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Abstract. Anatolia forms a bridge between Europe, Africa the study during the mid-10th century AD, coinciding with
and Asia and is influenced by all three continents in termsthe Medieval Climate Anomaly. An abrupt mid-12th century
of climate, vegetation and human civilisation. Unfortunately, decrease in agriculture is linked to socio-political change,
well-dated palynological records focussing on the periodrather than the onset of the Little Ice Age. Similarly, gradual
from the end of the classical Roman period until subrecentdeforestation occurring from the 16th century onwards has
times are rare for Anatolia and completely absent for south-been linked to changes in land use during Ottoman times.
west Turkey, resulting in a lacuna in knowledge concerningThe pollen data reveal that a fast riseRmus pollen after

the interactions of climatic change, human impact, and envithe end of the Beysehir Occupation Phase need not always
ronmental change in this important region. Two well-dated occur. The notion of higlPinuspollen percentages indicat-
palaeoecological records from the Western Taurus Mouning an open landscape incapable of countering the influx of
tains, Turkey, provide a first relatively detailed record of veg- pine pollen is also deemed unrealistic. While multiple fires
etation dynamics from late Roman times until the presentoccurred in the region through time, extended fire periods, as
in SW Turkey. Combining pollen, non-pollen palynomorphs, had occurred during the Bronze Age and Beysehir Occupa-
charcoal, sedimentological, archaeological data, and newlyion Phase, did not occur, and no signs of local fire activity
developed multivariate numerical analyses allows for the diswere observed. Fires were never a major influence on veg-
entangling of climatic and anthropogenic influences on veg-etation dynamics. While no complete overview of post-BO
etation change. Results show changes in both the regiond&hase fire events can be presented, the available data indi-
pollen signal as well as local soil sediment characteristicscates that fires in the vicinity of Gravgaz may have been
match shifts in regional climatic conditions. Both climatic as linked to anthropogenic activity in the wider surroundings
well as anthropogenic change had a strong influence on vegf the marsh. Fires in the vicinity of Bereket appeared to be
etation dynamics and land use. A moist environmental trendinked to increased abundance of pine forests. There was no
during the late-3rd century caused an increase in marshes adithk with specifically wet or dry environmental conditions at
wetlands in the moister valley floors, limiting possibilities for either site. While this study reveals much new information
intensive crop cultivation at such locations. A mid-7th cen- concerning the impact of climate change and human occu-
tury shift to pastoralism coincided with a climatic deteriora- pation on the environment, more studies from SW Turkey
tion as well as the start of Arab incursions into the region,are required in order to properly quantify the range of the
the former driving the way in which the vegetation devel- observed phenomena and the magnitude of their impacts.
oped afterwards. Resurgence in agriculture was observed in

Published by Copernicus Publications on behalf of the European Geosciences Union.



58 J. Bakker et al.: Late Holocene Eastern Mediterranean climate, vegetation, and human impact

1 Introduction The lack of data concerning the post-BO Phase means
that, although there is a wealth of information available
Anatolia is characterized by a complex history of climate concerning Late Holocene climate change in the Eastern
and human-related vegetation change, presenting a chajediterranean (e.g. Luterbacher et al., 2006b, 2012; Ha-
lenge to palaeoecological researchers who work in this rejar et al., 2010), little knowledge is available concerning
gion (Bottema and Woldring, 1990; Kaniewski, 2007a; Riehl how important periods of climatic change, such as the Lit-
and Marinova, 2008). The region forms a bridge between Eutle Ice Age (LIA) or Medieval Climate Anomaly (MCA) in-
rope, Asia, and Africa for plants as well as human civilisation fluenced Vegeta’[ion dynamics in Turkey (eg Neumann et
(McNeil, 1992; Eastwood et al., 199890z, 2004; Magyari  al., 2007a, b; Kaniewski et al., 2010, 2011a, b), nor how
etal., 2007), and the regional climate is equally influenced byhuman impact Changed due to climate Change and/or socio-
North Atlantic, Asian, and African climatic forces, resulting economical/political shifts.
in regional differences in the extent, intensity and impact of The complexity of the climatic systems and cultural his-
climatic change (Cullen and deMenocal, 2000; Cullen et al. tory in this geographical region necessitate an understanding
2002; Bolle, 2003; Luterbacher, 2006a). The rough topog-of the timing, nature and impact of climatic change on a more
raphy of the region further increases the complexity of thejocal scale. A comparison of any two palaeoecological or
environmental and climatic systems in the Eastern Mediterpaleoclimatological records from the eastern Mediterranean,
ranean. These factors, as well as the long history of humagyith the aim of studying the interconnectedness of climate,
impact on the landscape, have resulted in a very complex hisenvironment, and human impact, is likely to be problemati-
tory of climate-related and anthropogenically driven environ-cal, as both locations will be characterized by different cli-
mental changes, which may vary strongly from location to matic and soil conditions, vegetation types, and cultural his-
location (Behre, 1990; Bottema and Woldring, 1990). tory. This problem is illustrated in Fig. 1, which shows the
Palaeoecological and palaeoclimatological research promrgely simultaneous occurrence of the LIA and MCA, but
vides valuable insights into the length, nature and severity ofalso clearly displaying differing start and end dates for these
human impact on the environment, and the interrelatednesglimatic phenomena. Although these differences may in part
of environment, climate and human impact. In Turkey, arela-pe caused by differing sampling resolutions and quality of
tively low amount of Holocene palaeoecological studies havethe chronological framework, these factors are insufficient to
been performed in comparison with Northern and Westernexplain the full variation in the timing of the various climatic
Europe. Furthermore, the focus of many earlier palynologi-periods.
cal research projects covers a larger time period, focussing on Thus there are two important gaps in the current knowl-
the more lengthy periods of vegetation and climatic changeedge on palaeoecology and palaeoclimatology in Turkey.
during the Holocene (eg van Zeist et al., 1975; Bottema aﬂq:irsﬂy there is a tempora| gap, and Second]y a geographi-
Woldring, 1984; Roberts et al., 2001). Many earlier recordscal gap. It is vital to obtain knowledge concerning vegetation
also suffer from a relatively low sampling resolution, and/or and climate change from locations from which data concern-
possess a chronological framework based on a low numbeihg certain time intervals is still lacking. New palaeoecolog-
of radiocarbon dates (Table 1), making it difficult to prop- jcal records from understudied regions such as SW Turkey
erly identify periods/trends/events which occur on a scale ofwould provide valuable insights into historical patterns of en-
afew centuries or less. Additionally, records covering the latevironmental change and will contribute to the understanding
Holocene in Turkey often have a focus on the Beysehir Oc-of the interconnections between climate change, vegetation
cupation Phase (BO Phase), a period identified in numerougynamics, and human impact through time.

pollen records in the Eastern Mediterranean (e.g. van Zeist et Bakker et al. (2012) revealed the presence and timing of
al., 1975; Bottema, 1982; Bottema and Woldring, 1990; Bot-several late Holocene wet and dry bioclimatic periods in
tema et al., 1993; Triantaphyllou et al., 2009), characterizedsouthwest Turkey, coinciding with well-known climatic pe-
by signs of intense human impact, particularly arboriculture.riods such as the Medieval Climate Anomaly (MCA) and
This Phase occurred roughly between 3000 and 1300 yr bethe Little Ice Age (LIA). Although some attention was given
fore the present, although the start and end dates can vamy the driving processes behind vegetation change, Bakker
quite significantly between sites, even among relatively well-et al. (2012) was primarily a technical paper demonstrating
dated records. This focus caused the periods preceding anfle methods by which climatic periods were distinguished in
succeeding the BO Phase to receive relatively little attentionpolien data.
Specifically for the region of SW Turkey, where much im-  The present paper builds upon these findings, providing a
portant pioneering palynological work has been performedmore in-depth analysis of the available data from Gravgaz
by van Zeist et al. (1975), Bottema and Woldring (1984), marsh, and presenting an entirely new record from the
Eastwood et al. (1998, 1999), Vermoere et al. (2002a, b)nearby Bereket basin, providing new pollen, non-pollen paly-
Kaniewski et al. (2007a, b, 2008), no palynological recordsnomorph, pollen-slide charcoal, and detailed sedimentologi-
exist which cover the post-BO Phase in detail. cal records. Both records are supported by a detailed com-
bined chronological framework based on 27 ANME ages.
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Table 1. The main characteristics of a selection of palynological records from Turkey.

59

Region Location Core First published in Oldest sampf€(yr BP)  # carbon dates
Sagalassos: Gravgaz SAO6EP1 Bakker et al. (2011) 1850 7
Sagalassos: Bereket ~ SA09JBDrill02  Present publication 2370 17
Sagalassos: Canakli Vermoere et al. (2002b) unknown 0
Southwest Sagalassos: Bagk Vermoere (2004) Early Holocene 1
Turkey Sagalassos:fasun Core 6 Vermoere (2004) 8760 5
(Territory of Sagalassos:@flasun Core 12 Vermoere (2004) 7640 5
Sagalassos) Sagalassogi@sun Core 13 Vermoere (2004) 7840 2
Sagalassos: Bereket BKT1/2 Kaniewski et al. (2007a, b) 3260 11
Sagalassos: Gravgaz Vermoere et al. (2002b) 2600 7
Sagalassos: Gravgaz Vermoere et al. (2002b) 2540 7
Beysehir ®lu I van Zeist et al. (1975) 6500 2
Beysehir @I Il Bottema and Woldring (1985) 16 000 1
Sogut Golu van Zeist et al. (1975) 19500 2
Pinarbasi Bottema and Woldring (1984) 17000 2
Koyceajiz Golu van Zeist et al. (1975) 5697 2
Southwest @lhisar ®lu Eastwood et al. (1999) 4000 8
Turkey Ova @l Bottema and Woldring (1984) 6655 2
Hoyran @I Bottema and Woldring (1984) 4000 1
Avlan Golu Bottema and Woldring (1984) unknown 0
Elmali Bottema and Woldring (1984) unknown 0
Karamik Batakigi Bottema and Woldring (1984) 20000 2
Bafa Gl Knipping et al. (2008) 4000 5
West Turkey Manyas ®IU Leroy et al. (2002) 2100 2
Yenisehir Bottema and Woldring (1995) unknown 0
Akgol Adatepe Bottema et al. (1993) 900 1
Kigik Akgol Bottema et al. (1993) 3900 2
Melen Gili Bottema et al. (1993) 4000 1
TathGolu Bottema et al. (1993) Unknown 1
North Turkey Kaz Golu Bottema et al. (1993) > 10000 2
Demiryurt Gl Bottema et al. (1993) 2000 1
Abant Glu Bottema et al. (1993) 13580 5
Buyuk Goli Bottema et al. (1993) Unknown 0
Seyfe @IU Bottema et al. (1993) Unknown 0
Tuzla &I0 Bottema et al. (1993) Unknown 0
Eski Acigdl Roberts et al. (2001) 16 000 16
Central Turkey  nar ol England et al. (2008) 1700 Varves
Akgol Bottema and Woldring (1984) 13050 3
East Turkey Van Golu van Zeist and Woldring (1978) 13000 Varves
Van Golu Wick et al. (2003) 13000 Varves
Bozova ®lu Bottema (2009a) unknown 0
South Turkey  ssihaci Gl Bottema (2009b) unknown 0

The use of more than one location within the same regiongcal analyses on the charcoal and pollen data reveals the rel-
each at a different altitude and with a different history of ative (un)importance of fire in the post-BO Phase landscape
human occupation (Vanhaverbeke and Waelkens, 2003), erand the relation between fire and vegetation, as well as the
ables a proper distinction between local and regional trendgieneral nature and timing of natural succession following a

in environmental change. Comparing the palaeoenvironmendecline in human impact.

tal findings with the most recent archaeological findings in

the study area enables the first in-depth analysis of the in-

terrelatedness of vegetation, geomorphic processes, climatic

change, and human impact from the Late Roman period until

(sub)recent times in SW Turkey. Using a variety of numeri-
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Fig. 1. An overview of the estimated timing of the RWP, DACP, MCA, and LIA, in a selection of climatic records from Europe and the Near
East. The general occurrence of these climatic periods throughout the selected records is immediately apparent, as are the differences in th
exact start and end dates.

2 Study sites ing Hellenistic and Roman times, but which remained per-
manently inhabited until the 13th century (Waelkens, 1993;

The study area is located within what was once the territoryW"’IeIkenS et al., 2000; Poblome and Talloen, 2005; De Cu-

governed by the city of Sagalassos, an important archaeolog:2ere et_al.,l Zogg;bWOnis et al., 230296" b). Thle tgrritory
ical site in the southwest of Turkey that saw its heydays dur- anges in altitude between 800 and 2300ma.s.|.(above sea
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level) and is part of the Western Taurus Mountains. The ge2.2 Bereket

ology of the territory of Sagalassos and the requirements for

pollen preservation limit the amount of suitable sites for pa-The intramontane Bereket Basin is located at 1410-
lynological research. Most basins within the historical terri- 1430 ma.s.l.,, about 200m higher and at a distance of
tory of Sagalassos have been filled in with several meters ota. 11 km SW from Gravgaz. The site is located 300 m down-
colluvial and alluvial deposits, eventually also during the laststream of the source of the Aykirdak Deresi, nowadays a
three millennia (Six, 2004; Dusar et al., 2011). Furthermore,canalized river at the southern limit of a former 35 ha marsh.
some basins where marshes, lakes or wetlands persisted weFdis marsh, situated in the lowest parts of a flat valley bot-
drained over the course of the 20th century. Despite the retom, was drained in the 1960s. Apart from the Pliocene marls
cent drainage activity, two notable locations remain whereexposed on the western slopes, the substrate types are iden-
usable, late Holocene deposits have been found (Fig. 2). Bottical with that at Gravgaz: limestone and the clayey ophi-
sites are located within the upper unit of the Oromediter-olitic mélange of the Lycian Nappe dominate, with gravel
ranean vegetation zone according to van Zeist et al. (1975)ans and colluvial deposits at the footslopes. For details about
and at the highest vegetation zone according to Fontaine dhe modern physical setting the authors refer to Kaniewski et
al. (2007), although very little remains of the natural vegeta-al. (2007b). Nowadays the valley bottom and adjacent lower
tion due to overgrazing and the intensification of agricultureslopes are used for the cultivation of cereals and chick peas,

since the 20th century. and occasionally sugar beets in the former marsh area. Other
cultivars includeCastanea sativa, Prunus persica, Prunus
2.1 Gravgaz aviumandJuglans regia. Vitis viniferaccurs sporadically.

, , ) The overgrazed hillsides are covered by degradiatipe-
Gravgaz Marsh is located in the bottom of an intramontan€ ;s excelsavoodland in the southeast area, or partially de-

basin atan altitude of 1215 ma.s.l., ca. 25 km SW of Sagalasgadedy. excelsa-Cedrus libanioodland in the northwest
sos, and measures approximately 800 by 350 m. Itis fed bYe5 Other constituents of these degraded or partially de-
water sources to the west of the marsh. Water flows throu‘é’@raded woodlands auercus cocciferahrubs andunipe-

the marsh via two streamlets, disappearing in a karstic outy s oxycedrusThe last remaining marshes are covered in
flow east of the marsh. Observations since 1996 show th arex riparia, Scirpus lacustrisTypha angustifolia, Spar-
water levels fluctuate interannually and/or seasonally. As Ofganiumspp. andButomus umbellatugith limited Populus
1999, the marsh dries up during the summer season. ThRigra cultivation. A low amount ofSalix spp. andFraxi-
modern physical and biological setting, the late Holoceney s angustifoliaoccurs along the borders of the remaining
sediments and pollen sequences of the marsh have been igs5 shiands. Late Holocene deposits have been previously

tensively studied during previous years (Six, 2004; Six etal. st died by Kaniewski et al. (2007a, b, 2008). Unfortunately,
2008; Vermoere et al., 2000, 2002a, b) but no detailed studypg |imitations of the chronology in the upper part of their

of vegetation dynamics during the post-BO Phase period hadyre Bk T1/2 made it impossible to study the vegetation and

been attempted. The substrate in the basin is composed Qkgiment history from the 7th century onwards in any detail.
limestone and the very clayey ophioliticeéflange of the Ly-

cian Nappe, conglomerates and colluvial deposits. 23 Climate
The vegetation on the hills surrounding the marsh is dom-
inated by shrubs oQuercus cocciferand to a lesser degree  apapolia is located between humid regions in the north and

by Juniperus excelsandJ. oxycedrusA pine forest is 10-  /ig regions in the south. The principal weather systems in
cated on the hillsides southeast of the marsh. The land aroungl region originate from the Atlantic Ocean, passing over

the marsh is used for the cultivation of cereals and chick peasg,rgpe or the Mediterranean Sea. Relatively cold air leaving
Land not used for crop cultivation is grazed by cattle (mainly 1, rxey moves in a southern direction, colliding with warmer

goats). _ . Saharan air over Cyprus, forming a front along which win-
The marsh itself is well vegetated and features a patchyer storms may travel eastward, bringing rain and snow into
vegetation pattern, dominated Bcirpus lacustrisin bot_h the Middle East (LaFontaine and Bryson, 1990). Being a
wetter and dryer parts. The streamlets feat@@rex ri-  cjimatic transition zone, the Eastern Mediterranean is sen-
paria, Typha latifoliaand Sparganium erectumirhe tran-  gjtive to fluctuations in natural environmental parameters,

sitional zone between the fields and the marshlands igych as rainfall, temperature, vegetation types, the origin
characterized byAlisma plantago/aquaticeA. Lanceolata, 40 pattern of storm tracks, and the location of the desert

Butomus Umbellatus, Lythrum salicaria, Plantago major, jondary (Bar-Matthews et al., 1999). The most dominant
Cirsium arvenseand Agrostis giganteaThe other edges g ce of climate variability in the wider region is the North

are characterized by grasses suchLaBum perenneand  agantic Oscillation (NAO). The NAO accounts for one-

Hordeum murinum third of the total variance in sea-level pressure and 20 to
60 percent of the December—March temperature and rain-
fall variability from Greenland and Europe to the Eastern
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Fig. 2. A DEM and geological map of the main part of the territory of Sagalassos with the position of the coring sites.

Mediterranean (Luterbacher et al., 2009). Fluctuations in thaers and dry, hot summers. The climate can be described as
NAO may result in surface winds and wintertime storms, subhumid and cold to very cold, with four cold months and
moving across the North Atlantic from west to east, beingone very cold month. Recent climatic data from the town of
stronger or weaker than usual. As a result, winters in theAglasun is displayed in Table 2.

Eastern Mediterranean will be cooler and drier or warmer

and wetter, respectively. Past changes in climatic condi-

tions over the North Atlantic, such as described by Bond3 Materials and methods

et al. (1997, 2001), may have influenced the NAO and thus

the Middle Eastern winter climate (Cullen et al., 2002). Unal 3-1  Coring and chronology

et al. (2003) classified the climate of the region, in which

the study area is located, as having a Central Anatolian cli- I h le of th
mate. In reality, the high altitude and location in respect to8™M Sediment core (SAOGEP1) drilled in the middle of the

the main mountain ridges causes the study area to have amarsh, where erosion is expected to be minimal. This core,

Oromediterranean climate, characterized by cold, wet Win_located at 30.40357&, 37.584248N, was drilled with a
+0.5-m-long Dachnowsky sampler. The data from Bereket

The data from Gravgaz originates from the top 3.5m of an
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Table 2. A summery of modern-day climatic conditions in the study area as collected by the weather staiitasinX3739 N 30°32 E).
The data presents average values of data collected between 1972 and 1@8Rr{(Aeteorology Station. Turkish State Meteorological
Service, Ankara).

Jan Feb Mar Apr  May Jun Jul Aug Sep Okt Nov Dec  Annual

Mean Maximum Temperaturé¢)  11.79 13.69 19.10 22.61 27.20 30.57 33.09 3296 30.51 27.08 20.12 14.11 23.57
Mean Minimum Temperature (°C) —9.15 -9.14 -6.44 —-0.60 1.98 6.18 9.24 9.23 472-011 -470 -730 -0.51

Mean Average Temperature (°C) 1.15 1.83 5.17 9.26 13.80 18.26 2145 20.83 16.98 11.66 6.18 291 10.79
Total precipitation (mm) 109.82 97.97 70.77 87.47 69.77 41.05 17.82 20.32 18.68 6381 67.03 99.76 764.25

originates from a 6.3 m long sediment core (SA09JBDrill02) 3.2 Pollen and non-pollen palynomorphs

drilled near the south bank of the Aykirdak Deresi, us-

ing an Eijkelkamp percussion drill, containing a 1m long Pollen samples were isolated from the core using the stan-
core sampler with a one meter long PVC sample tube. Thiglard technique of Faegri and Iversen (1989). The samples
core is located at 30.293078, 37.541241N. The age-  Wwere studied under a 400X and 1250X magnification (using
depth model for the Gravgaz core is based on ten AfS  oil immersion) under a Leitz microscope. 50 samples were
ages. Seven radiocarbon ages were attained by radiocarbdaken from the Gravgaz sediment core, resulting in a mean
dating material from the pollencore SAO6EP1. Three addi-sample interval of 6.7 cm or 46.6 yr per cm. 44 samples were
tional dates were attained by re-calibrating additional radio-taken from the Bereket sediment core, resulting in a mean
carbon dates of core SAOOEP03, drilled several decimetre§ample interval of 13.5cm or 56.9 yr per cm.

from core SAO6EP1, and studied by Six (2004) and Six et ldentifications of pollen types were performed using
al. (2008). The age-depth model for the Bereket core is basefeug (2004), Moore et al. (1991) and Reille (1992). Identi-
on 17 AMSC ages. fications of non-pollen palynomorphs were performed using

The ages were calibrated with the IntCal09 calibration Kuhry (1997), Pals et al. (1980), van Geel et al. (1981, 1983)
curve (Reimer et al., 2009), using the BCal calibration pro-and van der Wiel (1983). Pollen conservation was assessed
gram (Buck et al., 1999http://bcal.sheffield.ac.0k BCal ~ by summing the corroded, degraded, broken and crumpled
uses Bayesian statistics allowing for the implementation ofpollen in a “deterioration assemblage” (Cushing, 1967).

a priori knowledge into the age-depth model, e.g. that ages Percentage diagrams were constructed using TILIA
higher in the core are younger than ages lower in the coreand TGVIEW software (Grimm, 1991). Pollen data were
When ages with overlapping calibrated probability distribu- grouped according to the NJ-derived PDVPs with the cul-
tions occur, BCal produces posterior probability distributionstivated species displayed separately, and expressed as rel-
with non-overlapping modes, essentially wiggle-matchingative frequencies (%) of the pollen sum, which includes
the ages to the calibration curve. The Bcal software also proherbaceous land plants, trees and shrubs.

vides the option to perform an analysis of possible outliers. ~ Anthropogenic activity is assessed by studying the pri-

The material used for radiocarbon dating consisted ofmary anthropogenic indicator species as determined for the
macroscopic charcoal fragments and terrestrial plant seed$egion by Bottema and Woldring (1990). Establishment of
collected using a 200 um sieve. The material used for thgneadow steppe on land previously occupied by forest or agri-
radiocarbon dating on core SAOOEP3 consisted of soil or-Culture is seen as an indication of pastoralism. Furthermore,
ganics. Details of the radiocarbon dates collected for the twd€mains of coprophilous fungi may indicate grazing by her-
cores are displayed in Table 3. bivores on the sample site itself (van Geel et al., 2003; van

The sedimentological parameters discussed in the presei€el and Aptroot, 2006). All numerical analyses were per-
paper are: (OM) content, calcium carbonate (CC) contentformed using the computer program PASitp://folk.uio.
and other detritic matter content. All parameters are ex-no/ohammer/pagt/
pressed as weight percentages (wt%). OM content is cal- i
culated using the weight loss after oxidation with@. -3 Numerical analyses
CC content was calculated using the weight loss after_l_o investigate short- and long-term effect of fires on vegeta-
treating the samples with HCI 10%. The remaining mat-

. N o ” . . tion, as well as the general pattern of succession following
ter is deemed “other detritic matter”. The sedimentological L .

. a natural or anthropogenic disturbance, all pollen, and micro
data for Gravgaz originates from core SAOOEP3 and was
previously published in Six (2004) and macro charcoal counts were recalculated to concentra-

’ tions. These were divided by the total regional particle (non-
local pollen and charcoal particle) concentration in order to
counter the obscuring influence of changes in sedimentation
rates. Charcoal and pollen types were grouped using Neigh-

bour Joining (NJ) analysis. NJ analysis was initially designed

www.clim-past.net/9/57/2013/ Clim. Past, 9, 584, 2013
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Table 3.List of AMS 14C ages from charcoal samples from core SAO6EP1 (Gravgaz Marsh), and core SA09JBDrill01 (Bereket Basin). Ages
are calibrated using the IntCal09 calibration curve. Calibrated ages are given as 1 sigma and 2 sigma probabilities, using the BCal online
software package (Buck et al., 1999). The age-depth relationship of the Gravgaz marsh core is augmented by the four topmost radiocarbor

ages from core SAOOEPO03, collected on the same location.

Depth s13c Conventional
cm  Sample Type Lab codes (% PDB) Measured age age 95%lower 95% upper 69% lower 69 % upper
39 Charred material Beta-257413 n/a* #6080 BP 1680 1940 1690 1920
88 Seeds Beta-257414 —24.9  370t40BP  370t40BP 1450 1640 1460 1630
133 Charred material Beta-263584 —-23.2  860+-40BP 890+ 40 BP 1030 1210 1040 1190
140 Charred material Beta-257420 —24.3 101Gt40BP 102G+ 40 BP 970 1150 990 1040
147 Charred material Beta-263585 —24.7 1160:t40BP 1160t 40 BP 860 1010 920 980
222 Charred material Beta-257421 —21 1030+40BP 110Gt 40 BP 800 990 890 960
277 Charred material Beta-257422 —22.5 1700t40BP 174G+ 40 BP 210 410 240 340
Core SAOOEPO3
233 Bulk soil sample  GrN-26339 n/a n/fa 176G0 BP  Posterior probability of sample being an outlier: 100 %
282 Bulk soil sample  GrA-19896 n/a n/a 17660 BP 130 350 180 300
386 Bulk soil sample  GrA-19898 n/a n/a 20260 BP —160 80 —-60 60
Bereket
43 Plantremains Beta-287853 —-27.8  360+40BP  310+40BP 1480 1660 1520 1650
170 Plant remains Beta-287855 —25.9  770:40BP 760t 40 BP 1210 1300 1230 1280
207 Charred material Beta-287854 —29 1020+40BP 95040 BP 1020 1170 1030 1160
234 Charred material Beta-295432 n/a* n/a 13980 BP 780 900 820 890
238 Charred material Beta-280822 —27.4 123Gt40BP 119Gt 40 BP 770 890 800 860
270 Plant remains Beta-295434 n/a* n/a 12280 BP 720 870 770 830
283 Charred material Beta-295433 —23 1180+30BP 121Gt 30BP 690 830 720 800
305 Charred material Beta-287856 —25.1 1420t40BP 142G:40BP  Posterior probability of sample being an outlier: 85 %
319 Charred material Beta-280821 -27.2 14600 BP 142G+ 40 BP  Posterior probability of sample being an outlier: 67 %
331 Charred material Beta-274769 n/a* n/a 13500 BP 650 770 660 700
361 Charred material Beta-274770 —24.7 138Gt40BP 138Gt 40 BP 620 690 640 670
391 Charred material Beta-295435 —25 1740+30BP 174630 BP  Posterior probability of sample being an outlier: 100 %
463 Uncharred wood Beta-280824 —24 1390+40BP 141G6+40BP 600 670 620 660
493 Charred material Beta-295437 n/a* n/a 15080 BP 440 620 540 600
507 Plant remains Beta-280823 —25.9 1620:-40BP 161Gt 40 BP 380 550 410 530
525 Plant remains Beta-295436 —25 1740+30BP 174Gt 30BP 250 390 290 390
582 Charred material Beta-287857 —25.8 2450t40BP 244Gt 40 BP —780 —410 —760 —490

* Sample was too small for a separéﬁcllzc ratio and AMS analysis.

as a bottom-up clustering method for reconstructing phylogeplants from different vegetation types at different locations
netic trees (Saitou and Nei, 1987). In this case the NJ techaround the sample sites, which thrive or decrease at the same
nique was adjusted and used to measure ecological distancéme. The resulting clusters are termed Pollen Derived Vege-
between plant taxa (Baxter, 1994; Kaniewski et al., 2011b). tation Patterns (PDVPs). The ecological significance of each
The length of the branches on the resulting tree can be inPDVP can be assessed by studying the most important taxa
terpreted as the ecological distances between groups of taxin each PDVP and the vegetation types they are associated
The similarity measure was “Correlation” and the root waswith. The top four samples from the Bereket core were omit-
“Final Branch”. In contrast to cluster analysis, Neighbour ted due to the fact that this part of the sediment has been
Joining keeps track of nodes on a tree rather than taxa olocated above the present water table since the draining of
clusters of taxa. As a consequence, the NJ is less useful fahe marsh in the 1960s, and is therefore considered unusable
revealing the general relationship between plant taxa and erfor palaeoecological research.
vironmental conditions, but gives a better representation of Linear detrended cross correlations=£ 0.05) were com-
the succession in the vegetation through time. Adding charputed to study the ecological relationship between each
coal concentration to the data set reveals which group oPDVP and charcoal concentration. Linear detrended cross-
plant taxa is most affected by fire, and which group is able tocorrelation concerns the time alignment of two time series by
colonize the burned landscape. means of the correlation coefficient (CC). Positive and neg-
The groupings in the resulting tree diagram should not beative correlations (with+0.5 and—0.5 as significant thresh-
interpreted to resemble separate vegetation types, but rathetd) are considered when the lag is O or realistically small. A
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significant positive or negative correlation between charcoakvents, indicating fires occurring in the landscape around the
and PDVP concentrations may indicate that the increased imsample site, were identified when the CHAR of a single sam-
portance of this PDVP may be related to an increased fire acple exceeded the background CHAR by the threshold ratio
tivity near the sample site or in the wider vicinity. Null values (Power et al., 2006). When multiple fire events occur in a
indicate a complete lack of correlation. short time span, they are referred to as a fire period. Fire fre-
The occurrence and timing of peaks in the charcoal con-quencies were calculated by summing the total number of
centration record is used to estimate the relative importancéires within a 1000-yr period, and then smoothing this series
of fire in the post-BO Phase landscape around both sampleith a Lowess smoother.
sites. Using peaks in charcoal accumulation and concentra- Such analyses have two important limitations. CharAnaly-
tion to estimate the timing of fire periods and fire episodessis may have difficulty recognizing fire events when these are
is complicated by the fact that such records are complex andmmediately followed by a sedimentation event. Such pro-
non-stationary, their mean and variance changing over timeesses have been described and discussed around the Adri-
(Clark et al., 1996; Clark and Patterson, 1997; Higuera et al.atic Sea, Romania, Ukraine, and in Bereket itself (Bodnar-
2010). Higuera et al. (2007, 2010) suggest that the two mosiuc et al., 2002; Oldfield et al., 2003; Huhmann et al., 2004;
important processes that cause non-stationarity in charcodlaniewski et al., 2008). In order to check for fire episodes
records are changes in the fire regime and changes in thénat the numerical analyses might have missed, the untrans-
efficiency of charcoal delivery. The former process may beformed charcoal concentration data are compared with the
caused by changes in the rate of burning, the intensity of firegore chronology and the sedimentological record, in order
and the type of vegetation that is burned. The latter procesto check for anomalously high charcoal percentages imme-
generally applies to changes in the efficiency of charcoal dediately preceding episodes of rapid sedimentation. A second
livery to the lake centre due to changing rates of slope wasHimitation is that such analyses are best applied to continuous
and/or within-lake redeposition (Higuera et al. 2010). Therecords. Applying such a numerical analysis on a discontin-
pollen records studied in this paper originate from marshesious record, such as the present two, may result in some fire
and colluvial deposits, rather than a lake. However, the pro-episodes being missed, the chances of omitting a fire event
cesses described by Higuera et al. (2010) lead to changegrowing as the interval between two charcoal samples in-
in sediment accumulation rates, which may cause long-terntreases in size. However, the implementation of a CHAR
trends in charcoal records unrelated to changes in the firanalysis is still of use when applied to a discontinuous record.
regime. Even if some individual regional fire events are missed, a
In order to overcome the aforementioned problems, a stalonger 50—100 yr period characterized by many fires, as oc-
tistical approach is used to distinguish between truly anoma<urred several times during the BO Phase in the study area
lous charcoal concentrations in the sediment, indicating firg(Kaniewski et al., 2008) may still be detected.
events, and peaks in charcoal concentration that may be the
result of increased sedimentation rates. Pollen slide char-
coal particles (50-200 um) and larger charcoal remains (200il
2000 um) were counted and summed. A visual observation of .
. 4.1 Core chronology and sediments
both cores did not reveal the presence of any charcoal layers.

Sieving the samples indicated that the amount of charcoahge_gepth curves, lithological information, and curves dis-

particles bigger than 2000 um was minimal. These observap|aying the OM content and CC content are displayed in
tions led to the assumption that fires did not occur on or neaq;ig_ 3. Ages of individual pollen samples were estimated
the sample sites themselves. using an interpolation/extrapolation assuming constant sed-
~ Charcoal accumulation rates (CHAR) were computed USymentation rates between two individual calibrated radiocar-
ing the CharAnalysis software, a program for analysingyon gates. The methods used in the AMS radiocarbon dating
sediment-charcoal records with the goal of peak-detection, ocequre, as well as the calculations used for estimating the

to reconstruct fire histories (For more info on CharAnalysis 5qes of samples in between two radiocarbon dates, introduce
seehttp://sites.google.com/site/charanalystdiguera et al., 3 measure of uncertainty concering the accuracy of the ages
2007, 2010). Charcoal data were decomposed into a low fre:

a&resented in the present paper. All ages in the text, insofar as
quency background component (Cbackground), and a peag,ey anply to the Bereket and Gravgaz records, are therefore

component (Cpeak). A locally defined threshold was useq o ngeq to the decadal level. In the discussion chapter, the

to identify fire events. Cbackground was estimated using §,se of years is largely eschewed in favour of mentioning the
moving median, using a 150 yr window width. Peak compo- centry and an indication of which part of that century a cer-

nents were obtained by subtracting Cbackground from thgain phenomenon is estimated to have taken place (e.g. the
interpolated CHAR (Cinterpolated), which corresponded toearly/mid/late-lOth century AD).

a re-sampling record of the char series using the median
accumulation rate. A threshold value was calculated using
the Zero-Mean Gaussian and Gaussian Mixture Model. Fire

Results
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Fig. 3. Top: age-depth curves for Gravgaz core SAO6EP1 (left) and Bereket SA09JBDrill01 (right). Middle: an overview of OM content, CC
content, and pollen concentration and preservation. Bottom: correlograms displaying the correlation between OM content of the sediments
versus CC content, and non-carbonate detritic matter content. Grey bars indicate a subdivision into bioclimatic periods (Bakker et al., 2012).
| =Mid-3rd century — mid-7th century AD Wet Period and earliee=IMid-7th century — mid-10th century AD dry period. H Mid-10th

century — mid-13th century AD Wet Period. IV and=¥Mid-13th century dry period until recent. The vertical lines in the middle graphs
indicate the division of the sediment records into different sedimentological units (see Table 4).
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4.1.1 Gravgaz marsh — Beta-213851; depth 783 cm in core BKT2 situated in the
older fan deposits).

For Gravgaz, nine out of ten ages from core SAO6EP1 and 1he lithological sequence until 630cm is composed of
SAOOEPO03, ranging between cal. 20 BC at 386cm and caPevVen I|thg|_og|ce_1l units described in Tal_)le 4. The texture
1800 AD at 39 cm, are in chronological order. One age waof all detritic units are clays and fine silts. The chronol-
determined to be an outlier using the Outlier Analysis of 09 implies the following non-density-corrected accumu-
BCal and is subsequently omitted from the age-depth model2tion ratesl: 1.4mmyr for the 622-463cm interval>
(Table 3). The lithological sequence is composed of sevent00 mmyr = for the 463-361 cm interval, 7 mmyyt for the
units: two units of CC rich clays, two units dominated by 283-238cm interval, and 4.2 mnmyrfor the 170-43 cm in-
non-carbonate detritics, and two units characterized by orf€rval- The top 150 cm of the sediment core, characterized by

ganic clays. The age of the base of the core at 339 cm is caf dark brown colour, is currently located above the present
culated at cal 90 AD. water table as water levels dropped after the marsh was

The chronology implies the following non-density- drained in the 1960s. The lithological column is composed.of
corrected accumulation rates: 4.0mmyrfor the 339— 47 Wwt% CC, 30wt% OM, and 23 wt% non-carbonate detrit-
282 cm interval, ca. 1 mmy# for the 282-222 cm interval, ics. Sediments with high OM content are concentrated in the
ca. 25mmyr? for the 222-147 cm interval, ca. 1mnmyr  P€at deposits between ca. 500 and 170 cm. There is a strong

for the 147-88cm interval, and 1.9 mntyrfor the 88— negative correlation between OM and CC content. No signif-
39cm interval. The lithological column, mainly clays and icant correlation exists between OM and other detritic matter

fine silts, is composed of 74 wt% non-carbonate detritics, fol-content (Fig. 3).

lowed by 16 wt% CC and 10wt% OM. There is a statisti-

cally insignificant positive cross correlation (CC: 0.31) be- 4-2 Taphonomy

tween OM and CC content, and a strong negative cross cor- ) )

relation (CC:—0.81) between OM and non-carbonate detrit- Pollen concentration and preservation for both cores are

ics (Fig. 3). The core can be subdivided into six lithological disPlayed in Fig. 4. Pollen preservation is high in both
units, which are described in Table 4. cores, with an average of 70% of the pollen undam-

aged. There is no relation between the percentages of cor-
roded/damaged pollen on the one hand and the sediment
types and sedimentation rate on the other hand.

The average pollen concentration for both cores is
The seventeen AMS ages for core SA09JBDrill02 range behigh: 17 010 pollen/gram in the Gravgaz core, and 18 400
tween cal 610BC at 582cm, and cal 1580AD at 43 cmpollen/gram in the Bereket core. Pollen concentrations are
(Fig. 3, Table 3). The oldest age at depth 582 cm is in chronogenerally stable, although each record shows a single peak
logical order, but its validity is questionable when taking into value. These peaks do not coincide, indicating they result
account the age-depth curve of the well-dated cores BKTZrom a local short-term disturbance in the sedimentation of
and BKT1 (Kaniewski et al., 2007a), situated in the fan de-unknown origin. As the focus of the present paper lies with
posits forming the valley bottom at respectively 440 m andlong-term vegetation trends, such individual peak values are
420 m upstream from core SA09JBDrill01 (see Table 5).of no relevance. For Gravgaz, no further distinct deviations
Three other ages were determined to be outliers using thé indeterminable, damaged, or corroded pollen occur. The
Outlier Analysis of BCal and therefore omitted from the pollen concentration in Bereket fluctuates, higher pollen con-
age-depth model (Table 3). The extrapolated age of the coreentrations corresponding to increased OM content in the
bottom at 622 cm is cal 420 BC. sediment.

Core SA09JBDrill02 is situated in a depression which
acted as a swale, enabling peat growth and peat conservation.3 Numerical analyses
Additional cores have shown that the area of peat growth is
elongated in an east-west direction and is closely connected.3.1 Neighbour Joining
to the upper valley of the Aykirdak Deresi River, which flows
parallel to the toe of a large fan dipping to the south. It is Results of the NJ analyses and cross-correlograms are dis-
likely that the valley was created by the incision of this river. played in Fig. 5. Differences in the distribution of taxa be-
The lithological sequence shows a clear contrast between tween both cores are assumed to represent differing local
brownish black compact clay (7.5 YR 3/1) at 639-629 cm, environmental conditions. For Gravgaz marsh, six PDVPs
and a light grey softer clay (10 YR 7/1) from 622 till 500 cm, were defined by the NJ analysis performed on the pollen and
so that the maximum incision may be situated at a core deptlecharcoal data. Charcoal concentration is included in GVZ2.
of ca. 6.3 m. The age of the incision can be safely situated inThis PDVP is associated with taxa indicative of mixed decid-
the age range ca. cal 330 AD (17430 BP — Beta-295436; uous woodlands and includes several cultivated trees. This
depth 525cm in this core), and ca. cal 320 BC (22300 BP PDVP is bracketed by others indicative of cereal cultivation

4.1.2 Bereket basin
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)
Table 4. Sedimentological units distinguished for core SAO6EP1 and core SA09JBDrill02. m
=
Gravgaz marsh Detritics ( CC+ ODM) =100 % %
Depth (cm)  Unit Age (cal AD) Organic matter (OM in %) Calcium carbonates (CC in %) Other Detritic Matter (ODM in %) CC (%) ODM (%) w
0-19 Gr-f modern 27.5 28.2 44.3 39 61 m
These recent deposits are characterized by the highest OM and CC values for the entire core. They confirm the open water marsh environment that has been observed during the 1990s. m
19-99 Gr-e 1900-1480 9.2 19.1 71.7 21 79 W

OM and CC contents fluctuate respectively around and above the overall mean. A OM peak value is recorded at cal 1520 AD, and a low OM content centers ca. cal 1820 AD. CC peak values are dated cal 1700-1730 AD, irnediately

followed by a low CC content at cal 1780 AD.

99-123 Gr-d 1480-1200 0.4 21 78.6 21 79

WWW.

Unit characterized by extremely low OM and above-average CC contents. More than 50 % of the grain size belongs to the sand fraction. Microscopic analyses show that an important part of the coarser fraction is composed of finer
particles bonded by calcium carbonates (Six, 2004).

123-222 Gr-c 1200-910 7.3 13.3 79.4 16 84

Unit of clays and silts with important sand fraction, similar to Gr-d, diminishing at 10 cm below top. OM and CC content below average, but variable OM content allows a subdivision into 3 subunits. First subunit is characterized by a very
fast deposition rate of is 25 mmy#, and dates from cal 910 AD till 940 (depth range 222-147 cm). At cal 940 AD the deposition rate changes dramatically from Z5tmnayds 0.8 mmyrL. Subunit Gr-cb dates from cal 940 AD
till ca. 1090, and is characterized by a low OM and CC content. Subunit Gr-c is characterized by around average OM and decreasing CC contents.

222-289 Gr-b 910-200 17.7 19.6 62.7 24 76

During ca. 7 centuries an organic silty clay accumulated, with a rate of 0.9 M @M and CC contents are above the average. OM shows three distinct peaks at cal 210, 400, and 700 AD. This unit is characterized by the highest mean
OM contents of the core. The max. OM content (29 %) is dated cal 700 AD. Its waxing phase dates to the entire 7th century, while its waning phase encompasses the 8th and 9th centuries till cal 910 AD.

289-339 Gr-a 200-90 5.9 10.6 83.5 11 89

Unit characterized by detritic silty clays with a low OM and CC content. Organics start to increase from cal yr 170 AD onwards.

Bereket basin Detritics (CC+ ODM) = 100 %
Depth (cm) Unit Age (cal AD/BC) Organic Matter (OMin %) Calcium Carbonates (mean CC in %) Other Detritic Matter (mean ODM in %) Mean CC (%) Mean ODM (%)
43-169 Br-g 1580-1260 17 48 35 57 42

1.3 m thick upper clay unit, deposited during three centuries, with a mean sedimentation rate of n:om&mg.q:e‘__oémmﬂ part of this unit (143—-169 cm; cal 1330 AD till 1260 ) contains a very high percentage of non-carbonate detritics.
The rest of this unit, distinguished by a dark brown colour, is situated above the water table. The organic content shows little variation with a mean of 17 %. Due to the incision of the river Aykirdak Deresi after cal 1580 AD, deposits from
the last four centuries are not represented in this core, except eventually the upper 43 cm.

169-235 Br-f 1260-820 59 22 19 53 a7

Unit Br-f corresponds with the upper clayey peat, which accumulation covers a time period of more than four centuries. The composition is identical to that of unit Br-d.

253-285 Br-e 820-760 15 54 31 64 36

As unit Ber-c this 0.8 m thick detritic deposit has been accumulated during a short time period. The organic content is identical to that of unit Br-c, but the non-carbonate detritics are more important than within unit Br-c.

285-356 Br-d 760-660 58 24 18 57 43

Clayey peat unit built up during less than a century. Compared with the lower clayey peat unit, it is richer in organics while the composition of the detritics remains identical. Unit Br-d contains the purest peat of the core (OM content:
85 %), which is dated ca. cal 715 AD.

356-430 Br-c 660-640 14 71 15 84 16

1.3 m thick unit of detritic sediments, deposited during a very short period. Calcium carbonates largely dominate the detritics, which are devoid of organic matter, but contain numerous well-preserved rhizomes of Poaceae
(van Geel, personal communication, 2010).

430-501 Br-b 640-500 46 31 23 57 43

Lower clayey peat unit, built up during circa one century. Due to an important increase of the non-carbonates, the composition of the detritics is signifi

antly different from that of Unit Br-a.

ast, 9, 5787, 2013

501-622 Br-a 500-420 BCAD 10 65 24 73 27
OM content is low before cal 250 BC, is above 10 % between cal 200 BC and cal 50 BC with a pronounced peak (OM: 22—-25 %) during the first half of the second century BC. After cal 50 BC, OM remains low till cal 250 >@” and
increases continuously afterwards. The detritics are dominated by calcium carbonates, which start to decrease dramatically from the 5th century onward in function. Rejected AMS-sample Beta-287857 was sampled in this unige

(@]
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Table 5. Comparison of the well-dated age-depth curves of this core SA09JBDrill01 (Fig. 3) with core BKT1/2 (Fig. 2 of Kaniewski et al.,
2007) evidence that deposits of an identical age are situated at greater depths in core SA09JBDrill01 compared to core BKT1/2.

Core SA09JBDrill01 Cores BKT1/2

Code Age (calyr BP) Depth (cm) Code Age (calyr BP) Depth (cm)
Beta-287853 31& 40 BP 43
Beta-287855 76& 40 BP 170
Beta-287854 95& 40 BP 207
Beta-295432 119@ 30 BP 234
Beta-280822 119@ 40 BP 238
Beta-295434 122¢ 30 BP 270
Beta-295433 121@ 30 BP 283
Beta-274769 135@ 40 BP 331
Beta-274770 138& 40 BP 361 Beta-223548 139060 BP 157
Depth incision at
1380x 40 BP: 204 cm
Beta-280824 141@ 40 BP 463
Beta-295437 150& 30 BP 493
Beta-280823 161& 40 BP 507 Beta-210929 158040 BP 197.5
Depth incision at
1600x 40 BP: 309.5¢cm
Beta-295436 174& 30 BP 525 Beta-210926 172040 BP 203.5
Depth incision at
1730x 30 BP: 321.5¢cm
Beta-210927 1878 40 286
Beta-193788 197& 40 BP 470
Beta-193789 214& 40 BP 610
Beta-210931 2378 40 BP 729
Beta-213851 223@ 40 BP 783
Beta-287857 244& 40 BP 582
Beta-210930 3266 190 BP 800

and arboriculture, and the occurrence of secondary anthro4.3.2 CharAnalysis
pogenic indicators. For Bereket, seven PDVPs were defined
by the NJ analysis. Charcoal concentration is included in
BKT7, associated with taxa indicative of fireBléx) and  Fire episodes determined by the CharAnalysis software are
open vegetation (Asteraceae). The PDVP at the smallest ecetisplayed in Table 6, Figs. 6, 7, and Suppelement Figs. S1,
logical distance contains taxa indicative of pine foreBs ( and S2. In the Gravgaz marsh record, fire events have been
nug. PDVPs associated with human occupation (BKT1) arejdentified to occur at ca. cal 1100, 1170, 1330, 1590 AD,
located at a larger ecological distance. and a single event in recent times, at ca. cal 1930 AD. For
The results of the CC analyses show that for both GravgaBereket, fire activity is much more limited. Fire events have
and Bereket, no significant correlation (larger than 0.5) ex-been identified to occur at ca. cal 320, 610, 660, 740, and
isted between the relative charcoal concentration and any 0790 AD. No signs of local fire damage in the form of burned
the PDVPs. For the Bereket basin, there is a near-significaneaves or seeds have been found.
positive correlation at lag: 0 of 0.41 for BKT7, while there When comparing the Gravgaz and Bereket charcoal
is a non-significant positive correlation of 0.37 at a lag of records with the sediment records, it is clear that the two
—1 for BKT6. These results mirror the results of the NJ most recent fire events recorded for the Bereket basin imme-
analysis. There is a further non-significant positive correla-diately precede an important influx of CC-rich detritic sed-
tion of 0.44 at a lag of 1 for BKT4. Any other correlations iments (unit Br-e), dated cal 760-820 AD. The pollen spec-
nearing the significance threshold of 0.5 in both Gravgaztrum within this CC layer was comparable to that after and
and Bereket occurred at a lag that was too large to b@mmediately prior to the sedimentation event. In the Gravgaz
ecologically informative. record, the nearly instant deposition of a 75 cm thick layer of
sediment during the first half of the 10th century (cal 910-
940 AD according to the chronology of Gravgaz) is imme-
diately preceded by a peak in charcoal particles. This peak
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Table 6. List of dates (cal. BC/AD) per sediment core of fire events
as determined by the CharAnalysis software.

Date Depth

(cal. BC/AD)  (cm)

1934 14

1592 80

Gravgaz Marsh 1326 111
1174 127

1098 135

788 270

736 302

Bereket Basin 658 356
606 474

320 526

non-pollen palynomorph taxa are displayed in diagrams S1
and S2. The discussion of vegetation changes will focus on
general trends in the pollen data. Sediment data will be in-
cluded if major changes in the local sediment data co-occur
with changes in the regional pollen data. In order to facili-
tate presentation and discussion of the results, all sediment
and pollen graphs are subdivided according to the climatic
periods revealed by Bakker et al. (2012). The pollen-derived
Climatic proxy of Bakker et al. (2012) is included in Fig. 8.

4.4.1 Mid-3rd century — mid-7th century AD Wet
Period

In Gravgaz, cereal cultivation and arboricultu@agtanea,
Juglans, Olegremain present throughout this period, but a
notable switch occurs during the second half of the 3rd cen-
tury AD, when cereal and olive cultivation disappear for a
short period (2 samples, coinciding with a period of several
decades) and then return, but at a lower abundance. During
the late-3rd to the mid-7th century period, cultivated species
in Gravgaz show a continuing, gradual decline in favour of

Fig. 4. Pollen concentration in pollen/gram, and pollen preservationMoist deciduous woodland, (e.Bopulus, Platanus, Alnjis
expressed as the total percentage of the corroded, degraded, brokByeadows (e.gSanguisorba, Plantago, Artemigjand pine
and crumpled pollen, for Gravgaz marsh (top) and Bereket basiforest. Locally, the late-3rd century decline in agriculture co-
(bottom). Vertical grey bars indicate a subdivision into bioclimatic occurs with relatively high values f@iyphaand Cyperaceae.

periods (Bakker et al., 2012)= Mid-3rd century — mid-7th century

In Bereket, olive cultivation ends during the second half

AD Wet Period and earlier. k= Mid-7th century — mid-10th century  of the 3rd century AD, while arboriculture on the whole

AD dry period. lll=Mid-10th century — mid-13th century AD Wet

Period. IV and V= Mid-13th century dry period until recent.

was not recognized as being significantly larger than th

background charcoal signal by CharAnalysis.

4.4 \egetation dynamics

e

(Fraxinus, Castaneadiminishes, first giving way to open,
herbaceous steppe vegetatidrtémisia, Chenopodiaceae,
Ericacea8, followed by grass-dominated steppe vegetation.
Locally, the switch from agriculture to an open grassy
steppe coincides with a distinct drop 8porormiella in-
dicating dung, and increased presence of T200, a fungus
growing on helophytes. The very high percentage values for
Poaceae may partially be caused by the occurrence of reeds

Pollen percentages for the taxa used in the NJ analysis are®-9- Phragmiteg on and around the sample site. The local
grouped according to PDVP and drawn according to a depttnvironmental change may be related to the (re-)activation
scale in Fig. 7. Pollen percentage data for all pollen andof a nearby spring.
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Fig. 5. Neighbour Joining tree diagrams for charcoal and pollen concentration data in the Bereket basin (top) and Gravgaz Marsh (bot-
tom). Vegetation types associated with the most important pollen taxa in each PDVP are based on van Zeist et al. (1975), Bottema and
Woldring (1990) Fontaine et al. (2007) and Kaniewski (2007a). Arrows indicate the order in which each PDVP reaches its maximum domi-
nance in the pollen spectrum. On the far ends of the figure are Cross Correlograms displaying the correlation between each PDVP and relative
charcoal concentration.
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4.4.2 Mid-7th century — mid-10th century AD dry The pollen signal within the rapidly deposited 7th cen-
period tury sediment unit Br-c found in the Bereket core indicates
the prevalence of open and dry vegetation (Apiaceae, Bras-
In Gravgaz, olive and cereal cultivation end at ca. calsjcaceae, Ericaceae, Asteraceae). Above this layer, several
640 AD, indicating the local end of the BO Phase. SUbSE-species which may indicate early stages of secondary af-
quently, an open, dry shrub-steppe and maquis landscape afrestation of the valley floorQuercus cerris, Saljxstart
pears, containing e.g. Caryophyllace@éstusand increased  to increase. A preliminary study of macro remains from
values of Asteraceae Cichorioideae. The latter occasionallyhis layer revealed the presence of leafs and buds from
shows values of over 40 %. Pine pollen percentages fluctusalix as well as other leaf and wood material from decid-
ate as a result of the occasional high percentage values fqjous trees and above ground remains of grasses (van Geel,
Asteraceae and fluctuating pollen production of deciduouspersonal communication, 2010), indicating the marsh was
trees, but remain important until the beginning of the 10tnincreasing|y overgrown by grasses and riparian woodland
century AD. developed on the sample site. The disappearance of aquatic
plant species such &&mna minomandButomus umbellatys
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Fig. 7. Summary pollen diagrams displaying the total pollen percentage for each PDVP, and the fire events as detected by CharAnalysis,
displayed along a depth axis.

and the appearance of clasterosporium, a fungus on sedgesgo lanceolata, Sanguisorba minor, Castanea sativa, Frax-
further indicate continuing desiccation of the swamp. Pineinus ornu3, a decrease of dry steppe species (Apiaceae,
forest increases in importance near the top of this zone, an@€aryophyllaceae, Ericaceae), and indicators of grazing
eventually reaches pollen percentages of 80 % within thgQuercus coccifera Limited cereal cultivation is present

second layer of CC dominated sediments (unit Br-e). within this zone. It is interesting to note that the increase in
moisture availability observed in the more regional tree and
4.4.3 Mid-10th century — mid-13th century AD Wet herbaceous pollen data from Gravgaz is not reflected in the
Period more local aquatic/marsh pollen and NPP records.

A similar mid-10th century AD increase in anthropogenic

In Gravgaz, this zone is initially characterized by a resur-indicators (o.aPlantago lanceolata, Polygonum, Ruriex
gence in both secondary anthropogenic indicatétar(-  and riparian woodland tax&élix deciduous oakPopulug
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is visible in the Bereket pollen record. Signs of crop cultiva-  Six (2004) revealed that the CC present in the sediments
tion are less pronounced in Bereket than in Gravgaz. Whileof the central part of the Gravgaz marsh may patrtially orig-
cereals andrraxinus ornusare present, they are not plenti- inate from the precipitation from source waters fed by an
ful. Other cultivars are absent or near-absent. Increased pegquifer situated in the limestone substrate. The combination
centage values for aquatic plant taxy¢iophyllum Alis- of above-the-mean values for both organics and CC in some
mataceaeButomu$ andRivularia(a cyanobacteria living on  lithological units at Gravgaz (Fig. 3 and Table 4) may be in-
water plants) indicates increasingly wet local conditions. Interpreted as the signature of evaporation processes in a local
both records, the pollen spectra quickly become dominatedvetter environment where conservation of organics was pos-
by pine forests from the mid-12th century onward. sible. At Bereket, the strongly negative correlation between
OM and CC content, very obvious in units Br-a and Br-c,
4.4.4 Mid-13th century dry period until subrecenttimes s caused by the presence of a long period characterized by
i i ) the deposition of organic-rich material, interspersed by sev-
In Gravgaz, signs of human impact continue to be absente | short-term periods characterized by the deposition of CC
only returning in the topmost pollen samples. The pollen yominated detritics. These short-term events are likely due
spectrum is dominated by Pine, while percentages for openy, he influx of the eroded marl substrate from the western

dry maquis vegetation increase from the late 17th centurygiones and indicative of an open or absent vegetation on those
onwards. During the 18th century taxa indicating dry and,cations. The possible role of authigenic CC at Bereket is
open vegetation (e.g. Apiaceae, LamiacdaleX) decrease |,qknown.

in favour of indicators of increased moisture availabili. ( Local sediment dynamics more likely reflect changes in

cerris type, Urticaceae andbieg. A possible continued he |ocal environment and need not be indicative of regional
presence of pastoralism is indicated by the presence of COzpyironmental changes. However, in Bereket and Gravgaz,
prophilous fungi. two apparently synchronous shifts of a similar nature occur,

For Bereket, only the part 143-169 cm, dated cal 1260—,5gesting that these reflect changes in the regional, rather

1330AD, remains usable. It seems to indicate a continuédnan, in the local environment. The first simultaneous shift in
dominance of pine forests, while signs of crop cultivation e |oca environments occurs during the second half of the
diminish. The post cal 1330AD sediment is characterizedy_grq century AD as a notable shift towards moister envi-

by low pollen concentration, a high percentage of corroded;onmental conditions at both sites. At Gravgaz, this increase
pollen and a very poor diversity of pollen in the polien spec- i, mqjsture availability is indicated by the deposition of an
trum. The combination of all these factors indicates that theseorganic clay (unit Gr-b) characterized by simultaneous in-
deposits in the_Bereket core were located above.tr_]e preseteases for both OM and CC (Fig. 3). At Bereket, the organic
water table, which had been lowered after the draining of the,,tent starts to increase from the 3rd century onward (unit
marsh, and are therefore not usefull for pollen analyses. Th%r-a), and eventually grades into a clayey peat deposit during
usable part of the Bereket record mirrors the Gravgaz recordy,g gt century. The second simultaneous change is a shift to-
indicating high pine pollen percentages. wards a drier environment, occurring during the 13th century
AD. At Gravgaz, the start of Unit Gr-d reflects a local drying
trend and is dated cal 1190-1250 AD. At Bereket, the abrupt
end of the accumulation of clayey peat at the close of unit
5.1 Sediment dynamics Br-f, dated cal 1200-1280 AD, indicates a drastic decrease
in local humidity as well.
The OM values as well as the composition of the detritics This interpretation is supported by tree ring-based May-
are different for both sites (Table 4), illustrative of the dif- June precipitation reconstructions for the altitudinal range
fering local environments at both sites. The differences in1700-2020 ma.s.l. in SW Anatolia. They provide for the pe-
composition are mainly caused by differences in sedimentiod 1097—2000 AD a record of the May—June precipitation,
provenance. For both sites ophioliticelange, limestones for which the three most dry and the three most wet 70-yr pe-
and older colluvial deposits, all with different surface ar- riods are defined (Touchan et al., 2007). The driest 70-yr pe-
eas (Fig. 2), deliver mainly non-carbonates, but also calciunriod, dendrochronologically dated 1195-1264, matches the
carbonates. These detritic CC are estimated below 10 % foshift towards a dryer local environment both at Gravgaz and
Gravgaz and below 20% for Bereket. The latter figure isBereket.
based on data by Kaniewski et al. (2007) for the northern During the intermediate millennium, both records show
valley, which drains these substrates nearly exclusively. marked differences. At Bereket, the accumulation of a clayey
peat continues from the 6th until the 13th century AD, inter-
rupted only by two short-term accumulation periods, dated
at cal 640-660 AD (unit Br-c), and at cal 760-820 AD (unit
Br-e). At Gravgaz, local humidity, as expressed by the OM
content, fluctuates. It steadily increases from the early-3rd

5 Discussion
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century till cal 700 AD. During the 8th century AD, thetrend  In general, the Gravgaz record appears to have been more
is reversed and OM steadily decreases till ca. cal 900 AD sensitive to environmental changes than the Bereket record.
The onset of the drying trend at Gravgaz succeeds the re€hanges in OM and CC content indeed show a remark-
gional onset of dry environmental conditions indicative of able correspondence with a tree ring-based reconstructed
the Dark Ages Cold Period (DACP) indicated by Bakker et record of May-June precipitation in SW Anatolia (Touchan
al. (2012) by ca. 50yr, according to the available chrono-et al., 2007). The data from the Gravgaz record may there-
logical data. This time lag may indicate that the marsh re-fore be indicative of multi-decennial environmental changes
mained wet for a longer time. The very fast accumulationin the wider area, whereas the data from the Bereket basin
rate of 25 mmyr?l, causing a 75-cm-thick deposit (subunit may support or disprove notions concerning more local
Gr-ca) during the time period cal 910-940 AD, is the great-environmental change based on pollen or charcoal data.
est disturbance in the Gravgaz basin since the 2nd century
AD. Frechette and Meyer (2009) report that such a sedimen5.2 Vegetation dynamics
tation event may be linked to fire activity. However, the peak
in charcoal concentration was not significantly larger than theThe following section provides an interpretation of the
background charcoal signal according to the CHAR analysischanging interrelationships between climate, vegetation and
Additionally, the pollen data from Gravgaz and Bereket, ashuman impact. Sediment data will be included if major
well as the statistical analyses of Bakker et al. (2012), implychanges in the local sediment data co-occur with changes in
that the landscape was very open and the environmental corthe regional pollen data. Individual fluctuations are ignored,
ditions very dry, making it possible that sedimentation eventsas they may be the result of local or other short-term varia-
could happen even without the occurrence of a fire. tions in pollen production. Changes in human impact (e.g.
Following this depositional event, the deposition rate is re-socio-economic/political changes) and climatic change are
duced towards its normal level of ca. 1mnmTyr OM and  without doubt two of the most important driving forces be-
CC content remain low till ca. cal 1090 AD (unit Gr-c), sug- hind vegetation/landscape change. At every important shift
gesting drier conditions around the coring site. From ca. cain the palynological and/or sedimentological record, it is im-
1090-1200 AD, OM content reaches its normal level, sug-portant to avoid a deterministic approach by considering both
gesting that the local area becomes wetter again. This periodlimate as well as socio-economic/political change as possi-
covers the first wet 70-yr period 1098-1167 reconstructedble driving forces behind a change in land use by the local
from tree rings by Touchan et al. (2007). population, and also consider the possibility that it need not
The sediment deposited during the cal 1250-1440 AD pe-be just one or the other factor which is responsible, but that
riod (Unit Gr-d) is characterized by very low OM and very more factors can act simultaneously. In the following sec-
high CC content. These characteristics are considered firntion, the driving factor(s) of each important shift in land use,
indications of a dominantly dry environment, with depletion and the accompanying shifts in vegetation/sediment dynam-
of OM by oxidation and enrichment of CC by evaporation. ics, are critically assessed. The climatic overview of Bakker
The start of this period more or less coincides with a mas-etal. (2012), supported and refined by the dendroclimatologi-
sive drop in OM content at Bereket, indicating a change incal data of Touchan et al. (2007), provide a detailed overview
the bioclimate must have occurred in the wider area, ratheof the timing and impact of climate change on the vegetation.
than just a local phenomenon. This dry period is bordered byFor an overview of socioeconomic/political changes which
two of the three driest 70-yr periods detected by Touchan emay result in a shift in land use, we rely on the most recent
al. (2007), and dated 1195-1264 (the driest) and 1434-1503nsights concerning the archaeology and history of the city
The start of unit Gr-e, dated ca. cal 1490-1540 AD, isand territory of Sagalassos, as well as historical data con-
characterized by a pronounced increase in local humiditycerning the wider region. Based on these assessments, the
relative to the preceding unit. The timing of this period most likely scenario behind each change in land use and/or
closely matches the occurrence of the most humid 70 yr invegetation and sediment dynamics is proposed.
terval recognized by Touchan et al. (2007), which is dated
1518-1587 AD. From the 17th century onward, OM and5.2.1 Mid-3rd century — mid-7th century AD Wet
CC content for Gravgaz mostly fluctuate around their mean Period
value, suggesting a dominantly humid local environment.
The 1591-1660 dry period of Touchan et al. (2007) is notThe sedimentological and regional pollen data from both
observed in the sediment record. However, the sample withocations imply that the 3rd—7th century AD period, cor-
a higher-than-average OM content dated cal 1780 AD correfesponding with the last part of the Roman Warm Period,
sponds with their 1743-1812 wet period. OM as well as CCis characterized by relatively moist conditions, theoretically
values of the sediments dated to the 20th century (Unit Gr-fbeneficial to intensive agriculture in this summer-dry re-
are both very high and eventually comparable with the pealgion. A similar change towards a more humid climate is
samples dated cal 700 AD. observed throughout the Eastern Mediterranean (Hirschfeld,
2004; England et al., 2008; Jones et al., 2006; Sorell et
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al., 2007; Neumann et al., 2007a,) and beyond (von Rad The ongoing decline of the city of Sagalassos and its terri-
etal., 1999). tory from the early Byzantine period, starting ca. 450/75 AD,

The decrease in arboriculture and cereal cultivation at bottonwards (Vanhaverbeke and Waelkens, 2003; Waelkens et
sites, and shift towards herding/pastoralism, is unusual, as ial., 2006; Vanhaverbeke et al., 2004, 2007, 2011a) coincides
is in contradiction with other Late Roman/Early Byzantine with a continuing decline in primary and secondary anthro-
historical and palaeoecological records throughout the Eastpogenic activity in the pollen record. However, the section
ern Mediterranean, which show BO Phase agriculture perof the pollen record corresponding with this period (450—
sisting into at least the 7th century AD (Bottema et al., 1986;650 AD) is lacking in detail.
Eastwood et al., 1998, 1999; England et al., 2008), or even
an expansion of agriculture (Harrison, 2001; Leroy, 2010;5.2.2 Mid-7th century — mid-10th century AD dry
Izdebski, 2012). period

During the 3rd and 4th centuries AD, the Roman Em-
pire suffered from an ongoing financial malaise, caused byBakker et al. (2012) indicate that the mid-7th century AD
the lack of a powerful government and the constant threatvas characterized by an abrupt aridification of the environ-
of invasion, which led to a strong inflation and devalua- ment, and suggested this dry period corresponded with the
tion (Mitchell, 2007). Furthermore, changes in the manner inoccurrence of the Dark Ages Cold Period in the region.
which cities in the empire were governed resulted in a high The present paper shows how the dry trend, indicated
financial burden on the local governing class. Financial trou-by the pollen signal, is supported by steadily decreasing
bles within Asia Minor, as well as in the Roman Empire as aOM content from the 8th century AD till ca. cal 900 AD at
whole, may have led to a decrease in the demand and a dé&ravgaz, and reflected by the influx of CC-rich sediments
crease in the value of (agricultural) goods produced withinin the Bereket basin ca. cal 650 AD (unit Br-c). It may be as-
the territory, prompting a change in agricultural practices,sumed that the pollen signal obtained from this CC layer, and
or perhaps a partial breakdown of the agricultural system asndicating dry, open steppe vegetation, partially originates
land owners could no longer afford their activities. This too from the vegetation on the marl substrate of the slopes west
may have caused a decrease in agricultural activities withirof the sample site. Although such a sedimentation event may
the study area. However, while the troubles of the Empireresult in the deposition of reworked older pollen, it is most
during the 3rd and 4th century AD resulted in a decrease irlikely that the pollen originating from the marls reflect the
building activities in the city of Sagalassos (Vanhaverbekevegetation present at the moment of the erosion-deposition
and Waelkens, 2003; Waelkens and Poblome, 2011), the citgvent, as pollen is not likely to preserve for prolonged periods
and its territory remained relatively prosperous during the re-in the drier sediments outside the wetland.
mainder of the Late Roman Imperial period (Poblome, 2006; Vanhaverbeke et al. (2009) indicate that the number of set-
Vanhaverbeke et al., 2007). At Bereket, the results of an intlements dropped drastically during this period. However, re-
tensive archaeological survey revealed that that the populaeent research results indicate that sites may have remained
tion of the habitational sites in the basin did not decrease durmore numerous than previously assumed. Although further
ing the late RWP (Kaptijn et al., 2012). Nevertheless, agricul-research is needed, recently discovered sites dating from this
ture in Bereket and Gravgaz never recovered. This supportperiod are mostly small agricultural settlements, as opposed
the notion that the decline in anthropogenic activity is likely to the large nucleated settlements of the preceding period
not a result of the temporary decline of the Roman Empire agVanhaverbeke et al., 2011b). Their nature meant that their
a whole. presence was not recorded by previous archaeological sur-

As moisture availability increased from the mid-3rd cen- veys. While the population decline may have been less exten-
tury AD onwards, marshes and wetlands may have ensive than previously thought, it remains clear that there was
croached upon arable land on the valley floors at Gravgaa drastic change in habitation practices within the territory
and Bereket, limiting the possibilities for crop cultivation in at this time, evidenced by a change in the settlement pattern
the direct vicinity of the sample sites. At other, drier, valley (Vanhaverbeke et al., 2009, 2011b), and a shift in agricultural
floors within the study area, such a process need not havpractices from crop cultivation to livestock herding (Vermo-
taken place. Even when wetlands do increase, this increasere et al., 2007a, b; Bakker et al., 2012). A similar shift from
need not have been severe enough to drive away agriculturarop cultivation to (semi-pastoral or pastoral) livestock herd-
practices from a certain location. This is illustrated by theing during the 7th century AD is observed throughout the
evidence for an increase in wetlands at tiigasun Cay val-  Eastern Mediterranean (England et al., 2008; Leroy et al.,
ley presented in Fuller et al. (2012), while the pollen records2010; Bakker et al., 2011, 2012).
of Vermoere (2004) indicate that human impact continued While the exact start and end dates for the various climatic
uninterrupted in that valley. The drop in anthropogenic ac-periods may differ from location to location, many clima-
tivity recorded for Bereket and Gravgaz may be a localizedtological records obtained throughout the Middle East seem
response to a regional environmental change, rather than ao record a climatic deterioration in the form of a dry shift
indication of a large-scale change in agricultural practices. during the 7th century, coinciding with the aforementioned
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shift in land use (e.g. Heim et al., 1997ii¢kge et al., 2001; tema and Woldring, 1995; Vermoere at al., 2000; Knipping et
Jiang et al., 2002; Lamy et al., 2006; Migowski et al., 2006). al., 2008). The pollen and lithological data of the present pa-
Considering the similarity in the timing of both phenom- per support the theory that a rise in pine pollen signals an in-
ena, and the impact that this dry trend is proven to havecrease in pine forest, rather than the presence of an open veg-
had on vegetation and sediment dynamics, the existence adtation type as that type of vegetation appears separately in
a link between the two phenomena seems plausible. Howthe pollen diagrams of Bereket and Gravgaz. Modern pollen
ever, the role of Arab invaders must not be overlooked. Aftersamples collected by Vermoere (2004) and Bakker (2012) in-
the Arab victory over the Byzantine fleet at Finike, near An- dicate that in the current landscape, pine pollen percentages
talya, known as “the Battle of the Masts” in 655 AD, Arab of 70-90 % will only be reached within a pine forest, on very
incursions into Pisidia became commonplace (Threadgoldhigh, exposed locations, locations largely devoid of plant
1997). Both the threat of Arab incursions, as well as a strongcover, or locations where there is a large risk of poor pollen
aridification of the climate would have resulted in a changepreservation. At other locations, pine pollen percentages will
in lifestyle of smaller farmers, from sedentary agriculture, to not be higher than ca. 40—60 %. Occasional peak values of
(semi)pastoralism. Asteraceae pollen recorded in Gravgaz (Figs. 7 GVZ6, and

The question whether these shifts in land use were driverSupplement Fig. S1) are likely the result of selective trans-
by the climatic dry trend which occurred at the time, or a re- portation and deposition caused by strong upward airflows in
sult of incursions of Arab forces during the mid-7th century a warm, dry environment (Bottema and Woldring, 1984; Ver-
AD, has long been the subject of ongoing debate (Vanhavermoere, 2004). The hypothesis that it is a sign of poor pollen
beke and Waelkens, 2003; Haldon, 2007; Neuman et al.preservation is rejected, as signs of poor pollen preservation
2007b; England et al., 2008; Leroy, 2010). It is consideredand disturbance of the soil are absent.
most likely that a combination of both factors had caused Deciduous oak remained of relatively little importance af-
the abandonment of farmland and settlements observed iter the end of the BO Phase, even though it was an important
Gravgaz and Bereket. Regardless of the exact origin of theonstituent of the primary climax vegetation prevalent prior
observed changes in land use, the aridification of the climatdo the onset of human impact in the study site. It may be that
would have driven the way the landscape responded to thithe overall dominance of pine, rather than (deciduous) oak,
shift in land use and how it developed over time afterwards. was a result of colluviation caused by (over)grazing, which

In many records from the Eastern Mediterranean, the endmay have further decreased the amount of fertile soils cov-
ing of the BO Phase is immediately followed by a sharp ering the hillsides and slopes. Dusar (2012) has shown how
increase inPinus pollen (Van Zeist et al., 1975; Bottema intensive land use caused an erosion process, removing most
and Woldring, 1984; Roberts, 1990; Eastwood et al., 1998;0f the available fertile soils from the mountainsides within
Heim et al., 1997; England et al., 2008). Several high resthe territory of Sagalassos by the end of the Roman era. De-
olution pollen diagrams indicate that such an increase haaiduous oak, which is intolerant of calcareous soils, would be
indeed taken place at other locations (Neumann et al., 2007 agstricted to the fertile deposits on the basin floors, while Pine
2010), but the present paper reveals that this process of verfprests, which are more resistant to calcium rich soils, are
fast reforestation is not necessarily the rule. The rise of pineable to extend their range (Roberts, 1990). However, many
forests at Gravgaz was initially subdued by the establishmenof the mountainsides in the study area have always been cal-
of open, dry steppe vegetation. At Bereket, pine forest in-careous and it is impossible to determine how much more of
creased after the disappearance of crop cultivation, but perthe calcareous substrate in the study area had been exposed
centages remained below the present-day background pingince the onset of human impact on the environment in the
pollen signal (Bakker, unpublished data). The pollen signalterritory and how much the potential range of deciduous oak
within the layer rapidly deposited during the mid-7th cen- had decreased (if at all).
tury (Br-c), indicates the presence of open steppe vegetation
near the sample site. Secondary succession, resulting in th®2.3 Mid-10th century — mid-13th century AD Wet
establishment of pine forest, only takes place from the 8th Period
century onward.

What caused the high pine percentages observed in somEhe period from the mid-10th to the late 13th century
post-BO Phase pollen records is subject to ongoing debateAD is palynologically generally characterized by relatively
Some attribute it to fast reforestation by pine forests follow- moist environmental conditions, suggested by Bakker et
ing a population decrease (Neumann et al., 2007b; Kaniewskal. (2012) to be a regional expression of the Medieval
at al., 2007b; England et al., 2008). Pines are early pioneer€limate Anomaly.
of abandoned farmland and can cope with dry environments The limited resurgence in anthropogenic activity from the
(Zohary, 1995; Ne'eman et al., 2004; Neumann et al., 2007a)mid-10th to the mid-12th century AD ( Figs. 7, 8, and Sup-
Others propose that high pine pollen percentages originateglement Figs. S1 and S2), the onset of which coincides with
in open, overgrazed landscape where the local pollen signahe start of the MCA in the region, is not noted in earlier
was incapable of overpowering the pine pollen signal (Bot-records from southwest Turkey (van Zeist, 1975; Bottema
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and Woldring, 1884), possibly due to their limited chrono- fortified settlement on Alexander’s Hill, near the site of the
logical framework. Primary and secondary anthropogenic in-former city of Sagalassos can be considered contemporary
dicators show a minimal increase compared to the precedingPoblome and Taloen, 2005; Vionis et al., 2010). There is no
period, indicating that human activities remained focussed ordirect evidence supporting a link between the destruction of
livestock herding with limited cereal cultivation recorded for the site and the appearance of the Selguks in the wider re-
Gravgaz. It is notable thaDlea cultivation remains absent gion. The construction of the hamam and kervansaray in the
during this period. village of Aglasun, located in the valley below Sagalassos,

A similar resurgence in anthropogenic activity, with a no- during the 13th century AD indicates a continued occupation
table absence of arboriculture, was recorded in Nar Lakepf the area around the site during this period (Vanhaverbeke
Central Turkey at ca. 950 AD (Eastwood et al., 2009). Theet al., 2009). This is also supported by the continuation of
lack of olive cultivation is attributed to the notion that dur- cereal cultivation near @lasun (Vermoere, 2004).
ing such unstable times as the Mid-Byzantine, it was not Rather than a result of the Selguk conquest, the disappear-
worth the effort to invest in such potentially vulnerable, time- ance of any sign of agriculture in the palynological records
intensive crops (England et al., 2008; Eastwood et al., 2009)of Bereket and Gravgaz may be the result of the political and
By the 11th century AD, measures aimed at protecting theeconomical deterioration of the Byzantine Empire during the
rights of poor, small-scale farmers and prevent the acquisikKomnenoi (1082-1185AD) and Angeloi (1185-1204 AD)
tion of their lands by wealthy land owners were no longer dynasties in the years prior to the Selguk conquest of the re-
upheld and more and more land was absorbed into large egfion. However, resurgence in the occupation of the fortified
tates, resulting in a change in land use and inhabitation ohamlets on the site of Sagalassos, and the construction of an
these lands (Gregory, 2010). Such a process may also haaditional fortification on the nearby Alexander’s Hill, seems
resulted in the relative absence of crop cultivation in Gravgazo be at odds with an apparent decline in agriculture. It may
and Bereket during this period. be that settlements in the territory shifted their agricultural

While coinciding with a climatic amelioration, the resur- practices towards more limited activities in the direct vicin-
gence of agriculture from the 10th century onwards also co-ty of the settlement in the face of external military threats,
incides with a social and economical revival throughout thesimilar to the process which occurred during the 5th century.
Byzantine Empire (Bintliff, 2000; Haldon, 2007; Knipping et It may also be that shifts in land use were driven by fur-
al., 2008; Vionis et al., 2009a). This phenomenon is consid-ther changes in the nature of land ownership. The mid-11th
ered to be a result of 8th and 9th century AD administrativecentury AD saw the rise of the Pronoia system, with which
reforms (Gregory, 2010) and military victories rendering pre- land-owning nobility were granted full control over their ter-
viously insecure territory to a more stable footing (Englandritory in return for specific services to the crown, essentially
et al., 2008; Vionis et al., 2009b). However, various studiescreating semi-independent fiefdoms.
report that the first hints of recovery in the Byzantine coun- The palynological end of the agricultural period (or period
tryside occurred no sooner than the 10th century (Vionis etof human impact) is dated ca. cal 1150 AD, and corresponds
al., 2009a; Eastwood et al., 2009; the present paper), coinwith the end of one of the wettest 70-yr intervals recorded by
ciding exactly with the onset of the MCA in Europe and the Touchan et al. (2007), occurring ca. 1098-1167 AD. How-
Middle East (Bar-Matthews et al., 1999; Bond et al., 2001; ever, the raw tree ring data of Touchan et al. (2007) indi-
Schilman et al., 2001, 2002; Gupta et al., 2003; Lamy et al. cate that the subsequent period remained relatively moist
2006; Kaniewski et al., 2010; Bakker et al., 2012). Itis there-as well. Additionally, the pollen-derived bioclimatic proxy
fore tempting to consider that it may have been the amelioraof Bakker et al. (2012) also indicates continued, relatively
tion of the climate which acted as a catalyst, further enablingmoist environmental conditions. A link between the disap-
the already ongoing expansion of agriculture into areas previpearance of human impact and a shift to drier conditions
ously less attractive for agricultural practices, e.g. due to theirseems less likely.
remote location or less attractive (bio)climatic conditions.

The renewed anthropogenic impact in Gravgaz and5.2.4 Mid-13th century dry period until subrecent times
Bereket ended mid-12th century AD and the region appar-
ently becomes dominated by pine forest until the mid-16thBakker et al. (2012) indicate that southwest Turkey under-
century AD. A similar decline of agricultural practices, ob- went a climatic deterioration as reflected in the pollen data
served in the Nar lake pollen record, is linked to the arrival during the close of the 13th century, linking the start of this
of the Selguks in Cappadocia in ca. cal 1074 AD (Eastwooddry period to the start of the LIA. However, the lithologi-
et al., 2009). The Selcuks started to dominate SW Turkeycal data from the Gravgaz core indicate local dry conditions
following the Battle of Malazgirt in 1071 AD and were in only occurred earlier, from the early 13th century AD, while
control of the territory of Sagalassos from 1204 AD, by the in Bereket, they occurred from the mid-13th century onward.
latest. This date is not unrealistically different from the mid- These dates are in agreement with the precipitation data of
12th century estimation for the disappearance of agriculturélTouchan et al. (2007), which indicate that one of the dri-
in Bereket and Gravgaz. Furthermore, the destruction of ast 70 yr periods recorded in their tree ring data occurred at
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1195-1264 AD. While the start of this 70 yr period was still towards pastoralism (Jackson and Lampe, 1982; Keyder and
relatively wet, it was characterized by much drier conditions Tabak, 1991).
from the early to mid-13th century AD onwards. Climatic change seems not to have played a role in the
The delay in the pollen-derived bioclimatic record of increase of pastoralism in the region. Before the 16th cen-
Bakker et al. (2012) may be a result of the type of vegetationtury AD, sedimentological data indicate severe local drought
change upon which the observation was based. The shift itonditions coinciding with regional dry conditions (Touchan
vegetation recorded for the early 14th century, and indicatinget al., 2007). However, both the vegetation- as well as sedi-
a shift towards a drier bioclimate, is actually a change in thement data imply that, while local and regional environmen-
composition of tree species, rather than changes in the contal conditions did improve during the 16th century, they re-
position of herbaceous species (as with the 640 AD dry shift).mained roughly comparable to those of the early DACP until
Tree species take a longer time to grow and produce enougthe early 18th century AD. This is also reflected in the pollen
pollen-producing offspring to be detected in the pollen signaldata, which, apart from an increase in shrublands, indicate an
and it is only to be expected that in this case the pollen datancrease in dry steppe, similar to that which developed after
lags behind the sediment data. the mid-7th century AD. It is unknown whether the short-
The pollen data show that the regional environment re-term peak in precipitation around 1518-1587 AD, recorded
mained relatively dry compared to the MCA, throughout the by Touchan et al. (2007), had an influence on land use in
subsequent centuries, until ca. the 18th century AD, imply-the study region. Evidence for its occurrence does not ex-
ing that the cold LIA was also characterized by relatively dry ist in the pollen data. Only one sample in the sediment data
conditions in general, despite the occurrence of slightly wet-of Gravgaz apparently coincides with this precipitation peak.
ter intervals within the LIA (such as indicated in Touchan et While it does record an elevated OM value, this is not suffi-
al., 2007). cient to establish whether it is the local manifestation of this
If the proposed explanation for the delay in the pollen sig- precipitation peak.
nal is correct, it would mean that the LIA started in SW  The abundance d&inusindicates that landscape openness
Turkey with a period of extremely dry environmental condi- was comparable to that observed for the 7th—10th centuries.
tions in the early to mid-13th century AD. This aridification The lack of an increase in coprophilous NPPs indicates that
event would have first been expressed in a change in the wagrazing did not take place near the sample site in Gravgaz.
ter availability at the marshes on the sample sites, resulting’he pollen data indicate that the current landscape has a
in the observed changes in the sediment records. very recent origin. It is impossible to estimate how recent
Pollen data from Gravgaz marsh indicate that the land-the very last samples of the pollen cores are, but historical
scape, which at this time remained dominated by pine forestevidence indicates that the present landscape is no older than
became more open from the mid-16th century AD onward.ca. 100 yr. Vermoere (2004) indicates that it was the adap-
Historical data indicate that the period from the late 13th cen-tation of agricultural machines and the establishment of a
tury onward (after the Selguks, and later the Ottomans, condense road network after the First World War, which boosted
solidated their territories) was characterized by increasinglythe expansion of agriculture, and resulted in the settlement of
peaceful conditions in Anatolia (Eastwood et al., 2009; Van-the (semi)nomadic populace of the region.
haverbeke and Waelkens, 2003; Vryonis, 1971). Vanhaver- Unfortunately the most recent 500 yr are only covered by
beke and Waelkens (2003) indicate how the Ottoman periodhe Gravgaz marsh pollen record. Preliminary studies into
saw a population increase in region during the 15th and 16thhe relevant source area of pollen in the SW Taurus Moun-
centuries. Increased pressure on the land and resulting reains (Bakker, 2012) revealed that evenfanus changes in
duced living standards eventually led to the Celali rebellionspollen percentages most likely only reflected changes in the
of the late 16th and early 17th century. The resulting inse-vegetation within the basin in which a pollen core is located.
cure situation may have led to a reduction of the popula-Although the present paper indicates that the sediment and
tion, a decline in agriculture and a corresponding increasepollen record from the Gravgaz core is indicative of environ-
in pastoralism (Vanhaverbeke and Waelkens, 2003). How-mental changes in the wider region, the record only indicates
ever, the 17th century also saw a major tax reform, whichhow the landscape changed as a result of these environmen-
caused a shift in land ownership from Timars (a land grantedal changes over a relatively limited area around the sam-
by the Ottoman sultans as compensation for military serviceple site. If there is indeed a link between the aforementioned
to Ciftliks (a system of land management where powerful shifts in human impact and the deforestation observed in the
military officers started to claim land from the Sultan’s hold- Gravgaz marsh, then this gradual deforestation may also have
ing, allowing them to pass the land onto their sons, creatingoccurred elsewhere in the study area.
large privately owned estates, the inhabitants of which were
essentially used as serfs). The establishment of these m&y.3 Vegetation succession and fire activity
have impinged upon the hamlets and villages populated by
independent farmers, forcing a shift from sedentary farmingThe NJ ordination shows an overview of general vegeta-
tion change through time, from the crop cultivation that
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marked the BO Phase, to periods characterized by a relgperhaps partially in the form of pastoralism (Vanhaverbeke
tively open landscape with an increasing cover of woodyand Waelkens, 2003; Vanhaverbeke et al., 2011a; Fuller et
maquis species, and finally to a pine forest. This pattern real., 2012). While fires could have been started by herdsmen,
sembles the Clementsian models of post-disturbance succeboking to enlarge their grazing grounds, one would expect a
sion (Tomascelli, 1977). When human impact decreases odecrease in pine woodlands over a larger time period. Con-
stops, the first stage of secondary succession of the vegetéinuous grazing of the deforested landscape would lead to
tion is characterised by the dominance of herbaceous vegetdhe encroachment of the opened landscape by shrub species
tion in the landscape, which is then replaced by woody shrub{Asouti and Hather, 2001), while the further development of
vegetation, eventually leading to a dominance of maquis otthe landscape, towards a secondary pine forest, would be sus-
forest (Tomascelli, 1977). The final PDVP in both NJ tree di- pended. This phenomenon is observed for the 12th century
agrams represents the vegetation that becomes dominant fire events, and the 1590 AD fire event in Gravgaz, and is sug-
the pollen spectrum immediately after the clearing of pinegested to occur during the 320 AD fire event in Bereket. The
forests. pollen record implies that all other recorded fire events re-
Fire activity is seen as a major ecological factor, shapingsemble natural fires in the wider vicinity of the sample sites.
the Mediterranean landscape with its mosaic-like pattern ofAs stated before, it is possible that additional fire events were
regeneration and degradation stages (Walter, 1968; Navemmissed due to the limitations of the dataset used. However,
1975; Spanos et al., 2000; Gracia et al., 2002; Buhk et al.the clustering of recorded fire events does provide an indica-
2006). Fires can be seen as a natural part of the ecosystetion of when most fire activity is likely to have taken place in
in the Mediterranean basin and have occurred for millenniathe region.
(Pausas et al., 2008). The timing of the fire events occurring in the vicinity
The present data suggest that fire activity during the postof both sample sites is also reflected in the placement of
BO Phase period is limited. The number of detected regionatharcoal within the NJ dendrograms of both Gravgaz and
fire events is low (five in each basin; Table 6), and the lack ofBereket. In the NJ ordination of Gravgaz marsh, charcoal
charcoal layers in the sediment and generally low concentraeoncentration is placed with human impact indicators. For
tions of macroscopic charcoal particles, implies that no localBereket, the connection between charcoal concentration and
fire activity occurred. Even though it is possible that Cha-open steppe vegetation (Asteraceae, Centaurea), post-fire
rAnalysis did not detect all fires that took place within the disturbance indicatordJ){ex), and pine forest is also in ac-
studied time frame, as the analysis was based on a discontircordance with the link between the occurrence of fire events
uous charcoal record, the results clearly show that extendednd increased pine pollen percentages observed in the pollen
fire periods, such as those recorded for the Bronze and Rarecords. As the NJ analyses essentially shows the link be-
man periods in Bereket by Kaniewski et al. (2008), did not tween charcoal deposited in individual fire events, and vege-
occur. None of the fire events are recorded simultaneously atation development which takes place over a longer time pe-
both basins, despite the distance between them being no mored, the NJ analyses support the notion that the fire events
than ca. 11 km, indicating their limited size and impact. recorded by CharAnalyses may not give a complete fire his-
The lack of local and/or anthropogenic fire activity in tory for both records, but do give a relatively accurate esti-
Gravgaz and Bereket is in contrast with the situation duringmation of the period during which most fires occurred in the
the BO Phase, for which Kaniewski et al. (2008) recorded avicinity of both sample sites.
series of high intensity fire episodes that occurred between Vanniere et al. (2008) suggest that climatic conditions
the 4th century BC and the 2nd century AD. These fireswere important for fire occurrence even under strongly hu-
were succeeded by a simplification of the vegetation strucimanised ecosystem conditions. Turner et al. (2008) con-
ture, favouring soil erosion, pastures and intensive cultivationcluded that Eastern Mediterranean regional fire activity was
in the Bereket basin. The fire history of Gravgaz marsh hasontrolled by climatically-induced variations in biomass.
never previously been researched. The timing of those fire episodes in Gravgaz marsh and
Most of the fire events, as detected in the Gravgaz charthe Bereket basin that are centred on periods characterized
coal record by the CharAnalysis software, occur after theby decreased human activity occur in periods character-
12th century AD. Two fires coincide with the resurgence inized by relatively warm and wet, as well as cold and dry
human impact during the MCA, while one additional fire, environmental conditions.
occurring at ca. 1590 AD, coincides with a likely anthro-  All fires not (suspected to be) linked with anthropogenic
pogenic, deforestation phase. For Bereket, fire events seem tctivity are related to an elevated abundance of pine for-
occur primarily at times when human impact is absent, dur-est. Pinus percentages at those instances were equal to, or
ing the 7th and 8th centuries AD. A limited human presencehigher than those found at present. Pine forests form the sec-
in the region can be assumed to occur throughout the postendary climax vegetation in the region when human impact
BO Phase period, despite the pollen data recording next tds absent and are able thrive during periods characterized by
no anthropomorphic indicators. This human presence can bhigh, as well as low moisture availability (Fontaine et al.,
assumed to have been more focussed on livestock grazing,
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Fig. 8. An overview of the main changes in the vegetation and environmental conditions in the territory of Sagalassos, the main archaeological
periods, the main climatic periods and the bioclimatic proxy for the territory of Sagalassos (Bakker et al., 2012) with the most extreme dry
and wet periods detected by Touchan et al. (2007) superimposed. The subdivision into historical periods is based on Vanhaverbeke anc
Waelkens (2003).

2007), providing biomass which serves as fuel for (wild)fires,6 Conclusions
regardless of the climatic regime.

Pinus nigrais well adapted to cope with fire damage. Itis a _ )
long-lived tree with a thick bark and can grow tall with only The sediment record of Gravgaz marsh provided a proxy
a few branches on the lower part of the trunk. This makes0of local moisture availability on a multi-centennial, and for
it very resistant to surface fires (Rukt al., 2008; Pausas Some periods, on a multi-decennial scale. The integration of
et al., 2008).Pinus brutiais a species characterized by a the pollen and sediment data of Gravgaz and Bereket, as
high post-fire resilience (Pausas et al., 2008), its serotinou¥/ell as the pollen-derived bioclimatic proxy of Bakker et
cones able to protect seeds from fire damage. TRinss al. (2012) and the tree ring data of Touchan et al. (2007) since
brutia forests are able to quickly regenerate after fifis. 1097 AD, revealed that changes in local moisture availabil-
nus brutiais nowadays restricted to the lower parts of the ity actually represented changes in the regional climate. The
mountains, occurring below 1400 m a.s.l. However, its rangeSediment data managed to corroborate or improve the tim-
may have extended higher than today during warm climaticing of the various bioclimatic periods observed by Bakker et
phases such as the MCA and RWP. The present data ther&l- (2012), while the synchronisms between the AMS-based
fore indicate that climate did not play an important role in time scales at Gravgaz and Bereket and the tree ring chronol-
driving the timing of fires during the post-BO Phase period, ©9Y of Touchan et al. (2007) strengthened the reliability of
but rather anthropogenic activity and/or fuel availability in the chronological framework presented in the present paper,

the form of the secondary climax vegetation developing afterat east for the last millennium. At the same time, the simi-
a decrease in human activity. larities between the data presented in this study and the tree

ring data of Touchan et al. (2007) imply that the latter study
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of springtime precipitation may actually be interpreted as anthat the notion of highPinus pollen percentages indicating
indication of year-round humidity. an open landscape incapable of countering the influx of pine
The new data from the western Taurus Mountains, SWpollen, is likely unrealistic.
Turkey, shows how a climatic shift towards moister condi- As this is the first more detailed overview of vegetation
tions in the 3rd century coincided with a shift in agricultural change during the post-BO Phase period in SW Turkey, it
practices, away from intensive crop cultivation and towardsis as of yet unclear how widespread the observed vegeta-
pastoralism. The palaeoenvironmental data implies that ation dynamics have been throughout the region. While cli-
increase in moisture availability led to the extension of wet- mate change may be assumed to have had a regional impact,
lands on the studied valley floors becoming too wet to use agpatterns of political, economical and social change may have
arable land. This may have been a local phenomenon whilgiffered between the various political entities in the region.
agricultural practices in drier valleys need not have encounfurthermore, the bioclimatic changes resulting from climatic
tered problems, and may have even benefited from increasethange may be different at lower altitudes. It is vital that
moisture availability. more palaeoecological records from southwest Turkey are
A further, more severe shift towards pastoralism and pop-studied in order to provide a detailed view of vegetation dy-
ulation decrease during the mid-7th century could have beemamics during this important but understudied period.
caused by the climatic deterioration, which led to relatively
dry environmental conditions, although the role of Arab in-
cursions into the region during the same period may also havéupplementary material related to this article is
played a role in driving the observed shift in land use. available online at: http://www.clim-past.net/9/57/2013/
The first indications of resurgence in agriculture in south- CP-9-57-2013-supplement.pdf
west Turkey occur during the mid-10th century. A similar
phenomenon has been observed throughout Anatolia and it
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