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Abstract

Ridge and furrow cultivation is the most widely used agricultural technique in

medieval and postmedieval Europe, but the fertilization of soils during their use is

not yet fully understood. Pedological analyses of this cultivation technique

provided information, which led to the assumption that some of the investigated

sites in Northern and Central Germany were manured with livestock excrements

during cultivation. The objective of this study is to determine whether and how the

soils have been fertilized and which materials were applied for this purpose. We

investigated soils at five sites using phosphate and steroid analyses (stanols and

bile acids), black carbon analyses, and a micromorphology study. The results

showed that livestock waste was likely used as fertilizer at four of the five studied

sites at low intensities, with pigs and herbivores being the probable sources of the

excrement. But also the application of human feces to the soil might be possible at

least at one site. Often used agricultural methods such as plaggen cultivation and

an intentional charcoal input to enhance soil fertility could not be clearly verified

for our study sites.
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1 | INTRODUCTION

Nutrients are an important prerequisite for plant growth and subsequent

successful harvests (Hartshorn et al., 2006; McCauley et al., 2011;

Shrivastav et al., 2020). To ensure the supply of nutrient elements like

phosphorus, potassium, and nitrogen, the application of feces to the soil

has been regarded as an effective tool since prehistory. For instance, in

Roman times, several authors described methods of fecal‐based

fertilization practices (Cato, 2nd c. BC (Cato & Froesch, 2009), Columella,

1st c. AD (Columella, 2014), Plinius Secundus, 1st c. AD (Plinius, 2013),

Varro 1st c. BC (Varro & Owen, 1800)). Some studies detected that even

much earlier—in Neolithic times—livestock manure was used to increase

crop yields (Bakels, 1997; Bogaard, 2012; Bogaard et al., 2013;

Fokkens, 1982; Guttmann‐Bond et al., 2016). In medieval times

(European classification 500–1500 AD) and the early Modern Period

(from 1500 onwards), cleverly devised agricultural techniques were

testified and discussed in numerous historical traditions as described as

early as the Carolingian period (e.g., Capitulare de villis vel curtis imperii, 8th

c. AD; Schneider, 1968), in the high and late Medieval Period (e.g., de

Crescentiis, 1471; Ermisch & Wuttke, 1910; Magnus, 13th c. AD) and in

the Modern Period (e.g., Beckmann, 1770; Coler, 1645; Germershausen,

1783; Heresbach, 1603; Thumbshirn, 1616; Tull, 1731).

Manuring using livestock waste and also partly plaggen appears

to be one of the most essential factors for intensifying crop
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production according to these medieval and postmedieval descrip-

tions (Enders, 2016; Giani et al., 2014; Jones, 2012; Käubler, 1972;

Linke, 1976; van Mourik et al., 2016; Niemeier, 1961). For plaggen

cultivation, organically enriched soil sods were cut and “used for

animal bedding in stables or together with farmyard manure for

composting, and applied to the fields” (Blume & Leinweber, 2004).

While manuring with plaggen is proven to have been a common

agricultural technique in Northern Germany it is not entirely

understood what cultivation techniques were actually implemented

in other parts of Germany.

An investigation of the so‐called ridge and furrow (RIFU) cultivation

helped to bring light to the manuring practices, as this agricultural

technique in Germany was likely used from the early Middle Ages into

the Modern Period (Langewitz et al., 2020). The RIFU technique was

widespread in Europe and occurred, for example, in Scandinavia,

Switzerland, France, Greece, and Great Britain (Catsadorakis et al., 2021;

Ewald, 1969; Hutter, 2020; Kerridge, 1951; Mead, 1954; Upex, 2004;

Vejbæk, 1984, 2005; Widgren, 1997). Similar field types with ridges can

be found in South and North America (McKey et al., 2010; Parsons &

Bowen, 1966; Smith et al., 1968).

The RIFU systems in Central and Northern Germany that we

investigated in our study are easy to identify due to their characteristic

ridges with heights up to 1.2m, widths up to 18m, and lengths up to

300m and more. The emergence of the ridges, framed by furrows, was

predominantly associated with plowing activities in which the mold-

board plow turned the topsoil material toward the field strip center,

where a significant amount of material was accumulated, causing a ridge

to develop gradually over time. But also other implements like shovels

could be used to form the RIFUs by removing the soil from the furrows

(Fowler, 2002; Langewitz et al., 2021; Woithe, 2003). The typical shape

of the RIFUs entailed some positive effects for cultivation: The ridges

created space for plant roots, protected them against waterlogging

conditions in deeper soil, and the defined areas could even indicate

ownership structures (Alcántara et al., 2017; Bernatz, 1875;

Chomel, 1750; Coler, 1645; Kerridge, 1951; Linke, 1979).

In a previous study that investigated the pedological properties

of RIFU sites, elevated soil phosphorus (“Olsen P”) contents and

significant δ15N values were detected, which are indicators for

manuring (Langewitz et al., 2021). For that reason, this study aimed at

identifying if fertilizer was intentionally added to the RIFU cultivated

fields, and if yes, which kind of manure was applied. We assessed the

possible input of livestock waste, plaggen, or charcoal that may have

improved the soils and therefore ensured and increased the harvest

yields.

We selected five of the previously studied sites to identify

possibly used techniques for soil improvement. To scrutinize the

manuring with farm waste like livestock dung, we carried out a

photometric determination of phosphorus (P). Even if P shows a

greater resistance and is more immobile than C and N (Holliday &

Gartner, 2007), it is not considered to be the most suitable indicator

for manuring activities in the past. Next to “the depletion of added

phosphorus by growing of crops [−], losses of soluble forms by

leaching” (Evershed et al., 1997) also pose a problem. Therefore,

analyses of stanols and bile acids were performed additionally (Bull

et al., 2005). Stanols are formed in the intestinal tracts and

transformed in the mammalian gut and under environmental

conditions. Bile acids are formed in the liver and intestine (Bull

et al., 2002). Their detection enhances the knowledge of fecal input

in general and makes it possible to identify and distinguish feces from

different animal species. Livestock of individual farmers was listed in

inventory registers, which reveals a high degree of diversity among

the species, but it remains to be clarified whether all species

were used for manure production (Abel, 1967; Benecke, 1994;

Bock, 2014).

Another tool to improve the soil is the application of charred

organic matter, which was formed in fireplaces, hereinafter called

black carbon (BC). BC added to the soil enhances the water holding

capacity and increases nutrient retention (Wiedner et al., 2015).

However, it is unclear if charred matter such as charcoal has been

intentionally applied; for instance, in conjunction with dung to

exploit the positive effects it has on the soil, or if it was deposited as

a component of organic waste from the settlements. A supplemen-

tary micromorphological study supported the results from soil

chemical analyses and found additional indicators for human impact

on the soils by identifying materials, such as charcoals or manure

residues.

2 | METHODS

2.1 | Study sites

The studied sites (Figure 1) are located in forest areas of the Northern

Altmark (acronyms with A‐) and the western and eastern foreland of

the Harz Mountains (Leine Uplands and Harzgeröder Zone, acronyms

with HA‐). The sites were selected in different regions to be able to

study the manuring activities of RIFU systems in different environ-

mental settings.

During the Elster and Saale glaciations, the Altmark region was

affected by glacial processes. Boulder clay and till originate from these

periods, while aeolian dust and glacio‐fluvial deposits were accumulated

as part of periglacial processes during the Weichselian glaciation, when

the Fennoscandian ice sheet did not reach the region. During the

Holocene, aeolian sands were widely deposited (Bachmann et al., 2008;

Rothe, 2019; Wagenbreth & Steiner, 1990). These parent materials

formed the basis for the formation of Luvisols, (stagnic and dystric)

Cambisols, and Podzols (Heunisch et al., 2017; Kainz, 1999; Kainz &

Fleischer, 2006; Schröder et al., 1995). The south‐western Harz foreland

is part of the Central German block–faulted area (Hagedorn &

Rother, 1992; Wagner, 2011). Sandstones and limestones were super-

imposed by aeolian dust, which led to the formation of Luvisols and

Cambisols (Adler, 2000; NIBIS®, 2014). The eastern foothills of the Harz

Mountains are characterized by sedimentary and basaltic rocks (Müller

et al., 2012; Wagenbreth & Steiner, 1990). Also here, loess was

deposited as thin layers and shallow soils like Cambisols and Luvisols

developed (Kainz & Fleischer, 2006).
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Soil types and vegetation of the study sites are mentioned in

Table 1. At our study sites, low pH‐values and total organic carbon

(TOC) contents were measured (Table S3). For more details about

the pedological properties of the studied sites, we refer to Langewitz

et al. (2021).

The RIFUs of our sites showed straight‐lined shapes with good

conservation status. The ridges are up to 0.88m high and 9–17m

wide. A dating approach to the fields enabled a chronological

classification of single fields (Table 1). Our researched RIFU fields

were dated from the Early Middle Ages to the Modern period whereby

continuous use is not necessarily assumed (Langewitz et al., 2020).

2.2 | Fieldwork and sampling

An excavated cross‐section was used to document the soil horizons

of the RIFU systems (see Figure 2 and Table 2) according to the FAO

(2006) and the soil color according to the Munsell Color Firm (2010).

For each horizon, the bulk density was determined after weighing and

drying in the laboratory (Table 2). An Apb horizon could be identified

at all study sites. This horizon had a brown/gray coloration of

different intensities and it is assumed that this horizon was tilled in

the past. It is superimposed by recent humic topsoil with partly

eluvial characteristics (Ah(E) horizon). The ridges (RIs) were sampled

in 10 cm increments to obtain bulk samples. Undisturbed samples for

micromorphological investigations were taken at the study site Klötze

and at the site Buckow (Goldberg & Macphail, 2003; Goldberg

et al., 2009). Since the Buckow site is not otherwise included in this

study, the soil information is provided in Table S1.

In the previous study, it was observed that the furrow areas

within the RIFU systems were mostly not part of the agricultural

activities. At Thiershausen, the furrows of RIFU systems located on a

slope were even heavily eroded. Therefore, the present study

focused on the ridges of the sites.

For each study site, a reference site (Ref) that was not impacted

by RIFU cultivation was selected in the same forest area. The

reference soil profiles were sampled in the same way as those from

the ridges to obtain comparable results. However, agricultural use or

other human impacts in the past cannot be completely excluded from

the reference sites.

2.3 | Laboratory work

2.3.1 | Phosphorus

Soil phosphorus measurements were based on the method described by

Murphy and Riley (1962). A total of 50ml of 0.5M H2SO4 was added to

unignited and ignited soil samples (ignition for 1 h at 550°C), respectively.

After shaking (16 h) and centrifugation, the decanted clear samples were

treated with a few drops of p‐nitrophenol and 5M NaOH until the color

changed to yellow (Kuo, 1996). After the addition of a color reagent

(2.5M H2SO4, ammonium molybdate, potassium antimontartrate, 0.1M

ascorbic acid), the sample was shaken intensively and measured with a

photometer (Hach Lange, DR 5000 UV/VIS). According to Kuo (1996)

the ignited soil represents total phosphorus; inorganic phosphorus can be

determined from the unignited soil, while organic phosphorus is the

calculated difference from both measured fractions.

2.3.2 | Stanols and bile acids

Analysis of fecal stanols and bile acids was carried out according to Birk

et al. (2012). Briefly, the total lipid extract was obtained by soxhlet

F IGURE 1 The map shows the
investigated sites in Germany, as described in
Langewitz et al. (2021). The sites marked by
red or blue squares were selected for this
study to examine indications for soil fertility
improvement: Rathsleben (A‐RAT), Klötze
(A‐KLÖ), Peckensen (A‐PECK), Thiershausen
(HA‐THI), and Baurod (HA‐BAU).
Micromorphological studies were only
conducted on the study site Klötze (blue
square). [Color figure can be viewed at
wileyonlinelibrary.com]
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extraction of 10 g of soil with DCM (dichloromethane) and MeOH (2:1)

for 36 h. After extraction, the first internal standard was added (100 μg

of α‐pregnanol for neutral lipid fraction and 100 μg of isodeoxycholic

acid for acid–lipid fraction). Dried extracts were saponified at room

temperature (for 14 h) according to Grimalt et al. (1990). Neutral and

acidic fractions were separated by sequential liquid–liquid extraction.

The acid–lipid fraction was methylated before both fractions were

further cleaned up with solid‐phase extraction and eluted (Birk

et al., 2012; Isobe et al., 2002). Before the measurement, 25μl of a

second internal standard (α‐cholestane) was added to samples and

external standards. Derivatization was conducted with silylation

reagents to quantify all substances by gas chromatography–mass

spectrometry (Shimadzu GCMS‐QP 2010).

2.3.3 | Black carbon

BC content was determined using the benzene polycarboxylic acid

(BPCA) marker method according to Brodowski et al. (2005) and

Glaser et al. (1998). The soil samples were first treated with

trifluoroacetic acid to remove polyvalent cations and digested with

HNO3 (at 170°C for 8 h). To remove the remaining polyvalent cations,

a cation exchange resin was used after adding the first internal

standard (phthalic acid). Then the eluates were freeze‐dried and aT
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can be viewed at wileyonlinelibrary.com]
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second internal standard (2,2ʹ‐biphenyldicarboxylic acid) was added.

After freeze‐drying, the samples were derivatized with silylation

reagents. The derivatized oxidation products were analyzed on a gas

chromatograph equipped with a flame ionization detector (Shimadzu

GC‐2010). The sum of individual BPCAs was converted to BC

content by multiplication with 2.27 (conversion factor as suggested

by Glaser et al., 1998).

2.3.4 | Micromorphology

The intact sample blocks (Figure 3) were dried at 40°C until they had

reached a constant weight. The dried soil blocks were impregnated

with polyester resin (1000ml Oldopal P 80‐21, 1.5ml cyclohexanone

peroxide as catalyst, 0.75ml cobalt octate). After polymerization, the

samples were prepared for sectioning according to Beckmann (1997).

The thin sections were scanned and investigated with a polarization

microscope (Zeiss Axioskop 40 coupled with a Zeiss AxioCam

MRc). They were analyzed and described using standard micro-

morphological nomenclature (Bullock et al., 1985; Stoops, 2003).

3 | RESULTS

3.1 | Soil phosphorus

Contents of organic P (Porg), inorganic P (Pinorg), and total P (Ptot) were

determined for all ridge and reference profiles (Figure 4). The soil

profile of the ridge in A‐RAT contained a remarkably high amount of

Pinorg (about 500mg kg−1). In contrast, the contents of Porg are only

elevated in 20–30 cm depth. The Ptot contents are about five times

higher in the ridge profile when compared to the reference. A

considerable increase was detected in the buried topsoil (Ahb‐horizon)

at 50–60 cm depth where the Pinorg contents reached more than

1000mg kg−1. In the A‐PECK ridge profile, the contents of Porg and

Pinorg were between 250 and 500mg kg−1, with a slight increase in the

lower part of the profile. Contrastingly, Porg and Pinorg in the reference

profile never reached 250mg kg−1, except for the depth of 10–20 cm

(Pinorg: 693mg kg−1). In A‐KLÖ, all P values were <500mg kg−1. In the

ridge profile, the Porg contents appeared to be higher (20–30 cm:

226mg kg−1) than the Pinorg contents (20–30 cm: 142mg kg−1). How-

ever, the ridge profile revealed much higher P contents than the

reference in which the P contents were considerably lower

(0–84mg kg−1, except for 0–10 cm). In HA‐THI, amounts of P in the

ridge profile nearly equaled the P amounts in the reference. The values

of Porg and Pinorg were generally low (<250mg kg−1) but increased with

depth from 45 cm downwards and Porg contents were highest in

0–10 cm (ridge: 519mg kg−1, reference: 409mg kg−1). Also, the ridge

and reference profiles of HA‐BAU had similar tendencies. However, in

both profiles, the Porg contents were high—mainly in the upper part of

the ridge profile (>1000mg kg−1). In the lower part, especially Porg

strongly increased again. No values are available from deeper soil depths

at the reference site because of its shallow depth above the stony

parent material.

3.2 | Fecal biomarker

3.2.1 | Stanols

Based on the determined stanols concentration, the following ratios

were calculated: typical stanol ratios indicating herbivore feces (ratio

I; Prost et al., 2017) and typical stanols ratios indicating human feces

(ratio II; Bull et al., 1999) (Figure 5a). The stanol ratios were

developed to describe the probabilities of fecal input into the studied

soils. In the case of ratios lower than 0.3, a fecal input should be

excluded. For ratios between 0.3 and 0.7, a fecal input can neither be

reliably confirmed nor excluded. Ratios with values higher than 0.7

confirmed a fecal input (Prost et al., 2017). It should be noted that

both stanol ratios detect the fecal input of omnivorous as well as

herbivorous species—even if they are used to identify stanols of only

one group of species.

Our results showed that according to the values for typical

herbivore stanols (ratio I), an input of feces could be excluded in most

F IGURE 3 Sampling positions for micromorphological investigation in Klötze (A‐KLÖ) and Buckow are highlighted by the red rectangles. At
the site Klötze (left), an undisturbed sample was taken from the Apb horizon, which is assumed to be the tilled horizon and from the Aph/Apb
horizon, a buried soil surface impacted by the anthropogenic soil tillage. At the study site Buckow (right), the two Apb horizons were sampled,
respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 Phosphate contents of the
ridge profiles (left) and of the reference
profiles (right). The contents of Pinorg

(red squares), Porg (green rhombi), and Ptot

(blue circles) are plotted according to sampling
depth. [Color figure can be viewed at
wileyonlinelibrary.com]
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sites. Contrastingly, the reference sample of HA‐BAU in 10–20 cm

and the HA‐BAU ridge sample in 20–30 cm showed higher values

lying in the range where input is possible. Also, in A‐RAT and

A‐PECK, the values were higher than 0.3 and hence a fecal input was

possible, except for the reference sample of A‐PECK in 10–20 cm.

The ratios that considered the input of typical human stanols

(ratio II) revealed that for none of the analyzed samples should a fecal

input be excluded, as all values were higher than 0.3. Most of the

samples taken at a depth of 10–20 cm even exhibited elevated values

higher than 0.7, confirming a fecal input in the reference profiles of

A‐PECK, A‐KLÖ, HA‐THI, and HA‐BAU and in the ridge profiles of

A‐RAT and A‐KLÖ. The other samples of this depth consequently

showed values between 0.3 and 0.7. At a depth of 20–30 cm, all

samples revealed values between 0.3 and 0.7, indicating a possible

fecal input. The only exception was the reference profile of HA‐THI

where the ratio confirmed an input with values higher than 0.7.

The additional stanol ratio III that is shown in Figure 5b was

calculated according to Leeming et al. (1997) to determine the source

of the fecal input. The stanol ratio was developed to differentiate

herbivores (<29%), pigs (29%–65%), and human feces (>65%).

However, it should be noted that an assignment to animal species is

only possible in combination with the bile acids (see Section 4.3).

Furthermore, the analyzed samples contain a mixture of feces from

different animals, which could lead to an alteration of the ratio. As

shown in Figure 5, the ratios were variable for all soil profiles; however,

none of the profiles indicated an input solely of herbivore feces. High

ratios reflecting an input of human feces were measured in all profiles

of the Harz region except for the ridge in HA‐THI (20–30 cm). The

Altmark profiles A‐RAT, A‐PECK, and A‐KLÖ revealed ratios between

29% and 65% (pig feces) except for the reference profiles of A‐RAT in

both depths and the reference profile of A‐PECK in 10–20 cm, which

reflected again an input of human feces.

3.2.2 | Bile acids

The specific bile acids are steroid markers, which help to determine the

origin of the fecal input due to their occurrence in vertebrate feces.

To compare the measured bile acid compositions, isolithocholic acid,

lithocholic acid (LCA), deoxycholic acid (DCA), chenodeoxycholic acid

F IGURE 5 Measured stanol ratios for detection and identification of fecal input in ridge and furrow soils. [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 6 The bile acids isolithocholic acid (ILCA), lithocholic acid (LCA), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA),
hyodeoxycholic acid (HDCA), and ursodeoxycholic acid (UDCA) are set out for all study sites in the depth 10–20 and 20–30 cm. [Color figure
can be viewed at wileyonlinelibrary.com]
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(CDCA), hyodeoxycholic acid (HDCA), and ursodeoxycholic acid (UDCA)

are shown in Figure 6. Amount, as well as the composition of bile acids,

were highly variable among the study sites. In comparison to the

reference site, bile acid contents were high in A‐RAT with DCA contents

of 108 ng g−1. Furthermore LCA, CDCA, HDCA, and to a lesser extent

also UDCA reached higher contents than the reference (2–6 times

higher). In A‐PECK, all values were quite low (<55ng g−1), with exception

of the bile acid HDCA in the reference in a depth of 10–20 cm, which

reached a high content >400 ng g−1. However, the bile acid DCA of the

ridge profile was about seven times higher than in the reference

concerning both depths. In A‐KLÖ, the contents of LCA, DCA, CDCA,

and HDCA were several times higher in the ridge profile than in

the reference, whereas DCA even reached values of >200ng g−1. The bile

acid contents of HA‐THI were low (<50ng g−1). The HDCA of the

reference in 10–20 cm reached 49 ng g−1 and was almost three times

higher than the contents of the ridge profile. On the contrary, the profiles

of HA‐BAU contained high values of bile acids, but with an irregular

composition. While the reference contained 59 ng g−1 more DCA in

10–20 cm, HDCA is about 53ng g−1 higher in the ridge profile in

20–30 cm.

3.3 | Micromorphology

Two micromorphological samples were taken at the Klötze study site,

originating from the Apb horizon and the underlying Apb/Ahb horizon.

Due to the very similar results of both thin sections, only one is described

in the following representatively (see Figure 3, Klötze, Apb horizon).

The thin section showed a micromass without vughs or channels. An

apedal microstructure was observed with varying intensity of brown color

in the low magnification performed with the scanner (Figure 7a). Using a

higher magnification, different contents of darker material with different

degrees of compactness were revealed. The thin sections are mainly

characterized by loosely arranged quartz grains (Figure 7d).

Iron oxides (Figure 7f) and organic material (Figure 7c,f,h) formed

intergrain microaggregates, which have positive effects on the stability

of the soil structure. In some cases, the aggregates adhere to the quartz

grains, in others, they are loosely distributed. These aggregates indicate

microbial activity and the supply of organic material. The uneven

distribution of the organic material could be a result of soil tillage.

In the upper part of the thin section, sclerotia (persistent resting

bodies formed by accumulations of fungal hyphae) and plant residues like

roots were visible (Figure 7b,d) that are well‐preserved. Some larger

charcoal fragments occurred similar to the one shown in Figure 7g.

Preservation of charcoal fragments varies, but most were highly

weathered, amorphous, and inter‐aggregated. Phytoliths—inorganic plant

remnants consisting mainly of hydrated silica (Piperno, 2006)—were

found in parts of the thin section, but their number was limited

(Figure 7e).

The thin sections of both Apb horizons in Buckow showed similar

results (Figure 8). However, less organic material and charcoal fragments

were found than in Klötze. In addition, incorporated fragments of crusts

are visible due to the parallel orientation of the fine particles and are

preserved in the soils with loamy sand texture, indicating the tillage

history of the soil (Pagliai & Stoops, 2010).

3.4 | Black carbon

In the examined ridge profiles of A‐PECK, HA‐THI, and HA‐BAU, the

BC contents (Figure 9, blue) were lower than in the corresponding

reference profiles and rarely contained >1 g kg−1 BC. For instance,

very low values were measured in A‐PECK, whereas the highest

value reached 0.07 g kg−1. All profiles showed decreasing quantities

with depth in the profiles with small increases in A‐RAT (40–50 cm),

A‐KLÖ (10–20 cm), and HA‐BAU (20–30 cm).

The reference profiles showed the highest values in the topsoil,

which decreased with depth. Only in A‐RAT (40–50 cm) and A‐KLÖ

(20–30 cm), slight elevations were observed.

The BC stocks (Figure 9, red) of the ridge and reference profiles were

calculated under consideration of measured bulk density and sampling

depth. The BC stocks of A‐PECK, HA‐THI, and HA‐BAU were higher in

the reference profiles reaching even up to 2.5Mgha−1 and decreasing

rapidly with depth (not measured in HA‐BAU). In the ridge profile of

A‐PECK, the stocks were very low throughout the whole profile

(<0.5Mgha−1), with a slight increase in depth. In the ridges of HA‐THI

and HA‐BAU, the BC stocks increased to a depth of 25 cm, with a

decrease in HA‐THI with depth. The reference BC stocks of A‐KLÖ

reached almost 2Mgha−1 in the depth of 20–30 cm. The ridge profile

showed variable contents with increasing tendencies and highest values

in 30–40 cm, reaching 2.77Mgha−1. Also, the contents of the A‐RAT

ridge profile resulted in high BC stocks with more than 3Mgha−1 but

only in the depth of 40–50 cm. A second but smaller peak is registered in

10–20 cm with up to 0.61Mgha−1. There are similar increases in the

reference profile but to a lesser extent (1.7Mgha−1 in 30–40 cm).

4 | DISCUSSION

4.1 | Detection of fecal input for soil improvement
of RIFU cultivation

The soil phosphorus analyses conducted for each study site revealed

large differences between the sites. In HA‐THI, the P amounts were

generally low, comparable between the ridge and reference profile

and highest in the lower soil profile part. This case seems to represent

a natural occurrence of P in the soil or a buried surface, which is not

visible anymore. At A‐RAT, A‐PECK, A‐KLÖ, and HA‐BAU sites, the

Apb horizon of the ridges contained more P than the reference sites,

which could be an indicator of past manuring in ancient agricultural

fields. Comparable P amounts were detected in investigations of

ancient agricultural fields like the Celtic Fields, which had raised P

amounts in the tilled soil horizons with a sandy soil texture (Bruns

et al., 2017). However, the references at HA‐BAU and A‐PECK also

contained higher amounts of P. In the latter case (A‐PECK), a

remarkably high P content, but only in the depth of 10–20 cm, could
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F IGURE 7 Thin section of the Apb horizon in Klötze (A‐KLÖ). The image in the center (a) was scanned and shows the thin section with
differences in the contents of organic material. In (b) sclerotia, (c) and (h) different degrees of organic‐rich material, (d) plant residues,
(e) phytoliths (blue circles), (g) a charcoal fragment are detectable with plane‐polarized light, and (f) shows organic material with iron
impregnation using an additionally oblique incident light (left). [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 In the two Apb horizons (Apb 1,
left and Apb 2, right) of the study site Buckow
(A‐BU), the thin sections show aggregates
(blue arrows) indicating incorporated topsoil
resulting from anthropogenic activities such as
plowing. [Color figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 9 Charred organic carbon was determined using the molecular marker benzene polycarboxylic acid. Black carbon contents (left) and
black carbon stocks (right) were determined in 10 cm increments. In the HA‐BAU reference soil, it was only possible to analyze the samples until
the depth of 20 cm. [Color figure can be viewed at wileyonlinelibrary.com]

indicate a recent input, where P binding was promoted by sesqui-

oxides occurring in the Bs horizon due to an increased

pH‐value (Oonk et al., 2009; Wild, 1995). Elevated P contents were

detected also in the HA‐BAU reference profile, although lower than

the contents in the ridge profile; it is noteworthy that in the ridge and

reference profiles, Porg is considerably higher than the Pinorg contents.

These results call into question whether this is due to intensive past

manuring or local factors such as lower mineralization rates by soil

biota.

Nutrient depletion by harvesting would reduce P contents at

ridge sites significantly but also the usual dynamics of soil‐forming

processes lead to changes in elemental composition. This would lead

to an incorrect interpretation of the results, which is why steroid

contents have been measured additionally. The stanol ratio I by Prost

et al. (2017)—considering 5β‐stigmastanol, epi‐5β‐stigmastanol, and

5α‐stigmastanol—indicated that an input occurred rather in A‐RAT,

A‐PECK, and HA‐BAU. However, the stanol ratio II by Bull et al.

(1999) showed that a fecal input is possible for all samples of all sites

as the ratio reached values >0.3.

Furthermore, the correlation of phosphate and bile acid

contents strongly suggested soil amelioration by application of

livestock waste at some sites. Bile acids are the best indicator

because they are resistant to weathering and “absent in plants

and invertebrates, which makes them more appropriate than

stanols and stanones for characterizing the origin of fecal input”

(Porru et al., 2021). At A‐RAT and A‐KLÖ sites, increased amounts

of some bile acids—particularly DCA and HDCA, and to a lower

extent LCA and CDCA—were detected in comparison to the

reference profiles, although the values were comparably lower

than in other steroid analyses (e.g., Prost et al., 2017; Zocatelli

et al., 2017). It should be noted that the studied sites were located

at off‐site positions, thus, outside the settlements, and therefore

lacking concentrated manure as in manure heaps or in the stable of

residential areas. Therefore, the comparison with reference soils is

important for interpretation. In A‐PECK, the contents of bile acids

LCA, DCA, and HDCA were only slightly increased (amounts less

than 50 ng g−1). Thus, a fecal input is not unambiguously verifiable

but possible as it also was the case for some Neolithic fields of the

research of Guttmann‐Bond et al. (2016), which were used for

arable and pastoral farming. The reference soil of A‐PECK,

however, contained an exceptionally high value of the bile acid

HDCA in the depth of 10–20 cm. This value corresponds to the

high P amount in this depth and indicates again a recent input

of feces. In both profiles in HA‐THI, the values of all bile acids are

low (<50 ng g−1), thus manuring activities are improbable, as was

already suggested by the low phosphate contents, which were

similar in the ridge and reference profiles. In HA‐BAU, the amounts

of bile acids LCA, DCA, CDCA, and HDCA are elevated for the

ridge and the reference profile with even higher contents in the

reference soil. In addition to the phosphorus contents, the bile
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acids indicate a fecal input. It is possible that the contents of P and

the bile acids are naturally higher than at other sites. However, the

high contents at HA‐BAU cannot necessarily be explained by the

finer grain size (silt loam), pH‐values, or TOC contents (Table S3).

The study site HA‐THI had similar characteristics, but lower P or

bile acid contents. Furthermore, the proximity to the abandoned

medieval village Baurod, located less than 500 m away from the

study area, could explain these contents. It can be assumed that

livestock waste was disposed of on the arable fields and the

surrounding areas of the village (Civis, 2015; Linderholm, 2007).

4.2 | Soil improvement strategies for RIFU
cultivation

4.2.1 | Intensity of manuring with livestock waste

It is difficult to estimate the intensity of manuring based on our

results. As already mentioned, the amounts of compounds that

signify manuring are generally low (Tables S2 and S3). Although

biomarkers are mainly well preserved for “hundreds to thousands of

years” (Prost et al., 2017) in soils, our study sites do not have the

favorable properties for their retention due to the often sandy

texture and the scarcity of organic matter (Tables S3) to which the

steroids adsorb. Furthermore, feces deposition was not concentrated

as described above. These circumstances further complicated the

reconstruction of the manuring intensity. However, larger P and

steroid contents in A‐RAT, A‐PECK, A‐KLÖ, and HA‐BAU than in the

reference soils indicated that feces may have been applied.

Despite the poor preservation of steroids in our soils, the results

suggest manuring. In accordance with the manuring facilities and soil

properties, suitable cereal species were selected by the local farmers.

It is therefore not surprising that rye was one of the most widely

cultivated cereals in the studied regions as numerous historical

sources revealed. Tithe registers, recording the levies of the farmers,

showed that rye accounted for the largest part of the tithes, often

accounting for more than 65% of the total sowing (Abel, 1967;

Bock, 2014; Enders, 2016; Scholkmann, 2009). The rye's demands on

the soil, nutrient, and water supply are lower than those of other

cereals and it can still produce good crop yields even on sandy and

acidic soils (Behre, 1992; Land‐ und Forstwirtschaftliches Versuchs-

zentrum Laimburg, 2013). Even though it can be assumed that the pH

values have always been low, it is likely that they have decreased

over time due to soil processes induced, for example, by coniferous

forests as vegetation.

Considering the widespread occurrence of RIFUs in all forested

areas of the Altmark region and the Harz Mountain foreland

(especially in the western foreland of the Harz Mountains) it is a

logical consequence that the dung received from livestock was

insufficient to supply enough dung on the fields even if these were

not used simultaneously (Enders, 2016; Jones, 2012). The availability

of feces for manuring influenced the manuring intensity depending

on the quantity of livestock, which was highly variable (Duby, 1977;

Enders, 2016). The distance to the related farm must have influenced

the amount of applied dung (Linke, 1976). A long transport distance

required the power of draught animals and was time‐consuming

(Bogaard, 2012; Wilkinson, 1997), whereas a local removal of

livestock waste near the villages was probable and assumed for the

study site HA‐BAU (Section 4.1). The procurement of excrements

from the nearby cities, which produced large amounts of feces, was a

common method to access manure but the dung was mostly provided

for own domestic use, as for gardening in the cities. Furthermore, it

was not accepted in all communities to export livestock waste

(BLHA, 1802).

Crop rotation systems have been known since the High Middle

Ages, with two‐ and three‐field rotation being the most common

(Enders, 2016). To restore soil nutrients, the fields were left fallow for

a period of time. Scholkmann (2009) proposed manuring by using the

field as pasture land during this fallow period, which would explain

low P and steroid levels as detected at our study sites. For instance,

when cattle, pigs, or sheep grazed on fields for consuming crop

waste, their excrements were dispersed on the soil surface. However,

whether the grazing and the associated fecal matter application took

place during the fallow period or even after the fields had been

abandoned cannot be distinguished with our methods.

Although there are known cases when fields were cultivated

continuously and not left fallow (“Brachsömmerung”; Nau, 1791), this

would be unlikely for the poor soils with sandy textures like in A‐RAT,

where fallow periods were an important part of the recovery of soil

fertility.

Pottery scatters within agricultural fields are common and part of

identifying arable zones (Jones, 2014; Wilkinson, 1990). The

incorporation of waste into the manure caused sherd to scatter

across the manured arable fields. In our study, single sherds were

only found in the upper part of the soil profiles in A‐KLÖ and HA‐THI.

The absence of a greater amount of ceramic fragments does not

point to the conclusion that the fields were not manured

(Poirier, 2016). There are several possible reasons for the absence

of ceramic pieces; Schreg and Behrendt (2011), for example,

concluded that ceramics could be part of the manuring process just

since the late Middle Ages. Therefore the period of agriculture can

determine the presence of sherds (Wilkinson, 1997). Waste separa-

tion in the villages, allowing feces and household waste to be

disposed of separately, could be another explanation (Jones, 2012).

But also Scholkmann's (2009) hypothesis that manuring happened

while grazing during the fallow period is supported by the absence of

ceramics. Moreover, ceramic fragments would be missing, if the dung

was applied after stable bedding—as it was practiced with the

plaggen cultivation.

4.2.2 | Plaggen use during RIFU cultivation

Examples of plaggen use in combination with RIFU cultivation are

known in Germany (Antony et al., 1989; Kasielke et al., 2020).

Additionally, historical sources from the 18th and 19th c. explicitly
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mention that plaggen cultivation was practiced at some of our

studied sites in the Altmark region in the context of RIFU cultivation

(Linke, 1976). Even if the study sites in the Altmark are mentioned, it

is not known if these are the same sites we sampled.

Unambiguous identification of a contemporaneous plaggen

cultivation on RIFU fields is impossible. Elevated P contents

combined with a darker soil color could indicate the use of plaggen

at the site Klötze since these are the usual indicators identifying

plaggen soils (Blume & Leinweber, 2004). Therefore, micro-

morphological samples were taken there. The thin sections did not

show a great amount of phytoliths, which would indicate plaggen

application as remains of the plants in the cut sods (Hubbe

et al., 2007). The few phytoliths in the thin sections are more likely

remains of the incorporation of the in situ topsoil or topsoil from the

furrows, which was blended during plowing or shoveling on the

ridges. This result is also observed in the micromorphological samples

from Buckow. Only a few phytoliths are found, but the soil tillage is

well recognizable (likely due to the finer soil texture; Table S1).

Also, the use of plaggen was dependent on factors, such as the

distance to the belonging farm and availability of manpower to

transport and disperse the plaggen in the stables and on the fields

(BLHA, 1668), as well as the availability of the plaggen itself. Quite

often the cutting of sod was prohibited and disputes over these

limited resources have been recorded in historical sources

(BLHA, 1744). Finally, the benefits of the plaggen use may be

questioned in the study areas (Enders, 2016). The Kammerdirektor

Borgstede criticized the practice of plaggen cultivation during his

journey through the Altmark region in the 18th c. He described this

cultivation technique as an improvement of soils on nutrient‐poor

sands using just comparably nutrient‐poor soil and therefore doubted

as a significant enhancement (BLHA, 1792).

In summary, we question whether the resources, manpower, and

proportionality of time and use were available to carry out a plaggen

cultivation to a detectable extent during the times of RIFU cultivation.

4.2.3 | Charcoal input during RIFU cultivation

During the excavation campaign, identifiable charcoal specimens were

found and determined in A‐KLÖ (six pieces of Quercus, Betula, and

nonspecifiable deciduous wood) and A‐PECK (one piece Quercus)

(Langewitz et al., 2020). Because of these findings, the amount of

charcoal in the soil was analyzed as BC to investigate possible

intentional input of charcoals. The BC contents of the ridge profiles are

generally low but we could detect enrichment in the ridge profiles at

the study sites A‐RAT and A‐KLÖ. The latter study site showed the

highest BC stocks, also in comparison with the other soils (Figure 9).

The thin section sampled in A‐KLÖ revealed enrichment of charcoal

particles and fragments (Figure 7). However, at the other studied sites,

the BC contents and stocks of the reference profiles were considerably

higher than in the ridge profiles.

It is not possible to identify the origin of the charcoal, and BC

contents in soils do not have to be highly elevated even after fires

(Eckmeier et al., 2007). Strong detectable BC enrichment requires a

repetitive process lasting several years. Slash‐and‐burn clearances or

natural fires that occurred many years ago cannot be completely ruled

out and could affect the BC content of the ridge and reference profiles

as our results indicated. However, long‐lasting or repetitive fire activities

probably did not happen and also livestock waste, which was mixed with

fire remains, was not dispersed on the fields. Therefore, we suggest that

charcoal was not applied intentionally for soil improvement because the

BC contents were low and the ridge soils did not contain higher BC

contents than the reference soil profiles.

4.3 | Identification of fecal input of RIFU
cultivation

Livestock was important in a number of ways in the RIFU farming

system. Cattle and sometimes horses provided draft power for dung

and harvest transportation as well as for plowing. Furthermore, all

farm animals could play an important role in supplying dung, and

therefore fertilizer production. Archaeozoological investigations as

well as historical inventories of livestock information attest to a

heterogenous mix of livestock species in all medieval periods.

Benecke (1994) found that since medieval times, the pig is the

dominant domesticated animal, while with the beginning of the late

medieval period, cattle became more important. However, specific

historical inventories showed that among the farms different species

of livestock were kept due to the varying sources of income

(Abel, 1967; Bock, 2014; Enders, 2016). For instance, a farmer in

Wegenitz (Altmark) possessed various species, of which horses and

pigs accounted for the majority (LHASA, 1541‐1744). On the

contrary, in Kläden (Altmark), a tax register revealed mainly sheep

as livestock of a farmer (LHASA, 1541‐1751).

The stanol ratio III (Figure 5b) and the bile acid compositions

reflect heterogeneity of livestock in the ridge profiles. To identify

herbivore, porcine, and human feces with stanols, it is important to

consider that the stanol ratio is the result of a mixture of feces

derived from different animal species. If feces were included that lead

to a higher ratio (omnivorous feces), the feces of herbivores cannot

be clearly identified.

In the following, only the ridge profiles are considered for which

manuring was interpreted (see Section 4.1: A‐RAT, A‐PECK, A‐KLÖ,

and HA‐BAU). In these profiles, the quantities and compositions are

not identical. The presence of the bile acid HDCA in all profiles

indicates manuring with pig feces since this bile acid is exclusively

specific to them (Zocatelli et al., 2017). In the reference profile of

A‐PECK, extremely high content exclusively of the bile acid HDCA in

the upper part of the soil profile may be explained by a recent and

natural fecal input of a herd of wild boars, as it is not possible to

distinguish between domesticated pigs and wild boars.

According to the lower values of the determination stanol ratio

and to higher DCA, LCA, and CDCA values in A‐RAT, A‐PECK, and

A‐KLÖ, the feces of herbivores, such as cattle, sheep, or horses could

be a further dung component next to the feces of pig (Prost
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et al., 2017). Although pig excrements also contain the bile acids LCA

and DCA, the higher values of DCA compared to HDCA and the

presence of CDCA support the assumption that excrements of

different animal species were applied. However, as none of the

remaining bile acids is characteristic of only one animal species, a

distinct classification is not possible.

In HA‐BAU, high determination stanol ratios, which are even

larger than 65%, are noteworthy in the reference and ridge profiles,

although a mixture of the dung with herbivore feces would reduce

these values. A higher ratio means elevated amounts of coprostanol,

which is produced during omnivorous digestion and is called “a

feasible marker for the input of human feces in archaeology soil

samples” (Bemmann et al., 2014). Furthermore, higher amounts of the

bile acids DCA and LCA were detected, which could be indicative of

human or herbivore feces (cattle, sheep, and goat, Guttmann‐Bond

et al., 2016; Prost et al., 2017). Therefore, an input of human feces

cannot be excluded in HA‐BAU. Waste management, especially feces

disposal, was an unaddressed subject in medieval sources (Schreg &

Behrendt, 2011). It is therefore difficult to obtain written records on

this issue. There are meticulous explanations of the benefits of

different types of manure produced by different animal species only

from later times, for instance, from Coler (1645) and Germershausen

(1783), but the application of human feces is not mentioned in the

sources. However, in the case of HA‐BAU, our results and the

proximity of the agricultural field to the village indicate the possibility

of manuring with human feces.

5 | CONCLUSION

For the majority of studied sites, it is strongly supported that animal

excrements were applied to the soil, even if the intensity is low. The

weak signature of manuring cannot be explained by nutrient

depletion and soil processes over time alone because more persistent

marker compounds like steroids indicate low manuring intensities.

Furthermore, sophisticated strategies with different tools like

plaggen cultivation and the intentional input of charred material

could not be clearly established for our study sites, as the

micromorphological study also showed. The agricultural techniques

for crop production included the widespread construction of RIFUs

and not an intensive and ingenious soil improvement of a small

number of sites. Regarding phosphorus, BC, and steroid analyses and

the paucity of ceramics, it is possible that the feces was directly

applied to the soil by the livestock grazing in the fields during the

fallow periods. The bile acids revealed that for all study sites, which

seemed to have been manured, pig feces were used, as well as

herbivore feces and at least for one study site located in the

immediate vicinity of a village, even human feces may have been

applied.

The studied sites revealed a versatile picture of manuring

activities and showed that logistical reasons like livestock keeping

and the distances to their owners' homes were likely of great

importance for the intensity of manuring. For a comprehensive

understanding of manuring techniques during RIFU cultivation,

further study sites with higher organic contents and finer soil texture

are worth investigating as part of future work in which conservation

conditions as biomarkers could be better.

ACKNOWLEDGMENTS

The German Research Foundation (DFG) is acknowledged for its

financial support (Project number: 335346103). The authors thank

the technical assistants of the laboratories of the Soil Biogeo-

chemistry group at Martin Luther University Halle‐Wittenberg and of

the Department of Geography at the Ludwigs‐Maximilian University

Munich and the laboratory head, Tobias Bromm, of the latter

university. The authors also thank Oliver Nelle (State Office for

Cultural Heritage Management, Baden‐Wuerttemberg) for determin-

ing the taxonomy of our charcoal. Furthermore, the employees of the

Forestry Saxony‐Anhalt—Altmark and the Forestry of Lower Saxony

are acknowledged for enabling the fieldwork. Also, the authors

thank Steven Polifka and Henning Thiede for their support with

the fieldwork. Open Access funding enabled and organized by

Projekt DEAL.

ORCID

Theresa Langewitz http://orcid.org/0000-0002-6640-4855

Katja Wiedner http://orcid.org/0000-0003-1090-7813

Eileen Eckmeier http://orcid.org/0000-0003-3053-8226

REFERENCES

Abel, W. (1967). Geschichte der deutschen Landwirtschaft vom

frühen Mittelalter bis zum 19. Jahrhundert (2nd ed.). Verlag Eugen
Ulmer.

Adler, G. H. (2000). Hydrologischer Atlas von Deutschland. Bundesminis-

terium für Umwelt, Naturschutz und Reaktorsicherheit.
Alcántara, V., Don, A., Well, R., & Nieder, R. (2017). Legacy of medieval

ridge and furrow cultivation on soil organic carbon distribution and
stocks in forests. Catena, 154, 85–94. https://doi.org/10.1016/j.
catena.2017.02.013

Antony, F., Benne, I., & Wildhagen, H. (1989). Böden mit Plaggenesch‐
Wölbacker‐Vergangenheit im Bereich der nördlichen Lössgrenze
westlich von Hannover. Mitteilungen Deutsche Bodenkundliche

Gesellschaft, 59(11), 831–836.
Bachmann, G. H., Ehling, B.‐C., Eichner, R., & Schwab, M. (2008). Geologie

von Sachsen‐Anhalt (1st ed.). Schweizerbart.
Bakels, C. C. (1997). The beginnings of manuring in western Europe. Antiquity,

71(272), 442–445. https://doi.org/10.1017/S0003598X00085057
Beckmann, J. (1770). Physikalisch‐oekonomische Bibliothek worinn von

den neuesten Büchern, welche die Naturgeschichte, Naturlehre und
die Land‐ und Stadtwirthschaft betreffen, zuverläßige und vollstän-
dige Nachrichten ertheilet werden. Vandenhoeck Göttingen.

Beckmann, T. (1997). Präparation bodenkundlicher Dünnschliffe für mikro-
morphologische Untersuchungen.Mikromorphologische Methoden in der

Bodenkunde, 40, 89–103.
Behre, K.‐E. (1992). The history of rye cultivation in Europe. Vegetation

History and Archaeobotany, 1(3), 141–156. https://doi.org/10.1007/
BF00191554

Bemmann, J., Lehndorff, E., Klinger, R., Linzen, S., Munkhbayar, L.,

Oczipka, M., & Reichert, S. (2014). Biomarkers in archaeology—land
use around the Uyghur capital Karabalgasun, Orkhon Valley,
Mongolia. Praehistorische Zeitschrift, 89(2), 337–370. https://doi.
org/10.1515/pz-2014-0022

764 | LANGEWITZ ET AL.

 15206548, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.21916 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-6640-4855
http://orcid.org/0000-0003-1090-7813
http://orcid.org/0000-0003-3053-8226
https://doi.org/10.1016/j.catena.2017.02.013
https://doi.org/10.1016/j.catena.2017.02.013
https://doi.org/10.1017/S0003598X00085057
https://doi.org/10.1007/BF00191554
https://doi.org/10.1007/BF00191554
https://doi.org/10.1515/pz-2014-0022
https://doi.org/10.1515/pz-2014-0022


Benecke, N. (1994). Archäozoologische Studien zur Entwicklung der

Haustierhaltung in Mitteleuropa und Südskandinavien von den

Anfängen bis zum ausgehenden Mittelalter. In Deutsches Archäolo-
gisches Institut, (Ed.). De Gruyter. https://doi.org/10.1515/9783050

069456
Bernatz, W. (1875). Die Hochäcker. Landwirtschaftliche Mittheilungen

aus Bayern, 43(X.). Retrieved from https://opacplus.bsb-muenchen.
de/Vta2/bsb11305037/bsb:5912138?page=5

BLHA. (1668). Untersuchungen der Klagen der Untertanen über den

Amtmann zu Diesdorf wegen überhöhter Forderung von Abgaben.
Brandenburgisches Landeshauptarchiv. Kurmärkische Kriegs‐Und
Domänenkammer. Rep. 2, D 7973 Domänenregistratur, 1208‐1940.

BLHA. (1744). Klage des Majors von Knesebeck. Brandenburgisches

Landeshauptarchiv. Kurmärkische Kriegs‐ Und Domänenkammer;

Rep. 2, D 7757 Justiz.
BLHA. (1792). Bereisung der Altmark durch den Kammerdirektor

Borgstede 1792‐1793. Brandenburgisches Landeshauptarchiv.

Kurmärkische Kriegs‐ Und Domänenkammer. Rep. 2, S 18 Städte‐
Und Kreisregistratur, 1253‐1872.

BLHA. (1802). Beschwerde der Gemeinden Tornau, Röxe und Döbbelin
über Forderung von Dammzoll für die in Stendal geholten Fuhren
mit Dünger und Straßenmist. Brandenburgisches Landeshauptarchiv.

Kurmärkische Kriegs‐ Und Domänenkammer; Rep. 2, S 7552 Akzise

Und Zoll.
Birk, J. J., Dippold, M., Wiesenberg, G. L. B., & Glaser, B. (2012). Combined

quantification of faecal sterols, stanols, stanones and bile acids in
soils and terrestrial sediments by gas chromatography‐mass spec-
trometry. Journal of Chromatography A, 1242, 1–10. https://doi.org/
10.1016/j.chroma.2012.04.027

Blume, H.‐P., & Leinweber, P. (2004). Plaggen soils: Landscape history,
properties, and classification. Journal of Plant Nutrition and Soil

Science, 167(3), 319–327. https://doi.org/10.1002/jpln.200420905
Bock, H. (2014). Obrigkeit und Untertanen. Alltagsleben im 18. Jahrhundert

in der nordwestlichen Altmark (1st ed.; Museen des Altmarkkreises
Salzwedel, Ed.). Oschersleben: Dr. Ziethen Verlag.

Bogaard, A. (2012). Middening and manuring in Neolithic Europe: Issues
of plausibility, intensity and archaeological method. In R. Jones (Ed.),
Manure matters. Historical, archaeological and ethnographic perspec-

tives (pp. 25–40). Farnham: Ashgate Publishing Limited
Bogaard, A., Fraser, R., Heaton, T. H. E., Wallace, M., Vaiglova, P.,

Charles, M., & Stephan, E. (2013). Crop manuring and intensive land
management by Europe's first farmers. Proceedings of the National

Academy of Sciences of the United States of America, 110(31),
12589–12594. https://doi.org/10.1073/pnas.1305918110

Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B., & Amelung, W.
(2005). Revised black carbon assessment using benzene polycar-
boxylic acids. Organic Geochemistry, 36(9), 1299–1310. https://doi.
org/10.1016/j.orggeochem.2005.03.011

Bruns, P., Langewitz, T., & Gerlach, R. (2017). Erste “Celtic Fields”im
Rheinland. In J. Kunow (Ed.), Archäologie Im Rheinland 2016. Theiss.

Bull, I. D., Lockheart, M. J., Elhmmali, M. M., Roberts, D. J., &
Evershed, R. P. (2002). The origin of faeces by means of biomarker

detection. Environment International, 27(8), 647–654. https://doi.
org/10.1016/S0160-4120(01)00124-6

Bull, I. D., Simpson, I. A., Van Bergen, P. F., & Evershed, R. P. (1999). Muck
“n” molecules: Organic geochemical methods for detecting ancient
manuring. Antiquity, 73(279), 86–96. https://doi.org/10.1017/

S0003598X0008786X
BullIan, D. M. E., Perret, V., Matthews, W., Roberts, D. J., & Evershed, R. P.

(2005). Biomarker evidence of faecal deposition in archaeological
sediments at Çatalhöyük. In I. Hodder (Ed.), Inhabiting Çatalhöyük:

Reports from the 1995–99 seasons (Vol. 38, pp. 415–420). British
Institute at Ankara, McDonald Institute for Archaeological Research.

Bullock, P., Fedoroff, N., & Jongerius, A. (1985). Handbook for soil thin

section description. Waine Research Publications.

Cato, M. P., & Froesch, H. (2009). De agri cultura. Über die Landwirtschaft.
Philipp Reclam.

Catsadorakis, G., Mougiakou, E., & Kizos, T. (2021). Ridge‐and‐furrow
agriculture around Lake Mikri Prespa, Greece, in a European

perspective. Journal of European Landscapes, 2, 7–20. https://doi.
org/10.5117/JEL.2021.2.64206

Chomel, P. N. (1750). Die wahren Mittel, Länder und Staaten glücklich, Ihre

Beherrscher mächtig, und die Unterthanen reich zu machen; oder

Grosses und Vollständiges Oeconomisch‐und Physicalisches Lexikon.

Leipzig.
Civis, G. (2015). Entsorgungspraxis im mittelalterlichen Dorf. Die Abfallfunde

von Diepensee. University of Vienna.
Coler, N. J. (1645). Oeconomia Ruralis Et Domestica: Darin das gantz

Ampt aller trewer Hauß‐Vätter und Hauß‐Mütter, beständiges und

allgemeines Hauß‐Buch, vom Haußhalten, Wein‐ Acker‐Gärten‐
Blumen‐ und Feld‐Bau. Johann Martin Schönewetter.

Columella, L. I. M. (2014). Über Landwirtschaft. De re rustica libri duodecim.
De Gruyter Akademie Forschung.

de Crescentiis, P. (1471). Opus ruralium commodorum. Augsburg.

Duby, G. (1977). Krieger und Bauern. Die Entwicklung von Wirtschaft und

Gesellschaft im frühen Mittelalter. Syndikat.
Eckmeier, E., Gerlach, R., Skjemstad, J. O., Ehrmann, O., &

Schmidt, M. W. I. (2007). Minor changes in soil organic carbon and

charcoal concentrations detected in a temperate deciduous forest a
year after an experimental slash‐and‐burn. Biogeosciences, 4,
377–383.

Enders, L. (2016). Die Altmark: Geschichte einer kurmärkischen Landschaft in

der Frühneuzeit (Ende des 15. bis Anfang des 19. Jahrhunderts) (2.).

Berlin: Berliner Wissenschaftsverlag.
Ermisch, H., & Wuttke, R. (1910). Haushaltung in Vorwerken. Ein

landwirtschaftliches Lehrbuchaus der Zeit des Kurfürsten August von

Sachsen [etwa 1569/70 entstanden]. Nach den Handschriften. Leipzig.
Evershed, R. P., Bethell, P. H., Reynolds, P. J., & Walsh, N. J. (1997).

5β‐Stigmastanol and related 5β‐stanols as biomarkers of manuring:
Analysis of modern experimental material and assessment of the
archaeological potential. Journal of Archaeological Science, 24(6),
485–495. https://doi.org/10.1006/jasc.1996.0132

Ewald, K. C. (1969). Agrarmorphologische Untersuchungen im Sundgau

(Oberelsass) unter besonderer Berücksichtigung der Wölbäcker.
Tätigkeitsberichte Der Naturforschenden Gesellschaft Baselland, 27.

FAO. (2006). Guidelines for soil description (4th ed.). Food and Agriculture
Organization of the United Nations.

Fokkens, H. (1982). Late Neolithic occupation near Bornwird (Province of
Friesland). Palaeohistoria, 24, 92.

Fowler, P. (2002). Farming in the First Millennium AD: British Agriculture

between Julius Caesar and William the Conqueror. Cambridge
University Press.

Germershausen, C. F. (1783). Der Hausvater in systematischer Ordnung.
Junius.

Giani, L., Makowsky, L., & Mueller, K. (2014). Plaggic anthrosol: Soil of the
year 2013 in Germany: An overview on its formation, distribution,
classification, soil function and threats. Journal of Plant Nutrition and Soil

Science, 177(3), 320–329. https://doi.org/10.1002/jpln.201300197
Glaser, B., Haumaier, L., Guggenberger, G., & Zech, W. (1998). Black

carbon in soils: The use of benzenecarboxylic acids as specific
markers. Organic Geochemistry, 29(4), 811–819. https://doi.org/10.
1016/S0146-6380(98)00194-6

Goldberg, P., & Macphail, R. I. (2003). Short contribution: Strategies and
techniques in collecting micromorphology samples. Geoarchaeology,
18(5), 571–578. https://doi.org/10.1002/gea.10079

Goldberg, P., Miller, C. E., Schiegl, S., Ligouis, B., Berna, F., Conard, N. J., &

Wadley, L. (2009). Bedding, hearths, and site maintenance in the
Middle Stone Age of Sibudu Cave, KwaZulu‐Natal, South Africa.
Archaeological and Anthropological Sciences, 1(2), 95–122. https://
doi.org/10.1007/s12520-009-0008-1

LANGEWITZ ET AL. | 765

 15206548, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.21916 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1515/9783050069456
https://doi.org/10.1515/9783050069456
https://opacplus.bsb-muenchen.de/Vta2/bsb11305037/bsb:5912138?page=5
https://opacplus.bsb-muenchen.de/Vta2/bsb11305037/bsb:5912138?page=5
https://doi.org/10.1016/j.chroma.2012.04.027
https://doi.org/10.1016/j.chroma.2012.04.027
https://doi.org/10.1002/jpln.200420905
https://doi.org/10.1073/pnas.1305918110
https://doi.org/10.1016/j.orggeochem.2005.03.011
https://doi.org/10.1016/j.orggeochem.2005.03.011
https://doi.org/10.1016/S0160-4120(01)00124-6
https://doi.org/10.1016/S0160-4120(01)00124-6
https://doi.org/10.1017/S0003598X0008786X
https://doi.org/10.1017/S0003598X0008786X
https://doi.org/10.5117/JEL.2021.2.64206
https://doi.org/10.5117/JEL.2021.2.64206
https://doi.org/10.1006/jasc.1996.0132
https://doi.org/10.1002/jpln.201300197
https://doi.org/10.1016/S0146-6380(98)00194-6
https://doi.org/10.1016/S0146-6380(98)00194-6
https://doi.org/10.1002/gea.10079
https://doi.org/10.1007/s12520-009-0008-1
https://doi.org/10.1007/s12520-009-0008-1


Grimalt, J. O., Fernandez, P., Bayona, J. M., & Albaiges, J. (1990).
Assessment of fecal sterols and ketones as indicators of urban
sewage inputs to coastal waters. Environmental Science and

Technology, 24, 357–363.
Guttmann‐Bond, E. B., Dungait, J. A. J., Brown, A., Bull, I. D., &

Evershed, R. P. (2016). Early Neolithic Agriculture in County Mayo,
Republic of Ireland: Geoarchaeology of the Céide Fields, Belderrig,
and Rathlackan. Journal of the North Atlantic, 15(30), 1–32. https://
doi.org/10.3721/037.006.3002

Hagedorn, J., & Rother, N. (1992). Holocene floodplain evolution of
small rivers in the uplands of Lower Saxony, Germany.
Geomorphology, 4(6), 423–432. https://doi.org/10.1016/0169-
555X(92)90036-N

Hartshorn, A. S., Chadwick, O. A., Vitousek, P. M., & Kirch, P. V. (2006).

Prehistoric agricultural depletion of soil nutrients in Hawai'i.
Proceedings of the National Academy of Sciences of the United States

of America, 103(29), 11092–11097. https://doi.org/10.1073/pnas.
0604594103

Heresbach, C. (1603). Rei rusticae libri quatuor. Universam agriculturae

disciplinam continentes. Speyer.
Heunisch, C., Caspers, G., Elbracht, J., Langer, A., Röhling, H.‐G.,

Schwarz, C., & Streif, H. (2017). Erdgeschichte von Niedersachsen.
Geologie und Landschaftsentwicklung. Landesamt für Bergbau,

Energie und. Geologie—GeoBerichte, 6.
Holliday, V. T., & Gartner, W. G. (2007). Methods of soil P analysis in

archaeology. Journal of Archaeological Science, 34(2), 301–333.
https://doi.org/10.1016/j.jas.2006.05.004

Hubbe, A., Chertov, O., Kalinina, O., Nadporozhskaya, M., Tolksdorf‐
Lienemann, E., & Giani, L. (2007). Evidence of plaggen soils in
European North Russia (Arkhangelsk region). Journal of Plant

Nutrition and Soil Science, 170(3), 329–334. https://doi.org/10.
1002/jpln.200622033

Hutter, I. (2020). Wölbäcker. Zeugen einer landwirtschaftlichen Nutzung.

Mitteilungen Der DGAMN: Die Konstruktive Landschaft. Befunde Und

Funde Zu Anthropogenen Geländeveränderungen in Mittelalter Und

Früher Neuzeit, 33, 153–160.
Isobe, K. O., Tarao, M., Zakaria, M. P., Chiem, N. H., Minh, L. Y., &

Takada, H. (2002). Quantitative application of fecal sterols using gas

chromatography−mass spectrometry to investigate fecal pollution in
tropical waters: Western Malaysia and Mekong Delta, Vietnam.
Environmental Science & Technology, 36(21), 4497–4507. https://doi.
org/10.1021/es020556h

Jones, R. (2012). Understanding medieval manure. In R. Jones (Ed.),
Manure matters: Historical, archaeological and ethnographic perspec-

tives. Ashgate Publishing Limited.
Jones, R. (2014). Signatures in the soil: The use of pottery in manure

scatters in the identification of medieval arable farming regimes.

Archaeological Journal, 161(1), 159–188. https://doi.org/10.1080/
00665983.2004.11020574

Kainz, W. (1999). Bodenatlas Sachsen‐Anhalt Teil I. Beschreibung der

Bodenlandschaften und Böden. Halle (Saale): Geologisches Landesamt
Sachsen‐Anhalt.

Kainz, W., & Fleischer, C. (2006). Bodenbericht 2006. Böden in Sachsen‐
Anhalt, Mitteilungen zu Geologie und Bergwesen in Sachsen‐Anhalt,
Band 11, 2006. Landesamt für Geologie und Bergwesen Sachsen‐
Anhalt.

Kasielke, T., Pfeffer, I., & Bosbach, A. (2020). Plaggenesche mit

Wölbacker‐Vergangenheit in Heek‐Nienborg. Archäologie in

Westfalen‐Lippe, 2019, 276–279.
Käubler, R. (1972). Fundamentaler neuzeitlicher Offenland‐Wald‐Wechsel

in der Altmark. Hercynia, 9(3), 275–278.
Kerridge, E. (1951). Ridge and furrow and agrarian history. The Economic

History Review, 4(1), 14–36.
Kuo, S. (1996). Phosphorus. In D. L. Sparks, A. L. Page, P. A. Helmke, R. H.

Loeppert, P. N. Soltanpour, M. A. Tabatabai, & M. E. Sumner (Eds.),

Methods of soil analysis: Part 3 chemical methods (pp. 869–919). Soil
Science Society of America, American Society of Agronomy. https://
doi.org/10.2136/sssabookser5.3.c32

Land‐ und Forstwirtschaftliches Versuchszentrum Laimburg. (2013).

Merkblätter zum Getreidebau—Projekt Regiokorn. Laimburg.
Langewitz, T., Fülling, A., Klamm, M., & Wiedner, K. (2020). Historical

classification of ridge and furrow cultivation at selected locations in
Northern and central Germany using a multi‐dating approach and
historical sources. Journal of Archaeological Science, 123, 105248.

https://doi.org/10.1016/j.jas.2020.105248
Langewitz, T., Wiedner, K., Polifka, S., & Eckmeier, E. (2021). Pedological

properties related to formation and functions of ancient ridge and
furrow cultivation in Central and Northern Germany. CATENA, 198,
105049. https://doi.org/10.1016/j.catena.2020.105049

Leeming, R., Latham, V., Rayner, M., & Nichols, P. (1997). Detecting and
distinguishing sources of sewage pollution in Australian inland and
coastal waters and sediments. Molecular Markers in Environmental

Geochemistry, 643, 306–319.
LHASA. (1541‐1744). Besteuerung des Lehnhofes zu Wegenitz. Land-

esarchiv Sachsen‐Anhalt. Gutsarchiv Kalbe H 113, Afterlehen 1013.
LHASA. (1541‐1751). Vindikation des Gutes von Peter Müller zu Schäplitz

durch die von Kläden. Landesarchiv Sachsen‐Anhalt. Gutsarchiv

Kläden H 120 Besitztitel 13.

Linderholm, J. (2007). Soil chemical surveying: A path to a deeper
understanding of prehistoric sites and societies in Sweden.
Geoarchaeology, 22(4), 417–438. https://doi.org/10.1002/gea.
20159

Linke, M. (1976). Archivalische Nachweise über die Nutzung natürlichen

organischen Materials zur Düngung altmärkischer Wölbäcker.
Jahrbuch Für Wirtschaftsgeschichte, 17, 279–290. https://doi.org/
10.1524/jbwg.1976.17.2.279

Linke, M. (1979). Zur Verbreitung, Form und Entstehung altmärkischer
Wölbäcker. Hercynia, 16(4), 431–439.

Magnus, A. (13th c. AD). De vegetabilibus libri VII.
McCauley, A., Jones, C., & Jacobsen, J. (2011). Plant nutrient functions

and deficiency and toxicity symptoms. Nutrient Management Module,
9, 1–15.

McKey, D., Rostain, S., Iriarte, J., Glaser, B., Birk, J. J., Holst, I., &

Renard, D. (2010). Pre‐Columbian agricultural landscapes, eco-
system engineers, and self‐organized patchiness in Amazonia.
Proceedings of the National Academy of Sciences of the United

States of America, 107(17), 7823–7828. https://doi.org/10.1073/
pnas.0908925107

Mead, W. R. (1954). Ridge and furrow in Buckinghamshire. The

Geographical Journal, 120(1), 34. https://doi.org/10.2307/1791987
van Mourik, J. M., Wagner, T. V., de Boer, J. G., & Jansen, B. (2016). The

added value of biomarker analysis to the genesis of plaggic

Anthrosols; the identification of stable fillings used for the
production of plaggic manure. Soil, 2(3), 299–310. https://doi.org/
10.5194/soil-2-299-2016

Müller, T., Heinisch, H., & Mertmann, D. (2012). Illit‐ und Chloritkristalli-
nitäten aus der Harzgerode‐ und Wippra‐Zone zwischen Breitungen

und Questenberg, südöstlicher Unterharz. Hallesches Jahrbuch Für

Geowissenschaften, 34, 49–66.
Munsell Color (Firm). (2010). Munsell Soil Color Charts: with Genuine

Munsell Color Chips. Grand Rapids. MI: Munsell Color.
Murphy, J., & Riley, J. P. (1962). A modified single solution method for the

determination of phosphate in natural waters. Analytica Chimica

Acta, 27, 31–36. https://doi.org/10.1016/S0003-2670(00)88444-5
Nau, B. S. (1791). Theoretisch‐praktisches Handbuch für Oekonomie,

Bergbaukunde, Technologie und Thierarzneywissenschaft (Vol. 1). Orell,

Gessner, Füßli.
NIBIS®. (2014). Kartenserver. Bodenkunde. Retrieved from Landesamt für

Bergbau, Energie und Geologie (LBEG) website: http://nibis.lbeg.de/
cardomap3

766 | LANGEWITZ ET AL.

 15206548, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.21916 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3721/037.006.3002
https://doi.org/10.3721/037.006.3002
https://doi.org/10.1016/0169-555X(92)90036-N
https://doi.org/10.1016/0169-555X(92)90036-N
https://doi.org/10.1073/pnas.0604594103
https://doi.org/10.1073/pnas.0604594103
https://doi.org/10.1016/j.jas.2006.05.004
https://doi.org/10.1002/jpln.200622033
https://doi.org/10.1002/jpln.200622033
https://doi.org/10.1021/es020556h
https://doi.org/10.1021/es020556h
https://doi.org/10.1080/00665983.2004.11020574
https://doi.org/10.1080/00665983.2004.11020574
https://doi.org/10.2136/sssabookser5.3.c32
https://doi.org/10.2136/sssabookser5.3.c32
https://doi.org/10.1016/j.jas.2020.105248
https://doi.org/10.1016/j.catena.2020.105049
https://doi.org/10.1002/gea.20159
https://doi.org/10.1002/gea.20159
https://doi.org/10.1524/jbwg.1976.17.2.279
https://doi.org/10.1524/jbwg.1976.17.2.279
https://doi.org/10.1073/pnas.0908925107
https://doi.org/10.1073/pnas.0908925107
https://doi.org/10.2307/1791987
https://doi.org/10.5194/soil-2-299-2016
https://doi.org/10.5194/soil-2-299-2016
https://doi.org/10.1016/S0003-2670(00)88444-5
http://nibis.lbeg.de/cardomap3
http://nibis.lbeg.de/cardomap3


Niemeier, G. (1961). Agrarlandschaftliche Reliktgebiete und die Morpho-
genese von Kulturlandschaften im atlantischen Europa. Geografiska
Annaler, 43(1/2), 229–235.

Oonk, S., Slomp, C. P., & Huisman, D. J. (2009). Geochemistry as an aid in

archaeological prospection and site interpretation: Current issues
and research directions. Archaeological Prospection, 16(1), 35–51.
https://doi.org/10.1002/arp.344

Pagliai, M., & Stoops, G. (2010). Physical and biological surface crusts and
seals, Interpretation of micromorphological features of soils and

regoliths (pp. 419–440). Elsevier. https://doi.org/10.1016/B978-0-
444-53156-8.00019-2

Parsons, J. J., & Bowen, W. A. (1966). Ancient ridged fields of the San
Jorge River Floodplain, Colombia. Geographical Review, 56(3), 317.
https://doi.org/10.2307/212460

Piperno, D. R. (2006). Phytoliths: A comprehensive guide for archaeologists

and paleoecologists. AltaMira Press.
Plinius Secundus, C. (2013). Naturkunde. Naturalis historia libri XXXVII.

Lateinisch deutsch. De Gruyter.
Poirier, N. (2016). Archaeological evidence for agrarian manuring:

Studying the time‐space dynamics of agricultural areas with
surface‐collected off‐site material. Agrarian Technology in the

Medieval Landscape, Ruralia X.
Porru, E., Giorgi, E., Turroni, S., Helg, R., Silani, M., Candela, M., & Roda, A.

(2021). Bile acids and oxo‐metabolites as markers of human faecal
input in the ancient Pompeii ruins. Scientific Reports, 11(1), 3650.
https://doi.org/10.1038/s41598-021-82831-y

Prost, K., Birk, J. J., Lehndorff, E., Gerlach, R., & Amelung, W. (2017).
Steroid biomarkers revisited—improved source identification of

faecal remains in archaeological soil material. PLoS One, 12(1),
1–30. https://doi.org/10.1371/journal.pone.0164882

Rothe, P. (2019). Die Geologie Deutschlands. 48 Landschaften im Portrait

(5th ed.). wbg Academic.
Schneider, R. (1968). Capitulare de villis vel curtis imperii, ca. 795, C. Magnus.

Scholkmann, B. (2009). Das Mittelalter im Fokus der Archäologie. Theiss.
Schreg, R., & Behrendt, S. (2011). Phosphatanalysen in einem frühmitte-

lalterlichen Haus in Schalkstetten (Gde. Amstetten, Alb‐Donau‐
Kreis). Archäologisches Korrespondenzblatt, 41(2), 263–272.

Schröder, H., Knauf, C., & Kainz, W. (1995). Übersichtskarte der Böden von

Sachsen‐Anhalt 1:400000. Geologisches Landesamt Sachsen‐Anhalt.
Shrivastav, P., Prasad, M., Singh, T. B., Yadav, A., Goyal, D., Ali, A., &

Dantu, P. K. (2020). Role of nutrients in plant growth and development,
Contaminants in agriculture (pp. 43–59). Springer International Publish-
ing. https://doi.org/10.1007/978-3-030-41552-5_2

Smith, C. T., Denevan, W. M., & Hamilton, P. (1968). Ancient ridged fields
in the region of Lake Titicaca. The Geographical Journal, 134(3), 353.
https://doi.org/10.2307/1792964

Stoops, G. S. (2003). Guidelines for analyses and description of soil and

regolith thin sections. Soil Science Society of America.
Thumbshirn. (1616). Oeconomia (C. Jugel, Ed.). Leipzig
Tull, J. (1731). The New Horse houghing husbandry: Or, an essay on the

principles of tillage and vegetation. Aaron Rhames.
Upex, S. (2004). A classification of ridge and furrow by an analysis of

cross‐profiles. Landscape History, 26(1), 59–75. https://doi.org/10.
1080/01433768.2004.10594562

Varro, M. T., & Owen, T. (1800). The three books of M. Terentius Varro
concerning agriculture. University Press Oxford.

Vejbæk, O. (1984). Hus och ager. Højryggede agre under en bebyggelse
fra 1100‐årene syd for Filsø i Ål sogn. MoM, 20, 49–58.

Vejbæk, O. (2005). Agre og miler ved Filsö. Undersögelser af höjryggede
agre under en tilsandet 1100‐tals bebyggelse med miler syd for
Filsö. Kuml, 54(54), 184–224.

Wagenbreth, O., & Steiner, W. (1990). Geologische streifzüge. Springer
Spektrum.

Wagner, B. (2011). Spatial analysis of loess and loess‐like sediments in the
Weser‐Aller catchment (Lower Saxony and Northern Hesse, NW
Germany). E&G Quaternary Science Journal, 60(1), 27–46. https://doi.
org/10.3285/eg.60.1.02

Widgren, M. (1997). Fields and field systems in Scandinavia during the

middle ages. In G. Still, & J. Langdon (Eds.), Medieval farming and

technology: The impact of agricultural change in Northwest Europe (pp.
173–192). Köln: Brill.

Wiedner, K., Schneeweiß, J., Dippold, M. A., & Glaser, B. (2015).
Anthropogenic Dark Earth in Northern Germany—the Nordic

analogue to terra preta de Índio in Amazonia. Catena, 132,
114–125. https://doi.org/10.1016/j.catena.2014.10.024

Wild, A. (1995). Umweltorientierte Bodenkunde. Eine Einführung. Spektrum
Akademischer Verlag.

Wilkinson, T. J. (1990). Soil development and early land use in the Jazira
region, Upper Mesopotamia. World Archaeology, 22(1), 87–103.
https://doi.org/10.1080/00438243.1990.9980131

Wilkinson, T. J. (1997). Holocene environments of the high plateau,
Yemen. Recent geoarchaeological investigations. Geoarchaeology:

An International Journal, 12(8), 833–864. https://doi.org/10.
1002/(SICI)1520-6548(199712)12:8%3C833::AID-GEA2%3E3.0.
CO;2-6

Woithe, F. (2003). Untersuchungen zur postglazialen Landschaftsent-
wicklung in der Niederlausitz. Christian‐Albrechts‐Universität

Kiel.
Zocatelli, R., Lavrieux, M., Guillemot, T., Chassiot, L., Le Milbeau, C., &

Jacob, J. (2017). Fecal biomarker imprints as indicators of past
human land uses: Source distinction and preservation potential in
archaeological and natural archives. Journal of Archaeological Science,

81, 79–89. https://doi.org/10.1016/j.jas.2017.03.010

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Langewitz, T., Wiedner, K., Fritzsch,

D., & Eckmeier, E. (2022). Improvement of soil fertility in

historical ridge and furrow cultivation. Geoarchaeology, 37,

750–767. https://doi.org/10.1002/gea.21916

LANGEWITZ ET AL. | 767

 15206548, 2022, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/gea.21916 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [10/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/arp.344
https://doi.org/10.1016/B978-0-444-53156-8.00019-2
https://doi.org/10.1016/B978-0-444-53156-8.00019-2
https://doi.org/10.2307/212460
https://doi.org/10.1038/s41598-021-82831-y
https://doi.org/10.1371/journal.pone.0164882
https://doi.org/10.1007/978-3-030-41552-5_2
https://doi.org/10.2307/1792964
https://doi.org/10.1080/01433768.2004.10594562
https://doi.org/10.1080/01433768.2004.10594562
https://doi.org/10.3285/eg.60.1.02
https://doi.org/10.3285/eg.60.1.02
https://doi.org/10.1016/j.catena.2014.10.024
https://doi.org/10.1080/00438243.1990.9980131
https://doi.org/10.1002/(SICI)1520-6548(199712)12:8%3C833::AID-GEA2%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1520-6548(199712)12:8%3C833::AID-GEA2%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1520-6548(199712)12:8%3C833::AID-GEA2%3E3.0.CO;2-6
https://doi.org/10.1016/j.jas.2017.03.010
https://doi.org/10.1002/gea.21916



