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Abstract  

The Pliocene (5.33-2.58 Ma), particularly the Early-Late Pliocene transition (3.6 Ma), is a key period 

for understanding future climate change linked to increases in greenhouse gases. Around the Western 

Mediterranean Basin, the Early-Late Pliocene transition was marked by the establishment of a Mediterranean 20 

climate with summer droughts, cool/wet winters and latitudinal gradients. However, environmental changes in the 

eastern part of the Mediterranean area during the Early-Late Pliocene transition have rarely been documented. 

Here, we propose to reconstruct the environmental and climate changes during the Early-Late Pliocene transition 

from the Lake Burdur sequence, located in Southwestern Türkiye. The aim of this study is to characterize the 

vegetation, lake dynamics, and water level changes based on pollen and Non-Pollen Palynomorph (NPP) proxies, 25 

to quantitatively reconstruct climate changes using a multimethod approach (Modern Analogue Technique, 

Weighted Averaging Partial Least Squares regression, Random Forest, and Boosted Regression Trees and Climatic 

Amplitude Method) and morphologically characterize the large pollen grains of Poaceae (Cerealia-type). 

The results indicate that, during the Early-Late Pliocene transition at Burdur, the vegetation was 

dominated by steppes with Poaceae, Artemisia, and Amaranthaceae. Subsequently, arboreal taxa decreased and a 30 

alternation between steppe grasslands with deciduous Quercus and steppes dominated by Amaranthaceae became 

evident. Large Poaceae pollen grains (Cerealia-type) are recorded in the Burdur sequence, but their percentages 

are lower than those at Acıgöl, a nearby record dated to the Pleistocene. The morphological characteristics of these 

large Poaceae pollen grains from Burdur are similar to those of domesticated cereals from recent periods, 

preventing a clear distinction between wild and domesticated Poaceae pollen. The lacustrine ecosystem was 35 

characterized by semi-aquatic vegetation and freshwater algae, exhibiting alternating oligotrophic and eutrophic 

conditions. Climate reconstructions of Burdur show similar trends across different methods, with reconstructed 

values during the Early-Late transition being close to present-day values. Following a climatic optimum in 

precipitation and temperature, climate reconstructions indicate an alternation between cool, wet conditions and 

warmer, drier conditions during the Late Pliocene in Southwestern Anatolia. Around the Mediterranean Basin, 40 

climate reconstructions during the Early Pliocene show warmer conditions compared to modern values and a north-

south gradient in terms of precipitation, with wetter conditions in the north in comparison to the south. The Late 
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Pliocene is characterized by colder conditions, and more humid conditions in the Western Mediterranean, while 

Türkyie and Central Asia experienced more arid conditions.  

 45 
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1. Introduction  50 

 

The Pliocene Epoch (5.33-2.58 Ma), considered a warmer period compared to the pre-industrial era, is 

particularly important for understanding future climate change due to the many similarities it shares with the 

Earth's present-day physical characteristics (Haywood et al., 2016). During warm periods of the Pliocene, 

atmospheric CO2 concentration are estimated to have reached 350-450 p.p.m.v. (Raymo et al., 1996; Pagani et al., 55 

2010), the Northern and West Antarctic ice sheets were smaller (Brierley et al., 2009; Fedorov et al., 2013), and 

sea levels were significantly higher than today (Dowsett and Cronin, 1990; Miller et al., 2012). General Circulation 

Model (GCM) simulations suggest that the average temperature during the Late Pliocene (3.2-3 Ma) was 

approximately 3°C higher than in the pre-industrial era. This temperature increase was particularly pronounced in 

the Northern Hemisphere high latitudes, where mean annual temperatures reached as high as 18°C (Haywood et 60 

al., 2013, 2020; Salzmann et al., 2013; Panitz et al., 2016). The Pliocene is divided into two periods (Haywood et 

al., 2016): (1) the Early Pliocene (Zanclean Age; 5.3-3.6 Ma), a warm period primarily characterized by 19-23 ka 

oscillations linked to precession orbital cycles, and (2) the Late Pliocene (Piacenzian Stage; 3.6-2.58 Ma) a 

generally colder period dominated by 19-23 ka and 41 ka oscillations linked to precession and obliquity orbital 

cycles (Haywood et al., 2009). The decrease in temperatures led to the initiation of the Northern Hemisphere 65 

glaciation from 3.6 to 2.4 Ma (Mudelsee and Raymo, 2005). Moreover, two major cooling events are evidenced 

at the Early-Late Pliocene transition, the MIS MG12 at ~3.58 Ma and the MIS M2 at ~3.3 Ma (Lisiecki and Raymo, 

2005; De Schepper et al., 2014).  

The Early Pliocene was characterized by Mediterranean climate conditions (summer droughts and cool-

wet winters) around the Mediterranean Basin, while Northern and Central Europe experienced more pronounced 70 

continental conditions (Suc, 1984; Suc et al., 2018). This contrasting seasonality of the Mediterranean climate 

became established after the MIS M2 glacial event at ~3.3 Ma (Lisiecki and Raymo, 2005; Bertini, 2010; Jiménez-

Moreno et al., 2010; De Schepper et al., 2014). At that time, the temperatures are estimated to have been 3 to 6°C 

higher than modern values in the Western Mediterranean region (Fauquette et al., 2007). In terms of precipitation, 

a north-south gradient has been identified, with higher than modern precipitation levels in Northwestern Europe 75 

and values similar to modern levels in Southwestern Europe (Fauquette et al., 2007). In contrast to the western 

areas, the climate of the Eastern Mediterranean region remains poorly documented. 

At the Early-Late Pliocene transition (3.6 Ma), the vegetation of Western Europe, inferred from 

numerous pollen data (Suc et al., 1995; Fauquette et al., 2007; Jiménez-Moreno et al., 2010; Combourieu-Nebout 

et al., 2015; Suc et al., 2018 and references herein) was characterized by a clear latitudinal gradient. In 80 

Northwestern Europe, vegetation was dominated by taxa adapted to year-long wet climates, particularly during 

the Early Pliocene. However, a reduction in mega-mesothermic taxa, such as Engelhardia and Taxodium-type, is 

observed during the Late Pliocene. In the Northwestern Mediterranean region, mega-mesothermic taxa were still 

represented during the Late Pliocene, but there was a general increase, compared to the Early Pliocene, in 
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deciduous mesothermic (e.g. deciduous Quercus) and Mediterranean sclerophyllous plants (e.g. Quercus ilex-type) 85 

which are better adapted to a dry season. In contrast, the Southwestern Mediterranean region’s vegetation 

resembled that of the Early Pliocene, characterized by open, steppe-like environments and warm, dry conditions. 

Unlike the Western Mediterranean, data from the eastern part of the region are limited, with only two palynological 

records available for the Early-Late Pliocene: one from the Black Sea (DSDP site 380; Popescu et al., 2010) and 

the other from Ericek Southwestern Türkiye (Jiménez-Moreno et al., 2015). However, the Ericek record covers 90 

only the end of the Early Pliocene. These records indicate that, prior to the transition at 3.6-3.4 Ma, forests 

composed of mesothermic elements developed along the Black Sea coast (Popescu et al., 2010), while steppe 

vegetation dominated by Artemisia was prevalent on the Anatolian plateau (Jiménez-Moreno et al., 2015). After 

3.4 Ma, both records document the presence of open environments (Popescu et al., 2010; Jiménez-Moreno et al., 

2015).  95 

 The sediment core from Lake Burdur, located in Southwestern Türkiye (ca 30 km west of Lake Acıgöl); 

previously dated with paleomagnetism by Özkaptan et al. (2018), represents a key record for reconstructing 

vegetation and climate dynamics in the Eastern Mediterranean region during the Pliocene, as well as for exploring 

the early development of large pollen grains of Poaceae (proto-cereal). The Eastern Mediterranean is an interesting 

area to document the history of Poaceae, a key taxon in Mediterranean vegetation and in a region where the 100 

development of agricultural activities emerged from the Neolithic (Brown et al., 2009; Willcox et al., 2009). 

Importantly, large Poaceae pollen grains have been recorded on the Anatolian plateau (Lake Acıgöl) during the 

Pleistocene between 2.3 and 1 Ma, with their sizes ranging from 40 to 60 µm and their percentages representing 

up to 7% of the pollen signal (Andrieu-Ponel et al., 2021). For grains larger than 45-50 µm, Poaceae pollen 

identification keys assign these grains to domesticated cereals (Andersen, 1979; Tweddle et al., 2005; Joly et al., 105 

2007; Muller et al., 2022). Nevertheless, large Poaceae pollen grains dated to the Pleistocene and exceeding 45–

50 µm in size, are found well before the emergence of agricultural activities (Andrieu-Ponel et al., 2021). Andrieu-

Ponel et al. (2021) refer to them as proto-cereals, linking the appearance of such pollen to the pressure exerted by 

large herds of herbivores on steppe ecosystems around Lake Acıgöl, leading to genetic mutations in Poaceae. This 

question is complex, and within this context, it would be particularly valuable to investigate the presence of pollen 110 

from proto-cereals in other, older time periods such as the Early-Late Pliocene transition. 

Here we propose to address this gap in the Eastern Mediterranean by documenting environmental changes 

during the Early-Late Pliocene transition using the Lake Burdur core. Our specific aims are to: 

1) Reconstruct vegetation and lake dynamics based on pollen and Non-Pollen Palynomorphs (NPPs),  

2) Quantitatively reconstruct climate changes using a multi-method approach, including the Modern 115 

Analogue Technique, Weighted Averaging Partial Least Squares regression, Random Forest, and Boosted 

Regression Trees and Climatic Amplitude Method,  

3) Morphologically characterize large pollen grains of Poaceae (Cerealia-type). 

 

2. Study site 120 

 

2.1 Geographical, geological and hydrological settings 

The Anatolian peninsula is defined by a high central plateau (ca. 1000–1200 m a.s.l.), surrounded by 

mountain ranges in the north, including the Pontic chain, and in the south by the Taurus Mountains (Kuzucuoğlu, 

2019). The southwestern region of Anatolia, called the “Lake District”, is characterized by nine large lakes, and 125 
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several small lakes, most of which are tectonic in origin although some are karstic (Bering, 1971). The altitudes 

of these lakes are around 850-1100 m a.s.l and they are surrounded by mountains with peaks above 2500 m. The 

largest lakes include freshwater (Beyşehir and Eğirdir), saline (Akşehir and Burdur) and hypersaline conditions 

(Acıgöl and Salda), with the majority of lakes in this region considered endorheic (Kuzucuoğlu, 2019).  

Southwest Anatolia (Fig. 1) is characterized by three structural units: the basement Bey Dağları 130 

autochthon and tectonically overlain Antalya and Lycian nappes collectively forming the Tauride Orogeny, which 

resulted from the closure of the Neotethys Ocean during the Mesozoic-Early Cenozoic (ten Veen et al., 2009). 

Following the culmination of the Taurides in Southwestern Anatolia, a regional crustal extension occurred from 

the Late Miocene onwards, resulting in a broad array of NE-trending, normal-fault bounded orogen-top basins 

hosting contemporaneous alluvial-fan, fluvial and lacustrine deposits (Alçiçek et al., 2019).  135 

The Burdur Basin, hosting Lake Burdur (37°43'2.748''N, 30°9'14.792''E, 845 m a.s.l.), is one of these 

orogen-top basins controlled by a NE-trending master-fault and filled by Late Miocene-Early Pleistocene alluvial-

fan, fluvial and lacustrine deposits (Price and Scott, 1991; Alçiçek et al., 2013; Fig. 1). The lake spans 27 km by 

8 km, with an average depth of 60 to 80 m and a maximum depth of 110 m; anoxic zones are present in these 

deeper areas (Çolak et al., 2022). Lake Burdur is an endorheic lake characterized by alkaline conditions with high 140 

salinity and elevated ion concentration, this is because evaporation is not compensated by hydrological inputs, 

leading to the accumulation of salts and ions in the water (Çolak et al., 2022). The lake receives water from seasonal 

and perennial rivers (55%), precipitation (40%) and groundwater (5%) (Çolak et al., 2022; Dervişoğlu et al., 2022). 

Since 1974, dams and reservoirs have been built for domestic use and agricultural irrigation along nearly all the 

rivers that feed into the lake, leading to a lake volume decrease of 39%  between 1975 and 2016 (Davraz et al., 145 

2019). 
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Figure 1: Geological maps of Burdur Province and locations of selected cores and sections: C3 core (Andrieu-Ponel et 

al., 2021), Burdur section (Özkaptan et al., 2018) and BS-87 core (this study).  150 

 

 

2.2 Present-day climate and vegetation 

The topographic barriers created by the Taurus Mountains block southerly and south-westerly airflows, 

leading to climate variability, distinct ecological conditions, and a high numbers of endemic species (Medail and 155 

Quézel, 1997). The Burdur province is characterized by a Mediterranean climate with hot-dry summers and cool-

wet winters according to the Köppen-Geiger climate classification (Kottek et al., 2006). The meteorological station 

of Burdur shows an annual precipitation of 593 mm with a maximum in January (80 mm) and a minimum in July 

and August (9 and 8 mm, respectively) between 1991 and 2021. Mean annual temperature corresponds to 12.2°C 

with a minimum in January (1.3 °C) and a maximum in July and August (23.7 °C) between 1991 and 2021. 160 

Anatolia is located at the intersection between three floristic regions: Mediterranean, Euro-Siberian and 

Irano-Turanian, and its vegetation is among the richest in Europe (Davis et al., 1965). This region is considered a 
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biodiversity hotspot and has served as a refuge for plants that were once widespread across Europe and the 

Mediterranean (Biltekin et al., 2015; Medail and Quézel, 1997). Specifically, Southwest Anatolia represents the 

boundary between two phytogeographical regions: the Mediterranean and Irano-Turanian (Davis et al., 1965). The 165 

vegetation in Southwestern Anatolia, particularly in the 'Lake District,' has been cataloged using a flora guide (Pils, 

2006). Between 800 and 1200 m a.s.l., the vegetation is dominated by evergreen shrubs such as Quercus coccifera 

and Juniperus excelsa. Between 1200 and 1600 m a.s.l., the vegetation consists of evergreen shrubs and conifers 

dominated by Juniperus excelsa, J. oxycedrus, Pinus nigra, Cedrus libani, and Quercus infectoria. Above the tree-

line, at around 1600 m a.s.l., the landscape is characterized by alpine meadows, home to species such as Astragalus 170 

sp. and Acantholimon sp.   

 

 

3. Material and methods 

 175 

3.1 Coring and core conservation  

The core BS-87 series of Lake Burdur was taken in Pliocene alluvial and fluvial deposits located to 

southeast of the lake (Fig. 1). Drilling operations at BS-87 were carried out at 37°30'59.735''N, 30°7'59.768''E and 

elevation of 1064 m a.s.l. The core is 275 m long and is stored in the warehouse area of the Mineral Research and 

Exploration Directorate of Türkiye (MTA) in Ankara. Core sampling was undertaken in November 2019 at the 180 

warehouse site of MTA in Ankara. One sample was taken every meter when the sediment was compacted. 

 

3.2 Paleomagnetism and magnetic susceptibility 

The time span of the Lake Burdur alluvial and fluvial sedimentary succession, spanning over Pliocene 

and late Miocene, is primarily based on mammal paleontological constrains (zones MN11 to 17; Alçiçek et al., 185 

2013, 2019) as well as palaeomagnetic dating (Özkaptan et al., 2018). Palaeomagnetic analyses were conducted 

on the 370 m long BS-87 core. Stepwise alternating-field (AF) demagnetization up to 80 mT and thermal 

demagnetization up to 610°C of the Natural Remanent Magnetization (NRM) were performed on 109 and 49 cubic 

samples of 8 cm³, respectively. All remanent magnetizations were measured using a superconducting rock 

magnetometer (SRM760R, 2G Enterprises) with an in-line AF demagnetization system, whereas thermal 190 

demagnetizations were performed in a magnetically shielded oven (TD48-SC, ASC). As the core is not oriented 

in declination, the proposed geomagnetic polarity sequence was determined based on the inclination of the 

Characteristic Remanent Magnetizations (ChRM), i.e., the stable remanent magnetizations obtained after several 

steps of demagnetization. 

Magnetic susceptibility (MS) was measured on the same samples subjected to AF demagnetization of the 195 

NRM, which were homogeneously distributed along the 370 m long section BS-87. For MS measurements, an 

MFK1 Susceptibility Meter (AGICO) was used with a field of 200 A/m at a frequency of 976 Hz. 

 

3.3 Pollen and Non-Pollen Palynomorph (NPP) analyses 

A total of 53 samples from the BS-87 core of Lake Burdur were collected with an average resolution of 200 

5 m (ranging from 1.8 m to 15.7 m) for pollen analysis between 265 m and the top of the core. For each sample, 

15-20 g of sediment was processed following standard palynological procedure as described by Faegri et al. (1989), 

Moore et al. (1991) and Nakagawa et al. (1998). Samples were treated using hydrochloric acid (HCl 37%), sodium 

hydroxide (NaOH 10%), sodium hexametaphosphate ((NaPO3)6), dense liquor of sodium polytungstate (LST, 
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d=2), sieving (200 µm and 10 µm), acetolysis and hydrofluoric acid (HF 70%). Preparations were mounted on 205 

glass slides with glycerol-gelatine jelly. Microscopic analysis was undertaken using an Olympus BX53-P 

microscope at a standard magnification of 600x. Pollen and NPP taxa were identified using photo atlases (Beug, 

2004; Cugny et al., 2010; Lee et al., 2022; Reille, 1998; Van Geel, 2002). Pollen of Pinus sylvestris and Pinus 

mediterranean-type have been differentiated based on their size, with Pinus sylvestris being smaller (Reille, 1998). 

A minimum of 300 pollen grains of terrestrial taxa, excluding aquatic plants, mainly Cyperaceae and fern spores 210 

was counted by slide to obtain a representative assessment of pollen types (Lytle and Wahl, 2005). Measurements 

were performed on grass (Poaceae) pollen grains greater than 40 µm on diameters of grain (the longest axis), 

annulus and pores (Joly et al., 2007; Tweddle et al., 2005). Aquatic taxa, fern spores, and NPPs (algae and fungal 

spores) were counted alongside pollen.  

The pollen diagrams were constructed with the R package Rioja (Juggins, 2020). Terrestrial pollen taxa 215 

are expressed in percentages of total terrestrial pollen. Hygrophilous and aquatic pollen taxa are expressed in 

percentages of total pollen. Fern spores, algae and fungi are expressed in percentages of total terrestrial pollen and 

NPPs. The pollen diagrams were zoned from a cluster analysis (CONISS; Grimm, 1987) with the R package Rioja 

(Juggins, 2020). Principal component analysis (PCA) was also performed on pollen and NPP data with the R 

FactoMineR 2.4 package (Lê et al., 2008).  220 

 

3.4 Pollen-inferred climate reconstructions 

Traditionally, ‘Coexistence Approach’ methods have been preferred for periods prior to the Quaternary 

because these methods make it possible to quantify the climate of periods for which no pollen assemblage analogs 

exist in the modern pollen floras such as the Pliocene. Among these methods, the Climatic Amplitude Method 225 

(CAM, Fauquette et al., 1998a) appears the most accurate to reconstruct the climate conditions from the Neogene 

pollen samples (e.g. Fauquette et al., 1999, 2006; Jiménez-Moreno and Suc, 2007; Jiménez-Moreno et al., 2008). 

CAM has been applied to the Lake Burdur pollen assemblages together with other methods, more adapted to 

Quaternary time periods. Such a multi-method approach is possible because the environments in the Burdur Basin, 

dominated by steppe taxa, are similar to present-day Mediterranean vegetation in Eastern Mediterranean (Djamali 230 

et al., 2009; Robles et al., 2022). In this context, standard methods developed for more recent times (Holocene) 

can be applied for the Early-Late Pliocene transition pollen samples because in Southern Europe, as subtropical 

taxa disappeared, they were progressively replaced by sclerophyllous Mediterranean ecosystems (Suc, 1984; 

Combourieu-Nebout et al., 2015; Suc et al., 2018). A multi-method approach provides greater reliability than 

reconstructions based on a single climate reconstruction method (Brewer et al., 2008; Peyron et al., 2005, 2011, 235 

2013; Salonen et al., 2019).We have selected five methods: the Climatic Amplitude Method (CAM, Fauquette et 

al., 1998a, b), the Modern Analog Technique (MAT; Guiot, 1990), the Weighted Averaging Partial Least Squares 

regression (WA-PLS; ter Braak and van Dam, 1989; ter Braak and Juggins, 1993), the Random Forest (RF; Prasad 

et al., 2006) and the Boosted Regression Trees (Salonen et al., 2014). RF and BRT, based on machine learning, 

utilizes regression trees developed with ecological data, and has been used recently to reconstruct paleoclimatic 240 

changes in Northern Europe (Salonen et al., 2019, 2024) and Mediterranean Basin (Robles et al., 2023; d’Oliveira 

et al., 2023).  

All the methods require a calibration modern pollen dataset. For the MAT, WA-PLS, RF and BRT, we 

use part of the Eurasian/Mediterranean pollen dataset (n = 3373 sites) compiled by Peyron et al. (2013, 2017) and 

completed by Dugerdil et al. (2021a) and Robles et al. (2022, 2023). A geographical constraint has been applied 245 
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to select modern samples from Western Europe (11°W) to Turkmenistan (58°E) and from Central Europe (51°N) 

to North Africa (29°N). The modern pollen dataset finally selected for the calibration of these methods contains 

1776 samples. These samples have been taken in six different biomes including "Cool mixed forest" (COMX), 

"Cool steppe" (COST), "Temperate deciduous" (TEDE), "Warm mixed forest" (WAMX), "Warm steppe" 

(WAST), and "Xerophytic wood/shrub" (XERO). Performance of each method and calibration training was 250 

statistically tested (Dugerdil et al., 2021) to determine how modern samples are suitable for quantitative climate 

reconstructions (Root Mean Square Error or RMSE and the R2 are presented in the Supplementary Table S1). For 

the CAM, the dataset includes more than 8000 pollen records located in the Northern Hemisphere. The climatic 

estimate is obtained as a climatic range and a “most likely value”, which corresponds to a weighted mean, a 

statistical calculation tested on modern pollen data whose R² and RMSE values are given in Supplementary Table 255 

S1. 

Five climate parameters were reconstructed: mean annual air temperature (MAAT), mean temperature of 

the warmest month (MTWA), mean temperature of the coldest month (MTCO), mean annual precipitation 

(PANN), mean winter precipitation (Pwinter = December, January, and February) and mean summer precipitation 

(Psummer = June, July, August). The precipitation seasonality is not reconstructed with the Climatic Amplitude 260 

Method. For each climate parameter, the methods fitting with the higher R2 and the lower RMSE were selected. 

Cyperaceae and ferns in the Burdur record have been excluded because they are associated with local dynamics. 

In the CAM, Pinus and non-identified Pinaceae (due to poor preservation of the bisaccate pollen grains) have been 

excluded from the pollen sum of the fossil pollen spectra (Fauquette et al., 1998b, 1999). 

WA-PLS and MAT methods are applied with the R package Rioja (Juggins, 2020), RF is applied with 265 

the R package randomForest (Liaw and Wiener, 2002) and BRT with the R package dismo (Hijmans et al., 2021). 
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4. Results 270 

 

4.1 Age-depth model  

 

 
 275 
Figure 2: Magnetostratigraphic correlations of the Lake Burdur Pliocene lacustrine sediment in BS-87 core  (this study; 

left) compared to the previously published surface section of Burdur (Özkaptan et al. 2018) with the GPTS (Hilgen et 

al., 2012).  

 

Normal and reverse polarities were determined from inclination of the ChRM directions (Fig. 2). Due to 280 

different remaining overprints, the grey diamonds, showing intermediate inclinations, were only considered to 

support the black diamonds considered as reliable inclinations. The whole core below 60 meters depth is essentially 

reverse. We refrain from looking for short normal chrons, as suggested by the few normal samples in this extended 

reverse period, since sporadic orientation errors (e.g. upside down readings) or demagnetization issues cannot be 

ruled out. Above 60 meters, a clear normal chron can once again be identified. 285 

Compared to the predominantly normal magnetostratigraphy observed 20 km to the north of our studied 

core (Özkaptan et al., 2018; Fig.1), the most likely identification for our long reverse chron is C2Ar.  This suggests 

that our section lies below the northern section, with a minor overlap in C2An3n normal chron. This will be 

expanded on in the discussion. 
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4.2 Pollen and Non-Pollen Palynomorphs (NPPs) 
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 350 
Figure 3: Synthetic pollen diagrams from Burdur Basin (Türkiye) against core depth. A) Selected terrestrial pollen 

taxa, expressed as percentages of total terrestrial pollen. AP: Arboreal Pollen. PAZ: Pollen Assemblage Zones. B) 

Selected hygrophilous and aquatic pollen taxa and NPPs. Aquatic pollen taxa are expressed in percentages of total 

pollen. Fern spores, algae and fungi are expressed in percentages of total terrestrial pollen and NPPs. NPPAZ: Non-

Pollen Palynomorph Assemblage Zones. Black rectangles indicate levels with macroscopic charcoal or wood. Black 355 
stars indicate very organic levels with shells.   

 

Table 1:  Description of arboreal, herbaceous, hygrophilous pollen and Non-Pollen Palynomorphs (NPPs) of Burdur 

core (Türkiye) against depth and age. PAZ: Pollen Assemblage Zones. NPPAZ: Non-Pollen Palynomorph Assemblage 

Zones. AP: Arboreal Pollen.  360 
  

  
 Age 

(Ma) 

Depth 

(m) 
PAZ 

Total of 

AP % 

Herbaceous pollen types (HPT) 

Arboreal pollen types (APT) 
NPPAZ 

Hygrophilous pollen 

NPPs 

L
at

e 
P

li
o
ce

n
e 

<4.187 

17-4 7 21 

HPT: Poaceae (33%), 

Amaranthaceae (21%), Artemisia 

(8%) 

APT: Pinus mediterranean-type, P. 

sylvestris, Quercus pubescens-type, 

Cedrus 

4 

Semi-aquatic: Chrysophyceae (well-

developed vegetation) 

Green algae: Pediastrum (~45 m 

and ~10 m), Lemna (~65 m), low 

Botryococcus 

Fungal spores: Sordaria, 

Podospora, Coniochaeta 

  54-17 6 6 
HPT: Amaranthaceae (50%), 

Poaceae (21%), Artemisia (13%) 

E
ar

ly
 P

li
o

ce
n

e 

3.596  

80-54 5 17 

HPT: Poaceae (32%), 

Amaranthaceae (29%), Artemisia 

(17%) 

APT: Quercus pubescens-type, 

Pinus mediterranean-type, P. 

sylvestris, Juniperus, Abies, 

Zelkova, Fraxinus  

96-89 4 6 
HPT: Amaranthaceae (51%), 

Artemisia (19%), Poaceae (15%) 

3 

Green algae: Pediastrum, 

Botryococcus 

Semi-aquatic: Sparganium/Typha, 

Chrysophyceae 

Fungal peak: type HdV-200 at 100 

m 

 

127-96 3 22 

HPT: Amaranthaceae (25%), 

Poaceae (24%), Artemisia (13%) 

APT: Pinus mediterranean-type, 

Quercus pubescens-type, Cedrus 

 

2 

Golden algae: Chrysophyceae 

Semi-aquatic: Cyperaceae at start, 

Sparganium/Typha at end 

Green algae: Botryococcus 

decreases then increases 

Macroscopic charcoal or wood 

present 

 

182-127 2 17 

HPT: Amaranthaceae (46%), 

Poaceae (17%), Artemisia (13%) 

APT: Decline of Pinus 

mediterranean-type 

>3.33  

247-184  1 23 

HPT: Amaranthaceae (28%), 

Artemisia (23%), Poaceae (16%) 

APT: Maximum arboreal taxa 

(Pinus mediterranean-type, Quercus 

pubescens-type) 

1 

Green algae: Botryococcus 

Golden algae: Chrysophyceae 

Semi-aquatic: Cyperaceae, 

Sparganium/Typha 
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Terrestrial vegetation  365 

A total of 53 samples were analyzed from the sequence of the lacustrine succession of the Burdur Basin-

fill, among which seven samples were sterile; a total of 69 terrestrial pollen types were identified. Along the 

sequence, terrestrial pollen indicates an open ground vegetation dominated by steppic taxa, including 

Amaranthaceae (ca. 37%), Poaceae (ca. 22%), and Artemisia (ca. 16%). The pollen diagram (Fig. 3A) is divided 

into seven pollen assemblage zones (PAZ) according to the CONISS method (Table 1; Grimm, 1987). This method 370 

shows a major division in the pollen diagram at 100 cm, separating PAZ 1 to 3, which contain more arboreal pollen 

(ca. 20%), from PAZ 4 to 7, where the percentage of arboreal pollen is lower (ca. 13%) and can be explained by a 

significant decrease in Pinus and Quercus. The composition of steppic taxa varies over time, alternating between 

high percentages of Amaranthaceae (PAZ 1, 2, 4, 6) or Poaceae (PAZ 3, 5, 7). Dominance of Poaceae is 

accompanied by a rise in arboreal pollen taxa, particularly due to the increase in Quercus pubescens-type. 375 

PAZ 1 (247-184 m) records an open steppic vegetation dominated by Amaranthaceae (ca. 28%), Artemisia (ca. 

23%), and Poaceae (ca. 16%), with a relatively low percentage of trees (ca. 23%), including Pinus mediterranean-

type and Quercus pubescens-type. Rare pollen types (< 5%) include: Asteroideae, Caryophyllaceae, Cedrus, and 

Pinus sylvestris. 

PAZ 2 (184-127 m) shows a dominance of Amaranthaceae (ca. 46%), a decrease of Artemisia (ca. 13%), whereas 380 

Poaceae remain constant (ca. 17%). Arboreal pollen taxa also decrease slightly (17%), notably due to the decline 

of Pinus mediterranean-type. Rare pollen types include: Asteroideae, Cichorioideae, Cerealia-type, Pinus 

sylvestris, Ephedra distachya-type, Cedrus, and Abies. 

PAZ 3 (127-96 m) is marked by an increase of Poaceae (ca. 24%) and Artemisia (ca. 13%) and a decrease of 

Amaranthaceae (ca. 25%). Arboreal pollen taxa increase slightly again (ca. 22%) due to the rise of Pinus 385 

mediterranean-type and Cedrus. Rare pollen types include: Asteroideae, Cerealia-type, Apiaceae, Cichorioideae, 

Helianthemum, Pinus sylvestris, and Cedrus. 

PAZ 4 (96-80 m) is characterized by the net increase of Amaranthaceae (ca. 51%) and Artemisia (19%), while 

Poaceae (15%) and arboreal pollen (ca. 6%) decrease drastically. Rare pollen types include: Asteroideae, Pinus 

mediterranean-type, Quercus pubescens-type, and Helianthemum. 390 

PAZ 5 (80-54 m) is defined by an increase of Poaceae (ca. 32%) and arboreal pollen taxa (ca. 17%), the decrease 

of Amaranthaceae (ca. 29%), while Artemisia remains constant (ca. 17%). The arboreal pollen taxa diversify with 

the presence of Quercus pubescens-type, Pinus mediterranean-type, P. sylvestris, Juniperus, Abies, Zelkova, and 

Fraxinus. Rare herbaceous pollen types include Asteroideae and Brassicaceae. 

PAZ 6 (54-17 m) is marked, as with PAZ 4, by an increase of Amaranthaceae (ca. 50%) while Poaceae (ca. 21%), 395 

Artemisia (13%), and arboreal pollen (ca. 6%) decrease. Rare pollen types include: Asteroideae, Quercus 

pubescens-type, Pinus mediterranean-type, Cichorioideae, and Apiaceae. 

PAZ 7 (17-4 m) is characterized by an increase of Poaceae (ca. 33%) and arboreal pollen taxa (ca. 21%), whereas 

Amaranthaceae (ca. 21%) and Artemisia (ca. 8%) decrease. Arboreal pollen taxa include Pinus mediterranean-

type, P. sylvestris, Quercus pubescens-type, and Cedrus. Rare herbaceous pollen types include Asteroideae and 400 

Cerealia-type. 
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Hygrophilous vegetation, fungi and algae 

The NPPs and hygrophilous vegetation diagram is divided into four Non-Pollen Palynomorph assemblage 405 

zones (NPPAZ) according to the CONISS method (Fig. 3B, Table 1). 

NPPAZ 1 (247-184 m) is characterized by two major peaks of the green algae Botryococcus, the presence of the 

golden algae Chrysophyceae, and semi-aquatic vegetation composed of Cyperaceae and Sparganium/Typha. 

NPPAZ 2 (184-107 m) records an increase of Chrysophyceae and semi-aquatic vegetation with Cyperaceae and 

Sparganium/Typha, whereas Botryococcus decreases. This zone is also marked by a high percentage of Cyperaceae 410 

at the beginning and a high percentage of Sparganium/Typha at the end, accompanied by the presence of 

macroscopic charcoal or wood in the sediment. The transition to NPPAZ 3 is marked by a large peak of 

Botryococcus. 

NPPAZ 3 (107-80 m) is distinguished by a significant proportion of the green algae Pediastrum accompanied by 

Botryococcus, a rich semi-aquatic vegetation mainly composed of Sparganium/Typha, and the presence of 415 

Chrysophyceae. A peak of the fungi of type HdV-200 is recorded around 100 m. 

NPPAZ 4 (80-4 m) is mainly characterized by a large proportion of Chrysophyceae and well-developed semi-

aquatic vegetation. However, this zone is punctuated by two peaks of Pediastrum (45 m and 10 m) and a peak 

of Lemna (65 m). The proportion of Botryococcus is low, and some fungal spores are recorded (Sordaria, 

Podospora, Coniochaeta). 420 
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Principal component analysis  

 

 425 
 
Figure 4: Principal component analysis (PCA) on selected terrestrial pollen taxa from the lacustrine succession of the 

Burdur Basin-fill (Türkiye). Sample map was coloured according to the PAZ (presented in Fig. 3). 

 

Principal component analysis (PCA) was performed on selected terrestrial pollen taxa (Fig. 4) and the 430 

sample map was coloured according to the PAZ obtained with CONISS (Fig. 3A). The first two principal 

components (PCA 1 and PCA 2) explain 25% of the total variance (13.2% and 11.8% respectively).  

PCA 1 separates the pollen samples associated with open vegetation (Amaranthaceae, Artemisia, 

Asteroideae) or local vegetation (Fraxinus, Alnus, Ranunculaceae) from the samples with more developed arboreal 

or shrub vegetation (Quercus pubescens-type, Juniperus, Pinus, Cedrus, Ephedra distachya-type). The samples 435 

from PAZ 4, 5, 6 have negative values on the first axis and are associated with open vegetation, whereas the 

samples from PAZ 1, 3, and 7 have positive values and are associated with more developed trees and shrubs.  

PCA 2 separates the pollen samples mostly associated with steppic taxa (Amaranthaceae, Asteroideae, 

Cichorioideae, Ephedra distachya-type) from the samples associated with deciduous arboreal taxa (Quercus 

pubescens-type, Fraxinus, Alnus, Zelkova, Ulmus, Ostrya carpinifolia/Carpinus orientalis) and some herbaceous 440 

taxa (Poaceae, Ranunculaceae). The samples from PAZ 1, 2, and 4 have negative values on the second axis and 

are associated with steppic vegetation, whereas the samples from PAZ 5 have positive values and are associated 

with deciduous arboreal taxa. 

 

 445 
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Large pollen grains of Poaceae 450 

 

 

 

  

 455 
 

 

 

 

 460 
 

 

 

 

 465 
 

 

 

 

 470 
 

 

 

 

 475 
 

 

 

Figure 5: Measurements of diameter of pollen grains, annulus and pores of large pollen grains of Poaceae from the core 

BS-87 Burdur against core depth. The measurements are compared with the variation in the percentages of some of the 480 
more characteristic pollen taxa, i.e. Cerealia-type, Cedrus, Amaranthaceae and Poaceae. 

 

A total of 133 large pollen grains of Poaceae, with a diameter larger than 40 μm, have been identified and 

measured along the sequence (Fig. 5). The measurements conducted on these grains reveal a mean grain diameter 

of 45.8 ± 3.9 μm, a mean annulus diameter of 9.7 ± 2.1 μm, and a mean pore diameter of 4.5 ± 1.4 μm. Large 485 

Poaceae grains are more abundant at the end of PAZ 1 (200-185 m), at the end of PAZ 2, and during PAZ 3 (130-

100 m). The results show important variability within the same sample; however, no clear trend in size differences 

appears along the sequence. A large grain diameter is not necessarily associated with a large annulus or a large 

pore. 

 490 

4.3 Pollen-inferred climate reconstructions  

 

Results of the pollen-inferred climate reconstructions based on the five methods are shown on Figure 6. 

Statistical results for model performance (Supplementary Table S1) show the better R2 and RMSE values for the 

BRT method. MAT, BRT and WA-PLS methods appear to be sensitive methods, unlike the RF method. CAM 495 

also appears less sensitive. However, as described above, in the CAM, the estimates are given as a climatic range, 

with the “most likely value” corresponding to a weighted mean. The complete climatic interval for CAM is 

provided in Supplementary Table S2. 

The reconstructed mean annual air temperatures (MAAT) are close to modern values for WA-PLS (PAZ 

1–7), slightly warmer (PAZ 1–3) and then equivalent to modern values (PAZ 4–7) for CAM, colder for BRT and 500 
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RF (PAZ 1–7), and equivalent to modern values (PAZ 1–3) before becoming colder (PAZ 5–7) for MAT. 

Reconstructed mean temperature of the warmest month (MTWA) follows a similar pattern, except for MAT, which 

reconstructs warmer conditions compared to modern values, and BRT, which reconstructs equivalent values 

compared to modern conditions. Regarding the mean temperature of the coldest month (MTCO), all five methods 

show lower values than today, particularly the MAT, BRT, and RF approaches.  505 

Mean annual precipitation (PANN) is close to modern values according to CAM and RF methods but 

significantly lower than modern values with the other three methods, especially MAT. Winter and summer 

precipitation, which are not reconstructed by CAM, show higher values than today, particularly with the RF 

method. Overall, CAM indicates few climatic variations over time, in contrast to MAT, which shows greater 

variability. Moreover, the temperature patterns sometimes appear reversed between CAM and the other methods. 510 
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Figure 6: Lake Burdur pollen-inferred climate reconstruction based on five methods against depth: CAM (Climatic 

Amplitude Method), MAT (Modern Analogue Technique), WA-PLS (Weighted Averaging Partial Least Squares 515 
regression), BRT (Boosted Regression Trees) and RF (Random Forest). Large lines correspond to loess smoothed curves 

and shaded areas to the 95 % confidence interval. Black dashed lines correspond to modern climate values of Burdur. 

Grey dashed lines correspond to Pollen Assemblage Zones (Fig. 3A).  MAAT: mean annual air temperature. MTWA: 

mean temperature of the warmest month. MTCO: mean temperature of the coldest month. PANN: mean annual 

precipitation. Psummer: summer precipitation. Pwinter: winter precipitation.  520 

 

 

5. Discussion 

 

5.1 Age-depth model 525 

 

The proposed magnetostratigraphy put forward a single tie point, 3.60 Ma at 60 m depth, and brackets 

the top and bottom of the studied core at >3.33 and <4.19 Ma, entirely in the Pliocene with the Early-Late Pliocene 

transition at 60 m (Fig. 2). This would indicate a sedimentation rate higher than 51 cm/ka in the lower Pliocene 

section and higher than 22 cm/ka in the upper Pliocene section. Compared to the >18 cm/ka rate inferred 20 km to 530 

the north and more recently in the Burdur lake history by Özkaptan et al. (2018), the difference seems plausible 

based on geographic and temporal variations of sedimentation within Lake Burdur. Any other match of the 60-360 

m long reverse chron within the younger sequence interpreted by Özkaptan et al. (2018) would result in 

unrealistically high sedimentation rate (4-5 times larger). 

Our sampling interval of one meter (on average) corresponds to a time interval between samples in the 2-535 

4 ka range. Therefore, it is not feasible to detect cyclicities of approximately 20 ka in parameters such as magnetic 

susceptibility. 

 

5.2 Vegetation dynamics at Burdur and around the Mediterranean Basin during the Early-Late Pliocene transition 

 540 

Wetland dynamic of Lake Burdur  

During the Early Pliocene, Lake Burdur is primarily marked by two peaks of the planktonic colonial green 

algae Botryococcus, the presence of the planktonic golden-brown algae Chrysophyceae, and semi-aquatic 

vegetation (Cyperaceae and Sparganium/Typha) (Fig. 3B; NPPAZ 1). Botryococcus is commonly recorded in 

freshwater fens, temporary pools, ponds and lakes, but it can also be found in saline environments (Van Geel, 545 

2002). Botryococcus braunii, the most abundant species in the Burdur sequence, can tolerate salinities up to 8% 

(Matthiessen and Brenner, 1996). For example, B. braunii has been recorded in slightly saline lakes of Australia, 

but they bloom only after rainfall, which reduces the lake's salinity (Wake and Hillen, 1980). Botryococcus develop 

in various ecologies including oligotrophic, mesotrophic or eutrophic conditions (Komárek and Marvan, 1992; 

Jankovská and Komárek, 2000). The dominance of Botryococcus and the absence or very sporadic occurrence of 550 

other green algae can also indicate relatively extreme environments, often characterized by very cold, clear, 

oligotrophic, and eventually dystrophic conditions (Jankovská and Komárek, 2000). Chrysophyceae are 

principally found in humic, neutral slightly acidic lakes and ponds characterized by oligotrophic conditions and 

less frequently by meso-eutrophic conditions (Kristiansen and Škaloud, 2017; Smol, 1988; Tolotti et al., 2003). In 

the Burdur record, the poorly development of semi-aquatic vegetation, the presence of the algae Botryococcus and 555 

Chrysophyceae and the absence of other green algae suggest oligotrophic conditions. In NPPAZ 2 (Fig. 3B), the 

sequence is characterized by a slight increase in Chrysophyceae and semi-aquatic vegetation with Cyperaceae and 
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Sparganium/Typha, whereas Botryococcus decreases. The limited development of semi-aquatic vegetation and the 

presence of Chrysophyceae algae suggest oligotrophic or mesotrophic conditions.   

The end of the Early Pliocene and the beginning of the Late Pliocene is characterized by the alternance 560 

between different trophic conditions (Fig. 3B; NPPAZ 3 and 4). Three periods (110-80 m, 55-30 m, 10 m) are 

marked by the presence of the green algae Pediastrum accompanied by Botryococcus, semi-aquatic vegetation 

(Cyperaceae, Sparganium/Typha) and the presence of Chrysophyceae algae. The planktonic colonial green algae 

Pediastrum is recorded in freshwater fens, temporary pools, ponds and lakes, however it can also live in saline 

environments (Komárek and Jankovská, 2001; Van Geel, 2002). Pediatrum boryanum, the most abundant species 565 

in the Burdur sequence, tolerates salinities up to 8% (Matthiessen and Brenner, 1996). Pediastrum is particularly 

common in hard-water eutrophic lakes (Van Geel, 2002). The association between semi-aquatic vegetation, green 

algae (Botryococcus and Pediastrum) and Chrysophyceae suggest mesotrophic or eutrophic conditions. On the 

contrary, two periods (80-55 m, 30-15 m) are characterized by a large dominance of Chrysophyceae, the 

presence of semi-aquatic vegetation (Cyperaceae, Sparganium/Typha) and a peak of Lemna at 65 m.  Lemna is a 570 

free-floating aquatic plant, and the increase in plant biomass, such as Lemna, over a short time contributes to lake 

eutrophication (Gostyńska et al., 2022). The association between Chrysophyceae algae and semi-aquatic and 

aquatic vegetation suggests mesotrophic conditions at between 80 and 55 m and oligotrophic or mesotrophic 

conditions between 30 and 15 m.  

 575 

Steppe vegetation in Southwestern Anatolia  

The Early Pliocene is dominated by steppe taxa, including Artemisia, Amaranthaceae and Poaceae, and 

an arboreal signal with Quercus pubescens-type and Pinus mediterranean-type (Fig. 3A; PAZ 1). The percentage 

of Artemisia is particularly important at the beginning of the sequence of Burdur. Artemisia is a well-documented 

taxon in semi-desert steppe environments (Robles et al., 2022; Zhao et al., 2022). When the pollen percentage of 580 

Artemisia is higher than 30%, the Artemisia cover in the local vegetation is at least greater than 5% (Zhao et al., 

2022). Today, steppe vegetation dominated by Artemisia is primarily recorded in Syria (El-Moslimany, 1990), 

Jordan (Davies and Fall, 2001), Iran (Djamali et al., 2009), China (e.g. Zhao and Herzschuh, 2009; Xu et al., 2009; 

Li et al., 2011; Zhang et al., 2018; Zhao et al., 2022) and Mongolia (Ma et al., 2008). The arboreal pollen taxa are 

mainly Quercus pubescens-type and Pinus mediterranean-type, representing 6% and 12%, respectively, of the 585 

Burdur signal. These arboreal taxa are high pollen producers and are adapted for wind dispersal (Connor et al., 

2004), they can be transported over long distances, even in the presence of significant topographic barriers 

(Ramezani, 2013; Robles et al., 2022). Moreover, in such large sedimentation basins, pollen grains of Pinaceae 

are generally transported by rivers and may be dispersed from higher elevations (Suc et al., 2018). Quercus 

pubescens pollen could represent up to 15%, even if no trees were present in the catchment (Robles et al., 2022). 590 

In the Burdur record, the pollen signal of Quercus pubescens-type and Pinus mediterranean-type can be interpreted 

as a regional signal. At the end of the period Cedrus, along with large Poaceae pollen grains, is recorded. Cedrus 

is observed in a wide variety of environment, from semi-arid to humid areas, but it is particularly adapted to cool 

to cold climatic conditions (Magri and Parra, 2002; Quézel and Médail, 2003; Jiménez-Moreno et al., 2020; Xiao 

et al., 2022). This taxon has good wind dispersal and is currently found at mid to high elevations (~1500-2500 595 

m.a.s.l.) in the Mediterranean mountains of North Africa (Rif and Atlas Mountains) and in the Middle East 

(Türkiye, Syria, Lebanon) (Quézel and Médail, 2003). We suggest that Cedrus represents a regional signal 

originating from the mountains of Southwestern Anatolia.  
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In PAZ 2 (Fig. 3A) the vegetation is also characterized by steppe taxa, including Amaranthaceae, 

Artemisia, Poaceae and Ephedra distachya-type, while the arboreal taxa remain stable. The percentage of 600 

Amaranthaceae in the Burdur sequence is particularly high, reaching up to 46%. Amaranthaceae is common in 

semi-arid regions, representing 30% to 80% of the pollen signal (Connor et al., 2004; Robles et al., 2022). Today, 

desert or steppe-desert vegetation, dominated by Amaranthaceae, is primarily recorded in Iraq (El-Moslimany, 

1990), Saudi Arabia (El-Moslimany, 1990), Armenia (Robles et al., 2022), China (e.g. Xu et al., 2009; Zhao and 

Herzschuh, 2009; Wei et al., 2011; Zheng et al., 2014; Wei and Zhao, 2016) and Mongolia (Ma et al., 2008; Zheng 605 

et al., 2014). Ephedra is a shrub characteristic of arid and semi-arid desert (Herzschuh et al., 2004; Zheng et al., 

2014). Ephedra distachya-type is more particularly associated with semi-desert conditions, mainly in mountainous 

environments (Herzschuh et al., 2004; Zhao and Herzschuh, 2009). The dominance of Amaranthaceae and the 

presence of Ephedra distachya-type suggest drier conditions than for the previous period during the Early Pliocene. 

As previously mentioned, the pollen signals of Quercus pubescens-type and Pinus mediterranean-type can be 610 

interpreted as a regional indicators in the Burdur region.  

In PAZ 3 (Fig. 3A) the steppe vegetation is dominated by Poaceae, Amaranthaceae, Artemisia, is recorded 

and the arboreal pollen taxa increase slightly due to a rise in Pinus mediterranean-type and Cedrus. During this 

period, pollen of Poaceae and Amaranthaceae dominate the pollen signal with similar percentages. In general, 

Poaceae is under-represented in pollen assemblages and often constitutes about a quarter of the vegetation in 615 

steppes of Central Asia (Ge et al., 2017). However, in the Caucasus, several studies have indicated that Poaceae 

pollen is strongly associated with the vegetation (Connor et al., 2004; Robles et al., 2022). Conversely, 

Amaranthaceae pollen is over-represented due to wind transport dispersal, long-distance transport capacity and 

high pollen production (Li et al., 2005; Zheng et al., 2008). The steppe vegetation around Lake Burdur was 

probably dominated by Poaceae. Today, steppe vegetation dominated by Poaceae is recorded in Georgia (Connor 620 

et al., 2004), Armenia (Robles et al., 2022), Iran (Djamali et al., 2009) and China (Zhao et al., 2009). This 

vegetation type is often present at high elevations, as in Armenia, where Poaceae pollen can dominate the signal 

from 1900 m and represents around 30% of the pollen record (Robles et al., 2022). As previously, the pollen signal 

of Quercus pubescens-type, Pinus mediterranean-type and Cedrus can be interpreted as a regional signal, with 

Cedrus originating from mountainous environments. The increase in Poaceae and arboreal pollen taxa suggests 625 

wetter conditions. 

During the next period, steppe vegetation includes Amaranthaceae, Artemisia and Poaceae, while arboreal 

pollen decreases drastically (Fig. 3A; PAZ 4). The pollen signal is largely dominated by Amaranthaceae, with the 

percentage exceeding 50%. The dominance of Amaranthaceae and the decline in arboreal pollen taxa can be 

attributed to drier conditions than previously. 630 

The last period of the Early Pliocene is also characterized by steppe vegetation including Poaceae, 

Amaranthaceae, Artemisia, (Fig. 3A; PAZ 5). The arboreal pollen taxa increase significantly with the presence of 

deciduous (Quercus pubescens-type, Zelkova, Fraxinus) and coniferous (Pinus mediterranean-type, P. sylvestris, 

Juniperus, Abies) trees. The increase of Poaceae and arboreal pollen taxa can suggest more humid conditions. 

The Late Pliocene (Piacenzian Stage) is primarily characterized by steppe vegetation including 635 

Amaranthaceae, Poaceae, Artemisia, whereas arboreal pollen taxa decrease significantly (Fig. 3A; PAZ 6). The 

dominance of Amaranthaceae, with a percentage exceeding 50%, and the decline in arboreal pollen taxa can be 

attributed to drier conditions during the Late Pliocene, similar to the end of the Early Pliocene (PAZ 4). 
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Finally, the last period is characterized by steppe vegetation with Poaceae, Amaranthaceae and Artemisia 

and (Fig. 3A; PAZ 7). Arboreal pollen taxa increase again and include Pinus mediterranean-type, P. sylvestris, 640 

Quercus pubescens-type, and Cedrus. The percentage of pollen of Poaceae, exceeding 30%, suggests a steppe 

vegetation dominated by Poaceae. Furthermore, the dominance of Poaceae and the increase in arboreal pollen taxa 

suggests more humid conditions. 

In summary, the recorded vegetation of Southwestern Anatolia predominantly shows steppe vegetation 

during the Early-Late Pliocene transition, a similar vegetation pattern has been found for the Pleistocene at Lake 645 

Acıgöl, although Pinus is more present at certain times (Andrieu-Ponel et al., 2021). 

 

Vegetation changes around the Mediterranean Basin  

 

 650 
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 670 
Figure 7: Vegetation reconstructions around the Mediterranean Basin for the Early-Late Pliocene transition for 

selected paleoenvironmental studies: 1) Rio Maior F16 (Diniz, 1984), 2) Andalucía G1 (Suc et al., 1995), 3) Nador (Feddi 

et al., 2011), 4) Tarragona E2 (Bessais and Cravatte, 1988), 5) Garraf 1 (Suc and Cravatte, 1982), 6) Autan 1 (Cravatte 

and Suc, 1981), 7) Ticleni 1 (Jiménez-Moreno et al., 2007), 8) Nestos 2 (Jiménez-Moreno et al., 2007), 9) DSDP site 380 

(Popescu, 2006), 10) Ericek (Jiménez-Moreno et al., 2015) and 11) Burdur (this study) presented in percentages. The 675 
description of ecological classification of pollen taxa is presented in Supplementary Table S3. 

 

The pollen records available to document the Early-Late Pliocene transition are mainly located in the 

Western Mediterranean Basin (Fig. 7; e.g. Jiménez-Moreno et al., 2010; Suc et al., 2018) or in the Balkans 

(Jiménez-Moreno et al., 2007) whereas in the central Mediterranean, continuous records covering this time period 680 

are lacking (Combourieu-Nebout et al., 2015). In the Eastern Mediterranean, only the pollen records from the 

Black Sea (DSDP Site 180; Popescu, 2006) and in southwestern Tükyie (Jiménez-Moreno et al., 2015) cover this 

time period.   

During the final part of the Early Pliocene (Zanclean period, 4–3.6 Ma), a contrasting pattern is recorded 

around the Mediterranean Basin, with southern records (Andalucía, Nador, Tarragona, Burdur) characterized by 685 

open vegetation and northern records (Autan, Garraf, Nestos, Ticleni, DSDP Site 380) characterized by deciduous 
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forests (Cravatte and Suc, 1981; Suc and Cravatte, 1982; Bessais and Cravatte, 1988; Suc et al., 1995; Jiménez-

Moreno et al., 2007; Popescu et al., 2010; Feddi et al., 2011). However, the latitudinal limit differs depending on 

the longitudinal location and the pollen assemblages can be site-dependent according to the geographical context 

(e.g. Tarragona and Garraf). Specifically, on the Atlantic side of the Iberian Peninsula, the site of Rio Maior (Diniz, 690 

1984) is characterized by the dominance of mega-mesothermic trees and Ericaceae. This site stands out from other 

records due to the high representation of Ericaceae, a characteristic element of the current vegetation of the Atlantic 

coast. In the south of the Iberian Peninsula, the sites of Andalucía (Suc et al., 1995) and Nador (Feddi et al., 2011) 

include a large proportion of herbaceous taxa and Pinus. Early Pliocene vegetation records are close to modern 

open sub desertic environments in the Southwestern Mediterranean (Suc et al., 1995). In Northwestern Spain, the 695 

site of Tarragona (Bessais and Cravatte, 1988) also records a large proportion of herbaceous pollen taxa and Pinus. 

Conversely, the site of Garraf (Suc and Cravatte, 1982) in Northwestern Spain and the site of Autan (Cravatte and 

Suc, 1981) in the South of France are characterized by mega-mesothermic trees. In the Balkans, the sites of Nestos 

and Ticleni show a large proportion of mesothermic trees and the presence of megathermic taxa (Jiménez-Moreno 

et al., 2007 and references therein). In the eastern part of the Mediterranean Basin, the record from the Black Sea 700 

(DSDP Site 380) shows a high proportion of abundant mega-mesothermic and mesothermic elements, including 

Cupressaceae and Cathaya (Popescu et al., 2010). The Pliocene period corresponds to extensive forest 

environments on the Black Sea coastal plains. In contrast, the Burdur site in Southwestern Türkiye reveals steppe 

vegetation dominated by Amaranthaceae, Artemisia and Poaceae. Our record is distinctive due to the very low 

presence of arboreal taxa and the absence of relict taxa. Several studies suggested the presence of Artemisia steppes 705 

in Anatolia during this period (Popescu, 2006; Suc et al., 2018). However, at Burdur, the steppe was dominated 

either by Artemisia, Amaranthaceae, or Poaceae, depending on the period. In Central Asia, on the Tibetan Plateau, 

semi-desert and desert environments are well represented, with vegetation including Amaranthaceae, Artemisia, 

Poaceae and Cyperaceae (Koutsodendris et al., 2019; Schwarz et al., 2023).  

At the transition between the Early and Late Pliocene (Piacenzian period, 3.6–3.4 Ma), strong vegetation 710 

changes are recorded around the Mediterranean Basin, including an increase in deciduous trees (Fig. 7). However, 

a contrasting pattern is identified between the western regions (Rio Maior, Andalucía, Nador, Tarragona, Garraf) 

dominated by Pinus, and the eastern regions (DSDP Site 180, Ericek, Burdur) characterized by open vegetation 

(Cravatte and Suc, 1981; Suc and Cravatte, 1982; Bessais and Cravatte, 1988; Diniz, 1984; Suc et al., 1995; 

Popescu et al., 2010; Feddi et al., 2011; Jiménez-Moreno et al., 2015). In the Western Mediterranean region, the 715 

sites of Rio Maior, Garraf and Autan record a significant decrease in mega-mesothermic elements, accompanied 

by a marked increase of Pinus (Suc and Cravatte, 1982; Cravatte and Suc, 1981; Diniz, 1984). In the south of 

Spain (Andalucía), and Northern Morocco (Nador) herbaceous taxa are still abundant, but the open formations are 

marked by the development of Artemisia and Ephedra steppes. Pinus increases significantly at Nador, while high 

altitude trees such as Cedrus, Tsuga or Cathaya appear alongside Mediterranean xerophytes (Olea, Quercus type 720 

ilex-coccifera) in Andalucía (Suc et al., 1995; Feddi et al., 2011). In the Eastern Mediterranean region, arboreal 

pollen taxa decline in the record, notably in the Black Sea (DSDP Site 380; Popescu, 2006) with a less abrupt 

decrease in Southwestern Anatolia (Burdur, this study). In contrast, herbaceous taxa dominated the pollen records. 

Open vegetation with Poaceae is also recorded at the Ericek site in Southwestern Anatolia, where the percentage 

of relict taxa is very low (Jiménez-Moreno et al., 2015). In Burdur, steppe vegetation is also observed, with 725 

dominance of either Poaceae or Amaranthaceae; however, no relict taxa were recorded. In Central Asia, desert and 
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semi-desert vegetation is dominated by Amaranthaceae, Artemisia, Poaceae, Cyperaceae, and Ephedraceae 

(Koutsodendris et al., 2019; Schwarz et al., 2023). Since the Late Pliocene, Central Asia has recorded an increase 

of Amaranthaceae and an alternation between desert vegetation, dominated by Amaranthaceae, and steppe 

vegetation, dominated by Artemisia with increasing Poaceae (Schwarz et al., 2023). A similar alternation is 730 

observed in Burdur, with dominance shifting between Amaranthaceae and Poaceae. This difference, with 

Artemisia dominance in Central Asia and Poaceae dominance in Southwestern Anatolia, is likely related to 

variations in precipitation between the two regions. 

 

5.3 Climate changes around the Mediterranean Basin during the Early-Late Pliocene transition 735 

 

Climate changes in Southwestern Anatolia  

Pollen-inferred climate changes using a multi-method approach have, for the first time, been 

reconstructed for a period before the Quaternary. CAM is typically used for the Neogene period, when no pollen 

assemblage analogs exist in modern pollen floras (Fauquette et al., 1998a, b). However, the Burdur vegetation, 740 

characterized by steppe vegetation and the absence of relict taxa (Fig. 3A), allows for testing other methods 

commonly used to reconstruct the climate of more recent time periods (MAT, WA-PLS, etc.). Climate 

reconstructions of Burdur show similar trends across the different methods used here, except for CAM, particularly 

during the Late Pliocene (Fig. 6). The reconstructed climatic interval for CAM may be broader (Supplementary 

Table S2) as it is often the case in open-vegetation environments (Fauquette et al., 1999). The absence of relict 745 

taxa and the wide climatic range of taxa like Poaceae prevent full constraint of the climate reconstruction 

amplitude. The RF method appears to overestimate reconstructed seasonal precipitation values compared to other 

methods (Fig. 6). This is likely due to the relative contribution of taxa with the highest percentages, which are low-

pollen taxa with limited ecological importance in the study area (Salonen et al., 2019). The most effective methods, 

with the highest R2 and lowest RMSE values for all climatic parameters, are the BRT and MAT methods 750 

(Supplementary Table S1). For MAT, spatial autocorrelation is low (Moran’s I<0.19, p-value<0.01). For BRT, the 

“boosting” process enhances model performance, making it particularly effective for microfossil datasets (Salonen 

et al., 2019; Chevalier et al., 2020). Based on the statistical performance of the methods and to allow comparisons 

with previous pollen-inferred climate reconstructions in the Mediterranean region (Fauquette et al., 2007), climate 

reconstructions based on MAT, BRT, and CAM are used for the discussion section. 755 

Mediterranean climate conditions, with hot, dry summers and cool, wet winters are reconstructed from 

the Burdur pollen assemblages (Fig. 6). Climate reconstructions primarily indicate a climatic optimum in terms of 

precipitation and temperature recorded by the different methods (PAZ 1 and 2). This period is characterized by 

the highest percentages of arboreal pollen taxa in the Burdur records and oligotrophic to mesotrophic conditions 

in the lake (Fig. 3). Subsequently, climate reconstructions show an alternation between cool, wet conditions (PAZ 760 

3, 5, and 7) and warm, dry conditions (PAZ 4 and 6), particularly with the MAT. However, the climatic oscillations 

reconstructed with the MAT appear very large for this time period.  Several studies (Suc, 1984; Suc et al., 2018), 

suggest that the Mediterranean Basin experienced the establishment of a Mediterranean climate during the 

Pliocene, characterized by a seasonal rhythm with summer droughts and cool, wet winters. At Burdur, 

Mediterranean climate conditions are also evident during the Pliocene. 765 
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Climate changes around the Mediterranean Basin  

Around the Mediterranean Basin, other pollen-inferred climate reconstructions have been conducted for 

the western region using CAM (Fauquette et al., 1999, 2007; Jiménez-Moreno et al., 2010; Feddi et al., 2011). 770 

During the final part of the Early Pliocene (Zanclean period, 4–3.6 Ma), pollen-inferred climate reconstructions 

for the Western Mediterranean (Rio Maior, Andalucía, Nador, Tarragona, and Garraf) indicated warmer than 

present conditions (Fauquette et al., 1999, 2007) similar to the results for Burdur using CAM. However, this trend 

is not reflected by the other methods (Fig. 6). Sea surface temperature (SST) reconstructions based on alkenones 

from the island of Cyprus also reveal higher values compared to modern conditions (Athanasiou et al., 2017). 775 

Although a  cooling event is detected at ~3.91 Ma, corresponding to the global MIS Gi16 (Athanasiou et al., 2017). 

Temperature reconstructions from the Teruel site in Spain, based on lacustrine δ18Oc (Ezquerro et al., 2022) and 

from sites in Cyprus and Italy, based on planktonic δ18O (Colleoni et al., 2012 and references therein) also indicate 

warm conditions. The climate around the Mediterranean Sea was primarily influenced by the 23 kyr precession 

cycle and an intensification of African monsoonal activity (Colleoni et al., 2012; Athanasiou et al., 2017). 780 

Precipitation close to modern values has been reconstructed for Andalucía and Nador, while more humid 

conditions are recorded for Tarragona and Garraf (Fauquette et al., 1999, 2007). In the Eastern Mediterranean, 

pollen-inferred climate reconstructions of Burdur show precipitation similar to modern conditions (Fig.7). As for 

vegetation, and as previously highlighted by Fauquette et al. (2007) and Jiménez-Moreno (2010), pollen-inferred 

reconstructions reveal a north-south precipitation pattern, with wetter conditions in the Northern Mediterranean 785 

compared to the south. However, the number of sites is limited, and additional precipitation reconstructions are 

needed for the Eastern Mediterranean. 

During the Late Pliocene (Piacenzian period, 3.6–3.4 Ma), warmer than present conditions have been 

reconstructed for the Western Mediterranean (Rio Maior, Andalucía, Nador, Tarragona, and Garraf) by Fauquette 

et al. (1999, 2007), similar to the results for Burdur with CAM, whereas lower values are recorded with other 790 

methods (Fig. 6). SSTs based on alkenones show warmer conditions (4°C higher than modern values) in the 

islands of Cyprus (Athanasiou et al., 2017) and Italy (Herbert et al., 2015; Plancq et al., 2015). However, the site 

from Cyprus shows a decrease in temperature compared to the Early Pliocene (Athanasiou et al., 2017). The SST 

reconstruction reveals the presence of two cooling events at 3.58 Ma and 3.34–3.31 Ma, corresponding to MIS 

MG12 and MIS M2 (Plancq et al., 2015; Athanasiou et al., 2017). The temperature reconstruction for the Teruel 795 

site in Spain, based on lacustrine δ18Oc, shows a significant decrease in values from 3.6 to 3 Ma (Ezquerro et al., 

2022).  In the islands of Cyprus and in Italy, δ18O planktonic records indicate a temperature decrease during the 

Late Pliocene (Colleoni et al., 2012 and references therein). Climate changes in the Mediterranean Sea during the 

Late Pliocene  were dominated by cycles of the 23 kyr precession, accompanied by an intensification of African 

monsoonal activity (Herbert et al., 2015; Athanasiou et al., 2017). Obliquity-related rhythms significantly 800 

influenced SST after 2.8 Ma and dominated the signal after 2.51 Ma (Herbert et al., 2015). In terms of precipitation, 

a general increase is recorded in the Western Mediterranean for the sites of Rio Maior, Nador, and Garraf. 

However, some sites, including Andalucía and Tarragona, show little change, with conditions close to modern 

values. In the Eastern Mediterranean, the site of Burdur shows values close to modern levels, except for PANN 

reconstructed by MAT, which indicates lower values than today (Fig. 6). Precipitation estimates for the Teruel site 805 

in Spain, based on lacustrine δ18Oc, suggest more humid conditions, particularly between 3.6 and 3 Ma (Ezquerro 

et al., 2022). For the sites on the islands of Cyprus and in Italy, δ18O planktonic records show a more progressive 
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decrease in precipitation during the Late Pliocene (Colleoni et al., 2012 and references therein). In Central Asia, 

dry conditions are suggested from 3.8 Ma, likely linked to a weakening of the East Asian Monsoon (Schwarz et 

al., 2023). The Late Pliocene appears to be marked by more humid conditions in the Western Mediterranean, 810 

whereas Tükyie and Central Asia show more arid conditions. A weak AMOC is identified in Europe from 3.8 to 

3 Ma, leading to cooler and wetter conditions primarily in the Northwestern Mediterranean (Karas et al., 2017; 

Ezquerro et al., 2022).  

Moreover, the simulations of GCMs performed as part of the the 2nd Pliocene Model Intercomparison 

Project (PlioMIP2), spanning from 3.264 to 3.025 Ma, indicate warmer conditions compared to pre-industrial 815 

values around the Mediterranean Basin (Haywood et al., 2020). In terms of precipitation, a latitudinally contrasted 

pattern is reconstructed, with wetter conditions in Northern Europe and drier conditions in the south (Fig. 8). More 

specifically, Spain, Greece, and Türkyie exhibit conditions similar to today or slightly more arid (Haywood et al., 

2020; Feng et al., 2022). Climate reconstructions based on data show similar conditions in Southern Spain and 

Western Türkiye as in the model. However, in Western and Northern Spain, Southern France, and Italy, wetter 820 

conditions are recorded by the data. In the Eastern Mediterranean, the data indicate wetter conditions except in 

Western Türkiye and the western and eastern coasts of the Black Sea. 

 

 
 825 
Figure 8: Model-Data comparison from 3.264 to 3.025 Ma. Precipitation anomalies and comparison between PlioMIP2 

and selected data around the Mediterranean Basin: 1) Rio Maior F16 (Fauquette et al., 1999), 2) Andalucía G1 

(Fauquette et al., 1999), 3) Nador (Fauquette et al., 1999), 4) Villarroya (Muñoz et al., 2002; Anadón et al., 2008) (Munoz 

et al., 2002; Anadon et al., 2008), 5) Habibas 1 (Fauquette et al., 1999), 6) Tarragona E2 (Fauquette et al., 1999), 7) 

Garraf (Fauquette et al., 2007), 8) Puimoisson (Blavoux et al., 1999), 9) St Isidore (Fauquette et al., 2007), 10) ODP 653 830 
(Bertoldi et al., 1989), 11) Tiberino Basin (Basilici, 1997), 12) Dacian Basin (Van Baak et al., 2015), 13) Burdur (this 

study), 14) Ihlara-Selime  (Gürel and Yıldız, 2007), 15) Ashalim Cave (Vaks et al., 2013), 16) Hula Basin (Horowitz, 

1989), 17) Kerch Peninsula (Salzmann et al., 2008), 18) Colchis (Shatilova, 1986), 19) Azerbaijan (Salzmann et al., 2008). 

Data originating from Feng et al., 2022. 

 835 

 
5.4 Characterization of large Poaceae pollen grains and comparison with other pollen records 

 

The large pollen grains of Poaceae are recorded in the Burdur record, but the percentages are lower than 

at Acıgöl (Andrieu-Ponel et al., 2021), not exceeding 3.5% (Fig. 5) while at Acıgöl the percentages reach 7%. The 840 
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morphological characteristics of large Poaceae grains from Burdur are similar to those of domesticated cereals in 

recent periods. However, a clear distinction between pollen of domesticated and wild Poaceae from Burdur is not 

possible based solely on morphological characteristics. Modern pollen identification keys establish the boundary 

between wild and domesticated Poaceae pollen based on the following measurements: pollen grain diameter 

between 37 μm and 47 μm, annulus diameter between 8 μm and 11 μm, and pore diameter between 3 μm and 4 845 

μm (Andersen, 1979; Beug, 2004; Tweddle et al., 2005; Joly et al., 2007). The measurements taken from large 

Poaceae pollen grains at Burdur exceed these limits, even when considering two criteria, as suggested by Andersen 

(1979) and Joly et al. (2007). The difficulty in distinguishing between wild and domesticated Poaceae pollen is 

further compounded by the presence of the genus Lygeum in some Mediterranean Pliocene records (Bessais and 

Cravatte, 1988). Lygeum spartum is characteristic of semi-arid Mediterranean areas, and its pollen is noted for its 850 

elongated shape, large grain diameter (~80 μm), and prominent annulus (Reille, 1998). However, Lygeum pollen 

has not been identified in the Burdur sequence, and no large Poaceae pollen grains displayed an elongated shape 

resembling that of Lygeum. 

High percentages of large pollen grains of Poaceae) are positively correlated with Cedrus and negatively 

correlated with Amaranthaceae (Fig. 5; Supplementary Figure S2). Cedrus is particularly adapted to cool to cold 855 

climatic conditions (Magri and Parra, 2002; Quézel and Médail, 2003; Jiménez-Moreno et al., 2020; Xiao et al., 

2022), while Amaranthaceae is commonly found in desert environments (e.g. Zheng et al., 2014; Robles et al., 

2022). Andrieu-Ponel et al. (2021) proposed several hypotheses to explain the presence of proto-cereal pollen, 

including the impact of large herbivore herds on steppe ecosystems (Spengler et al., 2021; Malhi et al., 2022) and 

the emergence of polyploidy in some Poaceae species under drought conditions (Manzaneda et al., 2012). In 860 

contrast to the results obtained at Acıgöl, Burdur shows a low proportion of coprophilous spores, and the vegetation 

does not suggest drought conditions during periods when large Poaceae pollen are more abundant (Figs. 3, 6). 

However, these two sites do not cover the same time period and are associated with different environmental and 

climatic contexts. Additionally, a study focusing on the size of large Poaceae pollen grains is needed to better 

understand the relationship between their size and climate changes. 865 

 

6. Conclusion 

 

Based on the new Burdur pollen sequence, this study provides valuable insights into the environmental 

changes (vegetation and climate) during the Early–Late Pliocene transition in the Eastern Mediterranean, a poorly 870 

documented time period and region. The Burdur core records an open vegetation alternating between steppe 

grasslands with deciduous Quercus and steppes dominated by Amaranthaceae. The lacustrine ecosystem was 

characterized by semi-aquatic vegetation and freshwater algae, exhibiting alternating oligotrophic and eutrophic 

conditions. While large Poaceae pollen grains are recorded, their percentages are relatively low compared to those 

from Lake Acıgöl, which covers a more recent period. Additionally, the morphological measurements do not allow 875 

for differentiation between wild and domesticated Poaceae. Climate reconstructions indicate a climatic optimum 

of precipitation and temperature before the Early–Late Pliocene transition, followed by an alternation between 

relatively cool, wet conditions and warm, dry conditions after the Early–Late Pliocene transition. However, the 

amplitude of the reconstructed oscillations appears to be too large for this time period. 
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A contrasting pattern characterizes the Early Pliocene around the Mediterranean basin, with southern 880 

records showing open vegetation and northern or central records dominated by deciduous forests. Climate 

reconstructions based on various proxies indicate warmer conditions compared to modern values, with a noticeable 

north-south gradient, where the Northern Mediterranean experienced wetter conditions than the south. In the Late 

Pliocene, an increase in deciduous trees is recorded, and a contrasting pattern emerges between the western regions, 

dominated by Pinus, and the eastern regions, characterized by open vegetation. The Late Pliocene appears colder, 885 

marked by more humid conditions in the Western Mediterranean, while Türkyie and Central Asia experienced 

more arid conditions. A weak AMOC is identified in Europe from 3.8 to 3 Ma, leading to cooler and wetter 

conditions primarily in the Northwestern Mediterranean. 
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