Marj, but the natural vegetation of the

region is dominated by C, species (Gimingham and Walton, 1954; Still et al., 2003). It
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therefore seems probable that the El Marj caprids had little or no access to a C, dietary
component, although it cannot be ruled out. Within the Gebel Akhdar, domestic caprids are
often allowed to graze in the landscape during the day, being penned at night, and it is likely
that the measured difference between dietary and mean plant 8"°C in the central/eastern Gebel
Akhdar is produced by human-mediated access to specific plant resources, and/or the
inclusion of extra-local supplementary feed in the diet. The difference between the
central/eastern Gebel Akhdar and El Marj caprids may relate to different feeding practices,
but could also be produced by climatic differences between the two regions (see section 4.4).

Mean bulk-tooth 8"°C,, .., for the Egyptian caprids is -8.5 + 2.2%o (n=11,

enamel

range=6.3%o), which produces mean dietary &"°C estimates of between -24.9 + 0.5%0 and
-18.6 £ 0.5%o (Table 2). This predicts a mixed C;-C, diet, which is consistent with local

vegetation (Ziegler et al., 1981). While intra-tooth 8"°C_,,, variation ranges from 2.5%o to

ename
7.3%0 (n=5) between different animals, in all samples that have a crown height >20mm (n=3)
the range is >7.0%0. Below 20mm intra-tooth 8"°C,,,.., range decreases with crown height,
suggesting the overall amplitude of variation in these samples had been truncated by wear
(Fig. 2). It is therefore likely that ~>7.0%o0 indicates the true typical variation in 8"°C,,,., in
this population, indicative of considerable seasonal variation in the proportion of C; and C,
plants in the diet. Four out of the five intra-tooth profiles show very similar patterns of
8"C,, e Variations, with minimum &"C,,,, values occurring between 5.0mm and 6.7mm

from the enamel-root junction. This is characteristic of a 8"°C,,,,., signal produced by human-

managed rearing and feeding practices (Balasse et al. 2003; 2012; Frémondeau et al. 2012),
and suggests a narrow birth season and similar diets in the Egyptian animals. In domestic
caprids the M3 begins to form when the animal is approximately 15-18 months old (Weinreb

and Sharav, 1964). High 8"°C,,,..., values, which are recorded at the top of the profiles (Fig.

ename

2), indicate a C,~-dominated diet. Such a diet is consistent with animals inhabiting an arid
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environment. In Egypt the yearly dry season occurs from approximately May to October and
the landscape is most water-poor in the late summer/early autumn (WMO, 2016). Therefore,
this pattern of intra-tooth variation suggests a spring birth season, and an M3 signal that
records summer maximum &"C,,,, values at the top of the crown and winter/spring
minimum 8"°C_,, values at the enamel root junction. One sample (EG21) shows a similar
pattern of variation but is out of phase with the other samples (8"°C minimum at 16.5 mm),
which could indicate that this animal was born later in the year, although variations related to
tooth formation timings can not be ruled out.

The results from the modern wild caprids suggested that the range of 8"°C,,,,., values
within a population provided a good indication of the range of plant "°C in the local
environment. Despite uncertainty concerning how humans are modifying the diets of the
modern domestic caprids, as in the case of the wild caprids, domestic 8"°C,,,,.., values appear
to reflect feeding regimes based at least partly on local vegetation. When C, plants are present
in the landscape relatively high inter-individual 8"°C,,, ., variations are observed in both the
wild and domestic caprids. Conversely, a relatively narrow range in inter-individual 8"°C,, .,
is seen in both wild and domestic caprids in C;-dominated environments. Intra-individual
8"C,, . Profiles can further allude to the proportion of C,-C, species within the diet, and the
seasonal utilisation of these resources. The greatest observed difference between wild and
domestic caprid 8"°C,,,,.., is in the consistency, or lack thereof, of the intra-tooth profiles,
where domestic caprids from the same environment display very similar patterns of intra-
tooth variation, and wild caprids from the same environment display greater inter-individual
variation. We interpret this difference as indicative of human influence on the domestic caprid
diet and breeding cycle. Such differences, if identified in wild and domestic archaeological

samples of the same age, could be used to infer human management of the domestic animals’

diets and breeding cycle.
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4 4 Relationship to local climate

If the caprid diets are based on local vegetation, a relationship between 8"°C,,,,.., and
local climate should exist. However, quantitative interpretation of 8"°C,,,,, relative to
climatic variables is complex, not least when both C, and C, plant species are present in the
diet in unknown quantities. However, the presence of a C, dietary component can itself be
indicative of climate, with C, plant species typically occurring in greater abundance in more
arid environments. Indeed, the two sites that show evidence of C, plants in the caprid diets
(Egypt and New Mexico) are the two sites with the lowest mean annual precipitation (Table
2). In the locations where the data indicates a C;-dominated diet (El Marj, central/eastern

Gebel Akhdar, and Tenerife) 6'"°C is higher at sites with higher mean annual temperatures

enamel
and lower mean annual precipitation amounts (Fig. 3). Sample size here is too small to
facilitate quantitative analysis of this apparent trend confidently, however the pattern of
decreasing 6'"°C values with increasing rainfall is consistent with published studies of C, plant
8"C values (Kohn, 2010).

Seasonal climate interpretations from the intra-tooth data are difficult. While the wild
samples display 6"°C,,,,., variation that could relate to seasonal climate variations, any sub-
annual climate signal appears to be obscured by variations introduced by differences in
dietary behaviour, tooth formation rates, and/or season of birth between individuals. The
pattern of 6"°C,,,, variation in the Egyptian samples is typical of sinusoidal seasonal climate
fluctuations, which characterise the local climate (WMO, 2016). However, quantification of
this pattern in relation to climatic parameters is prohibited by a lack of dietary information for
the animals. The proportion of C, and C, plants in the diet, and how it varies throughout the
year is not known, nor is the proportion of local versus extra-local plants in the animals’ diets.

In sum, while our data indicates intra-tooth variation is most likely influenced by seasonal

fluctuations in climate there is no clear relationship between the shape or phase of the signal
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and climate. Thus, there may be limited scope to make inferences of climate seasonality from

the archaeological samples.

5. Archaeological diets and environments

5.1 Sample selection

79 Ammotragus lervia teeth from the Haua Fteah and 50 from the Hagfet ed Dabba,
together with 21 Bos sp. and 12 domestic caprid teeth from the Haua Fteah, were selected for
bulk sampling. From these, a subset of 37 A. lervia, 6 Bos sp., and 5 domestic caprid teeth
were selected for serial sampling. Details of samples and their provenance are given in
summary in Table 3 and in full in the online supplementary data file. The sampled teeth from
the Haua Fteah are curated in the McBurney Haua Fteah archive in the Museum of
Archaeology and Anthropology, University of Cambridge. The sampled teeth from the Hagfet
ed Dabba are curated in the Natural History Museum, London.

The archaeological tooth samples in this study do not show direct evidence of human
manipulation such as cut marks, burning, or fracturing, but examples of such modifications
have been identified on other skeletal elements from the same species found within the same
archaeological contexts, albeit at relatively low frequencies (Klein and Scott, 1986). This,
combined with the large quantity of lithic and other archaeological material found in the
associated deposits, we judge to indicate that the samples are the result of human activity
within the caves, and thus are temporally tied to periods when people were present within the
local landscape.

Samples from the Haua Fteah come from the McBurney Levalloiso-Mousterian,
Dabban, Oranian, Capsian and Neolithic cultural phases, and cover a period from ca. 74 — 5
ka (McBurney, 1967; Douka et al., 2014). As McBurney excavated the deposits in a series of

overlapping spits, which often spanned multiple stratigraphic layers, a large proportion of the
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samples cannot be attributed to a stratigraphic context more resolved than the cultural phase
from which they came (McBurney, 1967). However, a small proportion of samples come
from spits that were either entirely contained within a single stratigraphic layer, or that
spanned 2-3 layers but did not overlap with other spits. Age estimates for the Haua Fteah
sequence and for these layers are detailed in Table 1. Samples from the Hagfet ed Dabba are
thought to be most similar in age to those from Layer XX from the Haua Fteah (McBurney,
1967).

Bulk-tooth 6"°C results from all archaeological samples are summarised in Table

enamel
3 and Figure 4. Intra-tooth profiles are displayed in Figure 5. Full results are available in the
online supplementary data file. Where results from the modern caprids from Libya are
displayed alongside the archaeological results, the modern data have been corrected to

account for the ~1.5%0 decrease in atmospheric 8"C since the start of the industrial revolution

(Long et al., 2005).

5.2 Caprid and bovid palaeodiet at Haua Fteah

The A. lervia samples provide the greatest temporal span over which to evaluate diet.

At Haua Fteah A. lervia bulk-tooth 8"°C,,,,., values ranges from -12.3%o to -4.9%o indicating

ename

considerable dietary variation across the sampled animals. Averaged by cultural unit, mean A.

lervia bulk-tooth §"°C remains relatively similar throughout the sequence (Table 3). The

enamel
exception is the Neolithic samples, which are significantly different to that of the preceding
cultural units (Kruskal Wallis, H(4)=25.923, p<0.001). Post-hoc pair-wise comparisons using
Mann-Whitney tests with a Bonferroni correction identify the largest differences occur
between the Oranian and Neolithic (U=26.439, z=4.424, p>0.05) and the Capsian and
Neolithic (U=-33.601, z=-3.477, p>0.05). Dietary estimates for the Haua Fteah A. lervia

indicate a C;-dominated diet through most of the sequence (Table 3). While C, plants may
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have been present in the diet in small quantities throughout the time period considered, it is
only in the Neolithic where they make a notable contribution to the diets of some animals. A
C, dietary component is also detected in some of the Neolithic domestic caprids (Table 3).

There is no significant difference between wild and domestic caprid 8"°C,,,., in the Neolithic

(Mann-Whitney, U=163, z=-0.315, p>0.05, Fig. 4), indicating that the animals had access to
the same range (at least isotopically) of dietary resources.

A C;-dominated diet prior to the Neolithic is also evident in the Bos sp. bulk-tooth
8"C,,.ma (Table 3). There is no significant difference between wild A. lervia and Bos sp.
8"C,,.. in any of the archaeological units in which they both are present (Dabban (U=1.0,
7=-1.549, p<0.05), Oranian (U=305.5, z=1.938, p<0.05) and Capsian (U=21.0, z=1.326,
p<0.05), Fig. 4). Given that the two species display different dietary behaviours (A. lervia is a
mixed feeder and Bos sp. a grazer), they are likely to have had diets composed of different
plants species. The lack of isotopic difference between the two suggests an isotopic
homogeneity in the Gebel Akhdar vegetation during these time periods.

In comparison to the modern samples from C;-dominated environments, there is a
larger inter-individual variation in the archaeological samples from Haua Fteah, including
between those interpreted as having a C;-dominated diet. This is likely the result of the
significantly greater time spans represented in the archaeological cultural units in comparison
to the modern samples, resulting in data averaging across potentially more variable
environments. In the Oranian and Neolithic samples inter-individual variation is similar to
that observed in the modern caprids from mixed C;-C, environments (being 4.2%0 and 7.3%o,
respectively in the archaeological samples, Table 3). However, absolute 8"°C,,,,., values from

the Oranian samples do not indicate a notable contribution of C, to the animals’ diet. Only in

the Neolithic is the range (7.3%0) of a magnitude that can confidently be attributed to animals’
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consuming diets composed of notable proportions of both C, and C, plant species, a
conclusion further supported by the intra-tooth data (Fig 5).
Considering the seasonal consumption of different dietary components, intra-tooth

data show a change with time (Fig. 5). A. lervia intra-tooth 8"°C_,,, ranges do not exceed

1.0%o in the Levalloiso-Mousterian (ca. 68.1 — 48.7 ka) and range from 0.8%o to 2.3%o in the
Dabban (ca. 40.0 — 18.1 ka) and Oranian (ca. 16.1 - 13.1 ka). In the Capsian (ca. 12.3 - 9.3
ka) greater variation between different A. lervia individuals is observed, with the largest
recorded intra-tooth 8"C range being 3.3%0 (HR33). A corresponding increase in intra-tooth
variation is not seen between the Oranian and Capsian Bos sp. samples (Fig. 5), with the mean
range in each group being 1.3 = 0.4%o and 1.1 = 0.6%o, respectively. Variation further
increases in the Neolithic samples, with intra-tooth ranges between 0.6%¢ and 5.7%o recorded
in the A. lervia samples, and 0.7%o and 4.0%oc in the domestic caprid samples.

In the absolute 8"C,,,,., values recorded in the intra-tooth profiles, all teeth analysed
display values consistent with a diet dominated by C; plant species for at least part of the year
(intra-tooth minimums range between individuals from -13.1%o to -9.3%0). In the Levalloiso-
Mousterian, Dabban and Oranian samples intra-tooth maximum values do not exceed -8.8%o
for A. lervia and -9.9%o for Bos sp., indicating a year-round C;-dominated diet for all
individuals sampled. Sinusoidal patterns of variation, characteristic of a seasonal cycle, are
present in some teeth, but, as with the modern samples analysed, no consistent pattern of
variation between different individuals from the same cultural units is observed.

In the Capsian samples intra-tooth maximum values range from -11.0%o to -9.5%o in
all A. lervia and Bos sp. samples, with the exception of one A. lervia sample (HR33). In this
one tooth, a 8"°C,,,,.., maximum of -7.7%o is recorded and a sinusoidal pattern is evident.

While this indicates clear seasonal variation in the diet, the absolute 8"°C_,,..., values and the

ename

magnitude of intra-tooth variation are within the range that could occur in a C; only
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environment. Equally, such results could indicate a seasonally variable diet composed of both
C, and C, plants. When evaluated alongside the other Capsian samples, which all display
lower 8"°C values, we argue that it is unlikely that C, plant species were present in the local
environment in significant proportions during this time period, although it cannot be ruled
out.

The pattern changes in the Neolithic (ca. 7.7 — 6.2 ka), where higher seasonal
variation, and a higher proportion of C, plant species in some, but not all caprid diets,
becomes apparent (Fig. 5). This pattern is observed in samples from both wild and domestic
caprids. The presence of a C;-dominated diet in some samples, and a seasonally mixed C;-C,
in others, could indicate that different animals were utilising different grazing sites
seasonally. However, we observed a similar pattern in our modern A. lervia samples, from
animals that are known not to undertake long distance seasonal migrations (Hampy, 1978).
Thus, while we cannot rule out the possibility of some animals from the archaeological
samples moving over long distances, we suggest it is more probable that they were feeding on
different plant species available locally. These would have likely been available in different
proportions in different microenvironments within the Gebel Akhdar. The similarity between
wild and domestic samples, which would not display the same migratory behaviour, adds

further support to this interpretation.

5.3 Caprid palaeodiet at Hagfet ed Dabba

At Hagfet ed Dabba, A. lervia bulk-tooth 8"°C,,,, values range from -12.0%o to

-9.4%0 (n=50, Fig. 6, Table 3), indicating considerable dietary similarity across the sampled
animals. There is no significant between-layer difference in 8'"°C,,, ., within the Hagfet ed

Dabba sequence (Kruskall Wallis, H(5)=3.6, p>0.05). The lack of between-layer difference

includes the samples from Layer I, which also contained Roman ceramic material. It is not
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clear whether the A. lervia samples from Layer I are contemporaneous with the Roman
pottery, whether the Roman pottery and Dabban accumulations have become mixed, or
whether the material dates to an intervening period. Dietary estimates indicate a C,-dominate
diet throughout the sequence (Table 3).

Intra-tooth samples from the Hagfet ed Dabba were analysed from Layers II, IV and
VI, and have 6"C ranges varying from 1.1%o to 1.8%o (Fig. 7), similar to the intra-tooth
ranges observed in the modern caprids from C, environments. Similar absolute values and
patterns of within-tooth 6"°C variation are recorded in each sample, and within-layer
differences between animals are as large as the differences between animals from different
layers.

Overall, results from the Hagfet ed Dabba indicate a C;-dominated environment with
no notable variation over time. However, the scope to make further environmental or climate
interpretations is limited given the uncertainty surrounding the absolute age and time span
represented in the assemblage.

While this interpretation is consistent with that made from the Dabban-aged samples

at Haua Fteah, there is a significant difference between the 6"°C results from Hagfet ed

cnamel
Dabba (n=50) and the Dabban Haua Fteah samples (n=5) (Mann-Whitney, U=197, z=2.108,
p<0.05). No significant difference is present when the comparison is limited to the Haua
Fteah samples from Layer XX (Mann-Whitney, U=101, z=1.001, p>0.05), the layer that
McBurney suggested might be contemporaneous with the Hagfet ed Dabba (McBurney and

Hey, 1955; McBurney, 1967, pp. 168-170). However, the large discrepancy in sample size

between the two sites should be noted (Table 3).
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5.4 Climatic and environmental interpretations

Bulk and intra-tooth data from the Haua Fteah and Hagfet ed Dabba provide strong
evidence that the Gebel Akhdar landscape was dominated by C, plant species throughout the
last glacial period and in the early Holocene (Levalloiso-Mousterian to Capsian), with C,
plant species only becoming apparent in the mid-Holocene (Neolithic).

The relative lack of variation recorded in 8"°C,,,,., throughout much of the sequence,
and the persistence of a C;-dominate landscape, supports other palacoenvironmental and
archaeological interpretations that human occupation of the Gebel Akhdar occurred under
relatively stable environmental conditions (Inglis, 2012; Prendergast et al., submitted). Given
the complexities in making environmental interpretations from 8"°C,,,,.., values where C,
plant species could be present in the diet in a significant but unknown proportion, the mid-
Holocene Neolithic samples will be discussed separately (section 5.5).

From the Levalloiso-Mousterian to the Capsian (ca. 74 - 7.9 ka) there is an overall
trend towards lower bulk-tooth 8"°C,,,., values in the A. lervia data (Fig. 4) and a
corresponding increase in intra-tooth variability (Fig. 5). Grouping the samples by cultural
unit introduces significant time averaging to the dataset. This can be reduced by considering
only those samples attributed to more discrete stratigraphic provenances. Following this
approach, while the overall temporal trend towards lower bulk-tooth 8"°C_,,., through time is
preserved, greater variation is identified (Fig. 8).

Overall, the higher 6"°C,,,,., values in samples that pre-date the LGM suggest that the

environment of the Gebel Akhdar during the last glacial period (during the Levalloiso-
Mousterian and Dabban phases of occupation) was drier than in later periods. Based on
palaeoenvironmental records from elsewhere in North Africa (Armitage et al., 2007,

Castaneda et al., 2009), this was likely the result of lower amounts of precipitation rather than

higher temperatures. Results indicate that the Gebel Akhdar environment was likely also less
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variable, both intra- and inter-annually. The indication of increased aridity is consistent with
that identified in other palacoenvironmental archives from within the region, although none of
these show evidence for hyper-arid periods (Inglis, 2012; Prendergast et al., submitted).
Analysis of the Haua Fteah cave sediments found evidence that local environmental
conditions during OIS 3 (ca. 59 — 24 ka) were less stable than our data suggests (Inglis, 2012).
These disparities require further investigation but may reflect differences in the spatial and/or
temporal resolution of the two different archives.

The most arid period identified in our samples dates to ca. 43 ka (Fig. 8), during the
later Levalloiso-Mouterian occupation phase, although extreme aridity is not likely to have
occurred. While no Bos sp. from this level were available for analysis, other skeletal elements
of Bos sp. have been identified from the assemblage. The presence of Bos sp., an obligate
drinker, in the faunal assemblage indicates that there must have been sources of surface
waters available in the region at this time. This arid episode appears to correspond to a period
of reduced tree cover and possibly cooler temperatures in the southeastern Mediterranean
region (Bar-Matthews et al., 1999; Langgut et al., 2011). In the Sahara, most areas prone to
palaeolake formation during periods of humidity also suggest arid conditions prevailing at
this time, with the potential exception of Shati Cardium in southeastern Libya (Gaven et al.,
1981; Szabo et al., 1995; Armitage et al., 2007). Archaeologically this time period
corresponds to the widespread decline in the Aterian across North Africa (Garcea, 2012b;
Richter et al., 2012; Spinapolice and Garcea, 2014). If other areas of North Africa where
becoming uninhabitable due to aridity, the Gebel Akhdar environment by comparison may
have provided an attractive refuge at this time.

Layer XVII (ca. 22.6 — 20.0 ka), associated with the later Dabban occupation phase, is
the sample group closest in age to the LGM. While 8"°C_,,,., is higher in this layer than in

following periods, the data does not indicate that the hyper-arid conditions that prevailed
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elsewhere in North Africa at the LGM were present within the Gebel Akhdar. Following the
LGM, data indicate that climatic instability increased in the late glacial (ca. 16.6 — 14.7 ka),
and continued into the early Holocene Capsian (ca. 12.3 — 9.3 ka). While there is a long-term

decrease in A. lervia 8"°C,,,,. from the LGM to the early Holocene (Fig. 8), within this time

enamel
period 8"C,,,., values oscillate, with a return to higher values similar to those of the LGM
between ca. 15.0 and 13.5 ka. This is a different pattern to that observed in local land snail
&"C (Prendergast et al., submitted) and in plant and animal 8"°C archives from other regions
(e.g. Bump et al., 2007). These typically show a consistent decrease in 8"°C from the LGM to
the Holocene of 1-4%o, which coincides with an increase in atmospheric CO, concentrations
(Neftel et al., 1988; Marino et al., 1992; Smith et al., 1999; Stevens and Hedges, 2004; Bump
et al., 2007; Drucker et al., 2008).

In contrast, the Bos sp. data show no change in mean bulk-tooth 8"°C across the same
time period (Fig. 5), which would most likely indicate environmental and climatic stability
and is consistent with the pattern observed in local land snail 8"°C (Prendergast et al.,
submitted). However, this masks the variability observed within each layer grouping. Inter-

individual variation in bulk-tooth 8"°C,,,,., in both A. lervia and Bos sp. is highest in the late

glacial, which could be interpreted as indicating a more rapidly fluctuating, and therefore less
stable environment during this time period.

The most humid environmental conditions are recorded in the Capsian samples, which
date to ca. 12.3 — 9.3 ka (Fig. 8). This coincides with the early Holocene humid phase that
occurred across North Africa (deMenocal et al., 2000; Pachur and Hoelzmann, 2000; Renssen
et al., 2006; Lézine et al., 2011).

In conclusion, while the climate of the Gebel Akhdar appears to have followed

regional-scale trends in aridity/humidity, no extreme climatic events are identified. This likely

produced a relatively stable environment, with somewhat predictable animal and plant
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resources available for human exploitation. Such conditions could have made the Gebel
Akhdar an attractive option to local human populations in comparison to more variable

environments in adjacent regions.

5.5 The ‘Neolithic’ appearance of C, plant species

While C, plants may have been present in the Gebel Akhdar throughout the time
period covered by our data, they only make a notable contribution to caprid diet in the
samples assigned to the Neolithic cultural phase. Both C; and C, plant species have been
identified in the plant macrofossil remains contained in the Holocene-aged sediments at Haua
Fteah (Barker et al., 2008; 2010). However, the number of macrofossil samples is limited, and
spatial patterning of accumulation and taphonomic processes influence the archive (Barker et
al., 2009). Therefore it is not possible to use this record to assess the proportion of different
plant species present in the location environment. In comparison to the caprid data, a study of
land snail 6"°C from the same region found no evidence for C, plant species during the mid-
Holocene (Prendergast et al., submitted). This difference could be related to the differences in
the spatial resolution of data provided by each sample type, and/or to the different feeding
behaviours of the two species.

For caprid diet, the C, signal is present in some, but not all, of both the wild and
domestic animals. A similar pattern was recorded in our modern sample of wild caprids from
mixed C,-C, environments, where a C, plant signal was recorded in some, but not all of the
animals sampled. As the signal is see in both wild and domestic archaeological caprids, we do
not interpret the signal as indicative of seasonal migratory behaviour. If it were we would
expect to see differences between the wild and domestic samples, and likely greater similarity
between the animals within each group. We therefore interpret the appearance of dietary C, in

the archaeological samples as representing the appearance/significant increase in abundance
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of C, plant species available to the animals, indicating change in vegetation composition
within the local Gebel Akhdar landscape.

There is no evidence to suggest that C, plants were present in any notable abundance
prior to this period; the signal is largely absent in samples dated to ca. 12.3 — 9.3 ka and
present in samples dating to ca. 7.4—6.9 ka (Fig. 8). This places the appearance/increase of C,
plants in the Gebel Akhdar landscape sometime during the early-mid Holocene. It is possible
that this change in local vegetation structure reflects a change in the natural distribution of C,
species in response to environmental changes, or that our data record an anthropogenic
influence on the local vegetation/herbivore diet, or both.

Increased fluvial activity in North Africa, related to an increase in Mediterranean
precipitation and/or enhanced monsoonal circulation, has been recorded in early Holocene
archives (Pachur and Rottinger, 1997; Armitage et al., 2007; Cremaschi et al., 2010). In the
mid Holocene the climate became more arid, beginning between 8 and 7 ka; in the Sahara this
decline appears to be the start of a long-term trend to more arid conditions, whereas in the
Mediterranean region it appears to have been a relatively short-term perturbation (Hassan,
1997; Cremaschi and di Lernia, 1999; De Rijk et al., 1999; Triantaphyllou et al., 2009;
Baioumy et al., 2011). Aridification is therefore one potential explanation for the C, plant
expansion in the Gebel Akhdar between the Capsian and Neolithic. However, there is no other
evidence for a major climatic shift during this period within the Gebel Akhdar, nor in
palaecoenvironmental archives from adjacent coastal regions (Giraudi et al., 2013; Reade
2015a; Prendergast et al., submitted). We also observed no evidence for an increase in C,
plant abundance within the Gebel Akhdar during earlier time periods that coincide with older
regional-scale arid events, suggesting that an exclusively climate-mediated explanation is

unlikely.
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An alternative hypothesis relates to human activity both within the Gebel Akhdar and
in the wider North African region. During the early Holocene humid phase human
populations expanded into previously unoccupied areas of North Africa and there is evidence
for increased sedentism, management of wild animals, and wild cereal exploitation and
storage in the Sahara (Cremaschi and di Lernia, 1999; di Lernia, 2001; Kuper and Krépelin,
2006; Mercuri, 2008a; 2008b; di Lernia et al., 2012). The subsequent climatic aridification
appears to have resulted in increased human mobility and a shift to pastoral practices
(Cremaschi and di Lernia, 1999; Biagetti and di Lernia, 2013; Stojanowski and Knudson,
2014). Barich (2014) speculates that the North African coast may have provided an attractive
environment for pastoral populations from the central Sahara during the mid Holocene, when
more southerly regions were becoming increasingly desiccated. If this were the case then it is
possible that these populations, who were using wild C, plant resources while in the central
Sahara, brought with them the plants and/or the knowledge of how to exploit them. While
there is no evidence of Neolithic plant cultivation/domestication in the Gebel Akhdar’s
archaeological sequences (Barker et al., 2010; Lucarini et al., 2015), it is possible that an
increased focus on the exploitation of wild C, plants, which may have always been present in
the Gebel Akhdar region in abundances too low to be recorded in the wild herbivore diet, was
enough to increase their abundance in the Neolithic landscape to levels where they could
become a significant component of some caprid diets. This could explain why a C, signal is
seen in some caprids, both wild and domestic, but not in others. If the C, signal was indicative
of specific human-regulated animal feeding regimes, it could be expected that all domestic
animals would display a similar 8"C signature, which would be different to wild caprid 6"C.
The pattern observed in our data, where wild and domestic animals cannot be distinguished,
strongly suggests that the dietary changes were the result of changes to the wild vegetation

structure, be they naturally or anthropogenically driven.
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6. Conclusion

The analysis of modern wild and domestic caprids from C; and mixed C;-C, arid and
semi-arid environments facilitates the interpretation of data from the archaeological records of
the Gebel Akhdar. The generalist nature of caprid dietary behaviour is shown to capture the
range of plant types present in the local vegetation. This indicates that applying such an
approach to caprids from the archaeological/palacontological record is a valid means of
estimating past isotopic variation in the local vegetation cover. However, the influence of
individual animal behaviour is also apparent in our results from the wild samples. In contrast,
difference in dietary behaviour in modern domestic caprids is low, presumably because
humans control their food intake. This highlights how human animal-management strategies
can be identified in the fossil record. Intra-tooth analysis can be used to further explore the
temporal role of different plant types in the diet, and assess whether patterns of variation are
linked to seasonal climatic/environmental changes.

Results from the archaeological wild samples show that for the whole of the last
glacial period and the early Holocene, the Gebel Akhdar was a landscape dominated by C,
vegetation. The region appears to have experienced similar but less extreme climatic shifts to
other areas of North Africa. Though we recognise that our data only provide temporal ‘snap
shots’ from when people were active within the landscape, overall our results suggest a
largely stable environment. Our findings provide support to the theory that the Gebel Akhdar
may have provided an unusually favourable environment to human populations during
periods when increased aridity produced less favourable conditions in adjacent regions. In
particular, environmental stability is likely to have resulted in somewhat predictable access to
animal and plant resources. This would likely have made the Gebel Akhdar an attractive
option to local human populations, when resources in other regions were under increasing

stress from changing climates.
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The appearance of a notable proportion of C, plants in the Gebel Akhdar landscape
coincides with the first evidence for domestic animals in the region. Our results suggest that
the increase in C, abundance most likely occurred within the natural vegetation, rather than
being indicative of domestic plant cultivation. We cannot determine whether this C, signal
reflects a change in the natural distribution of C, plant species in response to environmental
changes, or if it indicates human influence on the local vegetation. However, for a natural
shift in vegetation structure to occur, a corresponding shift in local climate would also be
expected. As there is no evidence of such climatic variability occurring at this time within the
Gebel Akhdar, we favour the conclusion that the appearance of a C, signal in the region was
linked, at least in part, to human influences on the natural landscape.
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Table captions

Table 1: The chronology of the Haua Fteah archaeological sequence according to McBurney
(1967) and the Bayesian statistical model from Douka et al. (2014) at 68.2% and 95.4%
confidence. Age estimations for specific layers/layer groupings from which samples analysed
in this study come from are also provided. The age estimates presented are made using dates
published in Douka et al. (2014) with correlations in site stratigraphy made between the
McBurney excavations and the recent TRANS-NAP excavations. Dates with a * are based on
a single sample, dates in italics are from Bayesian model estimates, all others are

determinations from multiple radiocarbon samples.

Table 2: List of modern samples, including collection location, local mean annual temperature
(MAT), mean annual precipitation (MAP) and plant 8"°C, and summary of bulk-tooth enamel
&"C results and estimated dietary 8"°C. Temperature and precipitation data for New Mexico
is 1990-2014 averages from White Sands National Monument weather station (National
Climate Data Center (US). New Mexico plant 8"°C from Hoppe et al. (2004). Temperature
and precipitation data for Tenerife is 1971-2000 average from Izafia weather station (Agencia
Estatal De Meteorologia, Gobierno de Espaiia). Tenerife plant 8"°C from Yanes et al. (2009).
Temperature and precipitation data for Cairo is 1961-1990 averages (Egyption Meteroloigcal
Authority). Temperature and precipitation data for El Marj is 1943-2012 averages from the
Benina weather station and for the central/eastern Gebel Akhdar is 1990-2011 averages from
the Shahat weather station (Libyan National Meteorological Centre). Central/eastern Gebel
Akhdar plant 8"°C from Prendergast et al. (2015). Dietary estimate in parentheses indicates

estimate from outlier value.
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Table 3: Summary of archaeological bulk-tooth enamel 8"°C results from Haua Fteah and
Hagfet ed Dabba. Population averages are displayed by cultural phase (Haua Fteah) and

stratigraphic layer (Hagfet ed Dabba).
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Figure Captions

Figure 1. A: Map showing the position of the Gebel Akhdar (square) in the eastern
Mediterranean. B: Map of northeast Libya showing the location of sites mentioned in the text,

situated within the Gebel Akhdar.

Figure 2. Caprid intra-tooth 8"°C for modern samples. Each line represents an individual
intra-tooth 8"C profile. In locations where more than one tooth per individual were sampled,

each individual’s intra-tooth "C profile is displayed on a separate graph.

Figure 3. Bulk-tooth 6"°C from modern samples, plotted against mean annual precipitation
(top) and mean annual temperature (bottom). Each point indicates the group mean. Vertical

bars indicate total range of recorded values. Source of climatic data as described for Table 2.

Figure 4. Bulk-tooth 6"°C from modern Libyan samples and all archaeological samples from
Haua Fteah and Hagfet ed Dabba. Each circle (top graph) represents an individual animal.
Boxplots (bottom graph) represent the median and interquartile ranges for each sample group.
Haua Fteah samples have been grouped by cultural attribution. Hagfet ed Dabba samples have
an uncertain chronological association (both within site and with Haua Fteah), but are thought
to most likely be associated with the Dabban at Haua Fteah. All samples from Hagfet ed

Dabba are plotted as a single population.

Figure 5. Caprid (top) and bovid (bottom) intra-tooth 8"C profiles for Haua Fteah samples,
divided by stratigraphic provenance. Age estimates for layer/layer groups are provided in

table 1. Each line represents an individual intra-tooth 8"C profile.

Figure 6. Bulk-tooth 6"°C from modern Libyan samples and archaeological samples from
Hagfet ed Dabba and the Dabban layers at Haua Fteah. Each circle (top graph) represents an

individual animal. Boxplots (bottom graph) represent the median and interquartile ranges for
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1218

each population. Haua Fteah samples have been grouped by layer attribution. Hagfet ed
Dabba samples have an uncertain chronological association (both within site and with Haua

Fteah), but are thought to most likely be associated with the Dabban at Haua Fteah.

Figure 7. A. lervia intra-tooth "C profiles for Hagfet ed Dabba layers II, IV and VI, and
Haua Fteah Dabban layers XVII and XX. Each line represents an individual intra-tooth 6"°C

profile.

Figure 8. Bulk-tooth 6"°C from Haua Fteah A. lervia, for samples that can be attributed to a
stratigraphic layer/group of discrete layers. Mean and range of each sample group is plotted

against age estimates for layer/layer groups, as detailed in Table 1.
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Proposed Age (ka) for cultural phases

McBurney (1967)

Douka et al. (2014)

Age estimations for specific layers/layer
groupings used in this study

Layers (McBurney,  Oxygen Isotope 68.2% 95.4% Proposed Age
Phase 1967) Stage probability  probability Layer (ka)
. XXX, XXXHLXXXIV 73.3—-64.0
Levalloiso- XXXIV-XXV 4-3 65 - 40 68.1-48.7 73.3-435
Mousterian
XXXVII, XXIX 43.2 - 42.0*
3 — 2 (includin XX 32.8-31.0
Dabban XXV-XVI LGM;j 9 40 -15 40.0-18.1 435-171
XVII 22.6 — 22.0*
X1V, XV 16.6 — 14.7
Oranian XV-XI 2 15-10 16.1-13.1 17.2-125
Xl 15.0-13.5
Capsian X-IX 1 10-7 12.3-9.3 12.7-7.9 X 12.3-9.3
VIl 74-6.9
Neolithic VII-IV 1 7-47 7.7-6.2 9.3-54

VI 6.4-6.2"



MAT

MAP

Mean local plant

Bulk-tooth enamel 3'°C (%o)

Estimated dietary range of

5'3C (%) individuals sampled (+0.5%o
Approx. Altitude  Sampled  Number of o uncertainty)
Location Latitude/ | P individuals
Longitude (m asi) specles sampled . . - . -
(°C) (mm) C; Cs Mean+SD  Median Maximum Minimum Maximum Minimum
White Sands 33°23'N
Missile Range, 105°16"W ~1500 A. lervia 7 15.2 241 -25.6 -14.5 -8.1+14 -7.6 -6.3 -10.2 -20.4 -24.3
NM, USA
Mount Tiede, 2870 »2000 9.0 4 9.8 434 264 absent -132:03  -132 12,9 135 -27.0 276
. 30°3'N Domestic No No
Cairo, Egypt 31°14'E <100 caprids 11 21.4 26 data data -85+22 -8.6 -4.5 -10.8 -18.6 -24.9
32°35'N ~300  Domestic 8 N N 9.7 +1.1 9.7 8.8 12.3
L caprids o o e -~ e e - - -
El Marj, Libya SeoarE p 203 254 0 O 229 24.0 (-26.4)
~300 B. taurus 1 -12.6 n/a (single sample)
Central/eastern 46" <gop ~ Domestic 5 11308 -11.1 105 122
Gebel Akhdar,  3a.a0m caprids 174 366 257 O 246 -26.3
Libya <800 B. taurus 1 135 n/a (single sample)



Date range

Estimated mean dietary

(ka,95.4% 5"°C (%o) of individuals
confidence Number of sampled (£0.5%o
Cultural from Douka Sampled teeth Bulk-tooth enamel 5'°C (%o) uncertainty)
Site Layer(s) ‘Phase’ etal., 2014) Species sampled Mean + SD Median Maximum Minimum Range Maximum Minimum
A. lervia 29 88+17 92 4.9 123 7.3 -19.0 -26.4
VIV Neolithic 9.3-54 ,
Domestic -20.8 257
caprid 12 92+12 92 6.7 116 49
i } . N . 233 -26.0
XoIX Capsian 12779 A. lervia 11.0+0.9 11.3 9.2 11.9 27
Bos sp. 4 99+1.0 95 93 114 2.1 -23.4 -25.5
Haua Fteah i _ N _ N -21.7 -25.9
XVXI Oranian 17.2-12.5 A. lervia 30 106+ 1.0 10.7 7.6 11.8 42
Bos sp. 15 -10.1£1.0 -10.1 7.7 -12.1 44 -21.8 -26.2
i - - . . 225 25.3
XXVXV Dabban 43.5 - 171 A. lervia 5 96+1.0 9.6 8.4 11.2 2.8
Bos sp. 2 n/a (only two samples) -10.5 -12 15 -24.6 -26.1
Levalloiso-
XXXIV-XXV . 73.3-435 21.9 -25.0
Mousterian A. lervia 8 9.4+1.2 9.3 -7.8 -10.9 3.2
I Roman (?) unknown A. lervia 8 -10.6 + 0.6 -10.5 9.8 -11.6 1.9 -23.9 -25.7
I Dabban unknown A. lervia 10 -105+0.6 -10.6 95 113 1.8 -23.6 -25.4
Hagfet ed I Dabban unknown A. lervia 6 -105+0.8 -10.8 9.4 114 1.9 -23.5 -25.5
Dabba v Dabban unknown A. lervia 12 10405 -10.4 0.4 1.2 17 -235 -25.3
\Y; Dabban unknown A. lervia 2 n/a (only two samples) -10.7 -12 1.3 -24.8 -26.1
VI Dabban unknown A. lervia 12 -10.5+0.3 -10.5 -10 -11.2 1.3 -24.1 -25.3
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