Supplementary material
The role of fire in the Medieval and Early Modern landscape of Bad Waldsee within the broader context of the pre-Alpine forelands of SW Germany

Sara Saeidi Ghavi Andam*, Elena Marinova, Lucia Wick, Kristin Haas, Claudia Lemmes, Manfred Rösch, Thomas Schiedek, Kim Krahn, Oliver Nelle, Sigrid Hirbodian, Peter Rückert, Antije Schwalb, Matthias Hinderer
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Study site
Stadtsee (588 m a.s.l.) is a small (14 ha) eutrophic and dimictic lake with a catchment area of 11,975 ha. The lake is fed by precipitation and the Urbach creek from the southeast; and is connected to the adjacent lake of Schlosssee on the west side through the Steinach channel. The lake is enclosed by Bad Waldsee urban structures, and the main landcover of the catchment is grassland (30%), and the rest is covered by woodlands, arable lands, and settlements (25, 25, and 20% respectively) (www.seenprogramm.de, Accessed Oct. 2022). According to the Baden-Württemberg State Institute for the Environment (LUBW), the potential vegetation of the area is deciduous mixed forests dominated by Fagus sp. in more elevated areas and Fraxinus-Alnus swamp woodlands and degraded bogs in the lowlands (Bohn et al. 2003).
[bookmark: _lnxbz9]History of Bad Waldsee
First mentioned in historical documents as the settlement walahse in 926, Waldsee was elevated to a town in 1298. In the late Middle Ages, the town experienced an economic boom due to textile production and grain trade (Irsigler 2019; Kießling 2019). The Thirty Years' War (1618-1648) represented a period of great upheaval for urban development. In particular, the arrival of Swedish troops in 1632 brought looting, food shortages, economic and financial burdens due to the quartering of soldiers and the payment of tribute. Written records indicate a decline in population during the war period. According to the economic-historical research carried out so far, it can be assumed that crafts flourished in Waldsee after the Thirty Years' War.
From 1386/1402 to 1680 the town was pledged to the Truchsesses of Waldburg by the Archdukes of Austria. As a result, the relationship between the citizens of Waldsee and their town lords was at times very tense (Buck 1993; SABW No. 255). After the end of the Holy Roman Empire, Waldsee was incorporated into the Kingdom of Württemberg.
[bookmark: _35nkun2]Past vegetation and land use history 
Initial lake coring, included 11 sediment cores (BWS) along a depth transect, were carried out in the past decades by Dr. Josef Merkt (former State Office for Soil Research of Lower Saxony) and further sediment profiles (WAS A, WAS B) were obtained in 2006-2010 by the Baden-Württemberg State Office for Cultural Heritage. Palynological evidence from the Stadtsee sediments archives were used to reconstruct the past vegetation and land use history of the Bad Waldsee area from late Neolithic to modern times (Fischer et al. 2010; Wick et al. 2022, also in Fig S3). Two pronounced phases of intensive Iron Age land use were observed in Bad Waldsee (800-650 B.C. and 400-300 B.C.) (Fischer et al. 2010). During these phases, non-arboreal pollen (NAP) values prominently increased, accompanied by a strong decline in beech forest pollen types and growth in cereal and other crops (hemp and flax). The deforestation phase is also accompanied by elevating microscopic charcoal values, suggesting an increase in regional fire activities (Fischer et al. 2010). Towards the end of Roman rule, during the Migration period (ca. 370-580 AD), beech forest experienced a recovery phase due to a significant decrease in land use. Anthropogenic pressure continued to the extent that the catchment was largely deforested during the High Medieval period (11th century onwards). Simultaneously, high values of microscopic charcoal particles deposited in the lake suggest again an increased role of regional fire in the landscape. Grasslands and pastures expanded, and cereal farming gained importance. Wheat, rye, flax and to some extent, hemp were the main crops grown in the region.
Sedimentology and Chronostratigraphy (age-depth Model)
The Lake Stadtsee sediment record from which the studied macro-charcoals originate is seasonally laminated in so-called varves. These varves are deposited at anoxic conditions in the bottom of the lake, the condition which were amplified in the Middle Ages due to intensive land use in the catchment and wastewater discharges directly from the city. The resulting eutrophication further increased the lack of oxygen that led to a good preservation of the varves. The floating chronology of the sediment core is based on varve counting methods in addition to 14C radiocarbon dating of terrestrial macrofossil remains, which were used as anchor points for the varve chronology (Table S1 and Fig. S1). Moreover, the 210Pb and 137Cs radionuclide measurements using a high-purity Germanium Detector (Canberra BEGe 5030, Gamma spectrometer) (Appleby 2008) were applied for dating the near-the-surface sediments obtained from the short core. 
Charcoal analysis 
According to the average sedimentation rate, the sequence was continuously subsampled at each cm by two cm3 for macro-charcoals (>150 µm) from 50 to 330 cm depth. Samples were disaggregated and bleached, followed by wet sieving (Nylon fabric extra fine 150 µm) (Carter et al. 2018; Stevenson and Haberle 2005). Because of the high content of organic material and unbleached insect fragments in the sediment, the sieved material was sorted manually. Thereafter, charcoal count and area were measured by means of digital microscope (Keyence VX 700) and built-in software. For fire history reconstructions, macro-charcoal counts and area measurements were transformed to charcoal number and charcoal-area accumulation rates (denoted as CHAR#: number cm-2 yr-1 and CHARA: µm2 cm-2 yr-1, respectively) (Carter et al. 2018; Finsinger et al. 2016; Higuera et al. 2009, 2010). To infer local fire episodes and peak detection, the CharAnalysis tool 0.9 (Higuera 2009), was utilized in two different runs for CHAR# and CHARA following Finsinger et al. (2014). A signal-to-noise index (SNI >3) considered as the cutoff value for appropriate records in peak detection (Kelly et al. 2011). In order to omit the sampling effects (e.g., breakage) on charcoal number, fire peaks inferred from macro-charcoal count (CHAR#), were screened with the minimum count peak-screening test using ARCO (v1.0) R package (Finsinger et al. 2014; Gavin et al. 2006; Higuera et al. 2010). Finally, to reduce the possible influence of the different sedimentation rates on peak detection, the change point analysis was performed using R package cpt-AR (Finsinger et al. 2016). To obtain information about the fire fuel type, the macro-charcoal particles of each sample were identified morphologically (types were defined according to the modern vegetation and modified types from Courtney Mustaphi and Pasiric 2014; Enache and Cumming 2009. The charcoal morphotypes were classified in four main groups of wood and rotting wood, grasses, monocot, and dicot leaves (Fig S1). To infer the extra local burning events recorded in Stadtsee sediment, the micro-charcoal particles (>10 μm in diameter) were counted on pollen slides and the counts were transformed to influx rates (particles cm -3 yr-1). The variation of micro-charcoal influx (micro-CHAR) reflects fire activity trends within up to a 100 km radius of a site (mainly ~50 km from the coring site). While the macroscopic charcoal peaks can represent the local fires (within a 3 km radius) (Carter et al. 2018). In addition, macro CHARback (low-frequency charcoal) records are related to long-term variations in regional fire activity and biomass burning (Conedera et al. 2009; Kelly et al. 2011). To visualize past regional fire patterns, the Paleofire R package (Blarquez et al. 2014) was used to extract charcoal data from the Global Charcoal Database (GCD) (Power et al. 2010). Then, a smoothed composite charcoal series was built using the available data in the northern alpine forelands (SW Germany and N Switzerland). Finally, the available micro-charcoal data of the extra seven sites in southwest Germany studied by the archaeobotany laboratory of the Baden-Württemberg State Office for Cultural Heritage (LAD) was used to increase the resolution of the regional fire activities. For this purpose, after a cross-correlation test, the interpolated micro charcoal influx records went through a two-sample Kolmogorov-Smirnov Test (Hawthorne and Mitchell 2018) to analyse the similarity of charcoal distributions to one another, not only in mean but also in variance. These analyses were carried out in R (ver. 4.2.3).
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Fig. S1 Examples of charcoal morphotypes: a partially decomposed wood, b monocot leaves, c grass, d deciduous leaves
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Fig. S2 a Bad Waldsee wind rose and wind speed values, b The direction of the inflow (Urbach) and draining streams (Steinbach) of Stadtsee (blue arrows)
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Fig. S3 Summarized pollen diagram of WAS record (Stadtsee), adopted from Wick et al (2022)

Table S1 Radiocarbon ages and varve counts used to develop the age-depth model. Ages used as anchor points for varve counting are marked in bold font. Failed attempts are marked by italic letters and incorrect dates with asterisks

	Core section
	Master core depth (cm)
	14 C Radiocarbon Dating
	Varve counting
Age cal BP

	
	
	Material
	Lab. code
	14 C age yr BP
	Age cal AD/BC [%95]
	

	WAS 3B
	61
	Charcoal, twig, deciduous leaf fragments 
	54399 
	330 ± 30
	1490-1639
	

	WAS 3B
	67
	Centaurea sp.
	55703
	-
	-
	

	WAS 3B
	75
	Poaceae leaf and glume fragments
	52845
	-
	-
	

	WAS 3B
	89
	Asteraceae cf. Centaurea, flower perianth fragments 
	52846
	-
	-
	

	WAS 3B
	97
	Charcoal fragments
	52847
	-
	-
	

	WAS 3A
	129
	bark fragments, Juncus effusus fruit, charred fragments, grass epidermis
	54400
	-
	-
	

	WAS 3B
	159
	Poaceae stem and leaf fragments 
	55702   
	-
	-
	

	WAS 3B
	193
	Chaff fragments
	52848
	734± 36*
	1224-1379 *
	

	WAS 4A
	225
	deciduous leaf fragments
	54401 
	444 ± 21
	1437-1455
	

	WAS 4B
	227
	
	
	
	
	452 ± 21

	WAS 4B
	231
	
	
	
	
	465 ± 21

	WAS 4B
	235
	
	
	
	
	477 ± 21

	WAS 4B
	240
	
	
	
	
	489 ± 21

	WAS 4B
	245
	
	
	
	
	502 ± 21

	WAS 4B
	249
	
	
	
	
	512 ± 21

	WAS 3B
	255
	Twig fragment
	52849 
	522 ± 21
	1399-1437
	

	WAS 4A
	265
	deciduous leaf fragments
	54402 
	764 ± 21
	1233-1279
	

	WAS 3B
	285
	Bidens sp. achene fragment 
	52850
	-
	-
	

	WAS 3B
	303
	Linum usitatissimum capsule fragments
	55702
	-
	-
	

	WAS 4A
	313
	twig with bark fragments 
	54403
	9387 ± 32*
	8750-8561 *
	

	WAS A-b
	340
	deciduous leaf fragments, Glyceria sp. seed
	54404 
	1634 ± 45
	262-548
	




Table S2 Statistical similarities and correlations among micro charcoal influx records of the sites studied by LAD in southwest Germany. A) Cross-correlation values: -1: negative correlation, 0: no correlation, 1: positive correlation. Darkening shades of blue represent the increase in positive and negative correlation in the correlation matrix. B) K-S Statistics from the Kolmogorov-Smirnov Test on K-S Statistics are reported to demonstrate better the magnitude of the observed discrepancies among the sites: 1: maximum difference, 0: maximum similarity. Darkening shades of green represent the increase in difference

	A) Cross-Correlation

	Upper Swabia & Allgäu
	Lake Constance area
	South Black Forest
	Kraichgau

	
	Stadtsee
	Größer Ursee
	Zellersee
	Böhringersee
	Buchensee
	Titisee
	Schluchsee
	Alkistensee

	Upper Swabia & Allgäu
	Stadtsee
	1.00
	 
	 
	 
	 
	 
	 
	 

	
	Größer Ursee
	-0.22
	1.00
	 
	 
	 
	 
	 
	 

	
	Zellersee
	-0.29
	0.18
	1.00
	 
	 
	 
	 
	 

	Lake Constance area
	Böhringersee
	-0.10
	0.10
	-0.02
	1.00
	 
	 
	 
	 

	
	Buchensee
	0.46
	-0.13
	-0.13
	0.05
	1.00
	 
	 
	 

	South Black Forest
	Titisee
	-0.12
	0.35
	0.01
	-0.16
	-0.18
	1.00
	 
	 

	
	Schluchsee
	0.27
	-0.29
	-0.17
	-0.05
	0.38
	-0.19
	1.00
	 

	Kraichgau
	Alkistensee
	-0.25
	0.19
	0.13
	0.56
	-0.07
	-0.25
	-0.15
	1.00



	 
B) K-S Statistics
 
	Upper Swabia & Allgäu
	Lake Constance area
	South Black Forest
	Kraichgau

	
	Stadtsee
	Größer Ursee
	Zellersee
	Böhringersee
	Buchensee
	Titisee
	Schluchsee
	Alkistensee

	Upper Swabia & Allgäu
	Stadtsee
	0.00
	1.00
	0.99
	1.00
	0.96
	0.79
	1.00
	0.93

	
	Größer Ursee
	 
	0.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	
	Zellersee
	 
	 
	0.00
	0.50
	0.53
	0.79
	0.28
	0.56

	Lake Constance area
	Böhringersee
	 
	 
	 
	0.00
	0.77
	0.92
	0.69
	0.79

	
	Buchensee
	 
	 
	 
	 
	0.00
	0.53
	0.38
	0.08

	South Black Forest
	Titisee
	 
	 
	 
	 
	 
	0.00
	0.78
	0.51

	
	Schluchsee
	 
	 
	 
	 
	 
	 
	0.00
	0.44

	Kraichgau
	Alkistensee
	 
	 
	 
	 
	 
	 
	 
	0.00
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