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Abstract

The beginnings of food production—animal husbandry and crop cultivation—and of a
sedentary way of life represent one of the most drastic changes in human history. Like-
wise, this is accompanied by an increasing human impact on nature, which is mainly caused
by agricultural practices. Agriculture is related to the clearing of forests, tillage, mainte-
nance of the cultivated land, and finally harvesting, which alters not only the vegetation
cover but also soil fertility as there is a potential risk for a loss of nutrients. People already
countered this loss of nutrients in the times of early agriculture through different tech-
niques and practices. The article summarizes the earliest evidence of fertilization in the
prehistory of Central Europe and presents the most important methods for their inves-
tigation. What significance fertilization had for early farming societies can presently not
be estimated due to the small amount of data. We therefore advocate the development
of a routine for sampling during archaeological excavations and for the analysis of various
materials (sediment and plant remains) using various methods. For this, the awareness
must be raised that anthropogenic sediments, such as pit fills, are important archives for
research into the history of humankind.
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the cultivation and the maintenance of agricultural facilities than in,

for example, hunting or gathering. The boundary between foraging

The beginnings of agriculture mark a major turning point in human
history. While people for hundreds of thousands of years relied on
foraging for food supply, that is, hunting of game, gathering of wild
plants, and fishing, agriculture enabled them to produce their food
themselves. Agriculture is based on the domestication of animals and
crop plants. In agrarian societies, both represent the main source of
food; though, ‘main source of food’ can be defined differently (e.g.,
summarized in Smith, 2001). Zvelebil (1996), for example, assumes a
minimum reliance on domesticates of 50%. Harris (1996), for exam-
ple, adds that not only do agrarian products represent the main or
exclusive source of food, but that more human labour is invested in

and agrarian societies is not clear-cut, however. This is why Smith
(2001) defined a transitional zone (not in an evolutionary sense)
between both modes of subsistence strategies, the so-called low-level
food production. This term describes a broad field of human-plant
and human-animal interaction including domesticates. The latter
play only a minor role, and less than 30%—50% of the annual caloric
intake come from domesticates (Smith, 2001). Likewise, hunting and
gathering continue to play a varying role in agrarian societies that can
be explained by cultural and economic choices. The focus of this article
will be on food-producing societies in the sense that at least 50% of the

annual caloric intake come from domesticates, and, in this context, we
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will focus on early agrarian societies in Central Europe ca. 5500—2000
before the Common Era (BCE), that is, the Neolithic period.

Food production includes the cultivation of crops and the keeping
of domestic animals. Globally, the domestication of plants and animals
took place at different times in different regions of this world (e.g.,
Gronenborn & Scharl, 2015). The oldest data are currently from
Southwest Asia, where cereals (emmer, einkorn, barley), pulses (lentils,
peas, chickpea, bitter vetch), flax, and animals (cattle, pig, sheep, and
goat) were domesticated ca. 10,500 years ago (e.g., Bar-Gal, 2022;
Riehl et al., 2013; Willcox, 2013; Zeder, 2011, 2017). In the second
half of the 7th millennium BCE, this new way of life started to expand
to Europe. It arrived in Central Europe around 5500 BCE with a
partly reduced package of crops (emmer, einkorn, new glume wheat
[probably Triticum timopheevii s.l.; cf. Czajkowska et al., 2020], lentil,
pea, flax; cf. Bogaard, 2011, 2023; Colledge et al., 2005; Kreuz et. al.,
2005). Related to this is the beginning of a new way of life. People
started to build massive houses, lived in settlements year-round,
produced pottery and stock-piled food. Moreover, this is characterized
by an increasing human impact on nature that is mainly caused by
agricultural practices. Agriculture is related to deforestation, tillage,
maintenance of the cultivated land, and finally harvesting, which
alters not only the vegetation cover but also soil fertility as there is a
constant loss of nutrients (caused by leaching due to rainfall but also
by nutrient removal due to repeatedly growing cereals in the same
place). This can be counteracted by manuring, N,-fixing plants, and
fallow systems (Rosch et al., 2017). While the role of N,-fixing plants
and fallow systems is more difficult to assess, the role of manuring is a
much-debated question for early agrarian societies.

1.1 | Did soil fertility change already in the early
Neolithic?

Early agriculture in Central Europe focused on fertile soils, Loess
derivatives, and climatically favourable regions. The latter can be
described by a low annual precipitation (<500 mm year~1) and high
summer temperatures (Résch et al., 2017). Compared to later forms
of agriculture, it is characterized by uniformity rather than diversity
(Schier, 2009). Due to the preference for the best soils and climati-
cally favourable areas, fertilization has been considered unnecessary
as means of improving soil fertility for a long time (summarized in
Bogaard, 2004). This has changed during the last 20 years due to new
research in this field showing that certain forms of fertilization were
already used at an early stage of agriculture. This can be explained in
terms of a change of soil fertility after the onset of agriculture. Soil
management and crop cultivation led to large changes in soil quality
due to the interruption of the natural or original mechanisms and bio-
geochemical cycles that would maintain organic or mineral or nutrient
contents under ‘steady-state’ conditions (Amundson et al., 2015). Crop
growth, soil erosion, and harvest removed organic matter from the
cropped areas, and therefore an important source for plant-available

nutrients was missing.

2 | METHODS TO DETECT PREHISTORIC
FERTILIZING IN SOILS

To establish the knowledge on how soils were used and fertilized
in prehistory, it is essential to investigate protected and well-dated
remnants of former topsoil, for example, pit fillings or fossil soil hori-
zons under colluvial sediments, and corresponding control sites. The
determination of age is usually done using #C or optically stimulated
luminescence (OSL) dating methods. Another requirement is to apply a
combination of different methods. Various geochemical methods can
be applied to measure the contents of relevant nutrients, especially
when they are not mobile and stabilized by binding mechanisms, but
the results are not strictly unambiguous (e.g., Salisbury et al., 2022).
Less common are studies that consider additions of mineral material as
soil amelioration material, and this is also even more difficult to detect
(Druzhinina et al., 2022).

If soil amelioration was necessary already from the beginning of
agriculture onwards, i.e. as soon as the first farmers started to cultivate
crops on fertile loess-derived soils, is not known yet; there is, however,
consensus on the fact that fertilization as an agricultural technique was
established during the Neolithic period (Bakels, 1997; Bogaard, 2012,
2013; Fokkens, 1982). What is less clear is which material was used
to fertilize, if only manure or also mineral material or if the effect of
N,-fixing crops was used intentionally.

A first approach to detect possible soil additions in agricultural
contexts is to measure micronutrient contents using multi-element
inductively coupled plasma mass spectroscopy or optical emission
spectroscopy (ICP-MS or ICP-OES), after applying an extraction pro-
cedure (Middleton & Price, 1996). Measuring archeologically relevant
phosphorus (P) contents is often questioned and debated, and the most
relevant approach is to apply a P fractionation method that reflects dif-
ferent P-stabilizing processes in soils (Weihrauch, 2018). The effects of
crops that can fix N,, for example, legumes, can be detected by measur-
ing the ratio of nitrogen (N) isotopes because preferentially lighter 14N
accumulates during the process (Virginia & Delwiche, 1982). Another
approach is to measure specific compounds and their isotopic signa-
ture, such as amino acids, which are typical for specific crops (Simpson
etal., 1999).

In contrast, soil can be enriched with 15N as a result of the appli-
cation of animal manure or by the spreading of material from midden
heaps/domestic waste (= middening, cf. Bogaard, 2012), as was shown
for prehistoric sites in Europe and Southwest Asia (e.g., Bogaard et al.,
2013; Styring, Charles, et al., 2017; Vaiglova et al., 2020). The applica-
tion of manure as a fertilizing agent can be detected with phosphorous
measurements and so-called biomarker analysis. The ratio and con-
tents of specific steroids (58-stanols, 58-stigmastanols and bile acids)
are especially promising, since it is possible to differentiate between
faeces of omnivores and herbivores, or even of humans, ruminants, and
porcines (Birk et al., 2012; Bull et al., 2002). Another method of soil
melioration is to burn plant biomass to release nutrients and remove
weeds, which can be detected by charcoal or black carbon analysis
(Eckmeier et al., 2007, 2008).
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For European loess areas, an attempt to detect prehistoric fertil-
ization with the combination of these methods was made by Lauer
et al. (2014) on soils from sites dated to the Younger Neolithic to Iron
Age in loess areas of Central and Western Germany (Rhineland and
Saxony-Anhalt). In comparison to recent top- and subsoils, the study
showed that the ancient soil was comparably fertile and not depleted
of micronutrients or P. Also, N content was high, and 1°N values indi-
cated the use of manure, as well as higher amounts of bile acids. If this
was done intentionally could not be proven.

The analysis of soil thin-sections, or micromorphology, allows for the
detailed visual inspection of soil material and is a very suitable method
for the detection of manure application (Macphail et al., 1990). The
detection of faeces in soils, which is an integral part of manure, by iden-
tification of coprolites, phytoliths, and faecal spherulites is a common
method in geoarchaeological micromorphology, as shown by recent
reviews (Elliott & Matthews, 2023; Shillito et al., 2020).

So far, these methods are neither used systematically nor on alarger
scale to detect early evidence of fertilization, that is, in archeological
contexts. Case studies in the context of early agrarian societies, how-
ever, have provided plausible evidence that agricultural techniques for
improving soil quality have already been used since the beginning of the
Neolithic.

3 | EARLIEST ARCHEOLOGICAL EVIDENCE OF
FERTILIZATION IN CENTRAL EUROPE

3.1 | Indication of manuring in Neolithic
settlements of Central Europe

Early agriculture is not a homogenous phenomenon but a dynamic
one in the sense that agricultural techniques and practices change
over time and are characterized by regional variability. For the early
and middle Neolithic, that is, ca. 5400—4500 BCE, various possibili-
ties of how fields might have looked like are debated (for discussion
and with further literature see, e.g., Bakels, 2009; Kreuz, 2012; Lin-
ing, 2000; van der Veen, 2005; Wendt et al., 2015). Frequently asked
questions are about their size, the intensity of their cultivation, and
whether fallows were included. Regarding the field size, one finds—
besides extensive discussion about the assumed caloric requirement
per person and the yield per hectare to be produced for it—such differ-
ent assumptions as 0.5 ha required cultivation area per person on the
one hand (Kreuz, 2012) and max. 0.2 ha or less on the other (Bogaard,
2004). However, the smaller the cultivated area is calculated, the more
intensive the cultivation regime must have been in order to achieve
the necessary high yield and to maintain it over a longer period of
time. With this as a premise, Bogaard (2004, 2015) postulates for the
early Neolithic on fertile loess soils an ‘intensive garden cultivation’—
that is, a labour-intensive management (careful tillage, dibbling or
row-sowing, hand-weeding or hoeing, manuring to maintain a high fer-
tility level and watering) on fixed plots near the settlement (Bogaard,
2004). This hypothesis is supported by functional ecological analyses
of crop-associated weed flora based on the measurement of ‘functional
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FIGURE 1 Range of §1°N values in contemporary cereal samples
(wheat and barley) grown under different fertilization rates in
long-term agricultural trials at Rothamsted (UK), Askov (Denmark),
and Bad Lauchstadt (Germany). The dashed horizontal lines represent
the thresholds for low (i.e., remnants of previous land use history only),
medium, and high manuring rates (from Bogaard et al., 2013).

attributes’ (i.e., ‘physical or behavioural characteristics of plants that
predict their potential success under different ecological conditions’;
Bogaard, 2015) used in the FIBS approach (Functional Interpretation
of Botanical Surveys; cf. Hodgson et al., 1999) in conjunction with weed
survey studies obtained through ethnographic observations, agricul-
tural experiments as well as modern phytosociological datasets from
Central Europe (e.g., Bogaard, 2002; Bogaard et al., 2016; Charles
et al, 1997, 2002; Jones et al., 1999, 2000). Resulting from these
analyses, the Early Neolithic weed assemblages from Central Europe
reflect highly disturbed soil conditions and high soil productivity (pos-
sibly increased or maintained by manuring), which can be attributed to
labour-intensive cultivation, as well as autumn sowing (Bogaard, 2004).

However, with functional weed ecology alone, it is not possible to
identify fertilization as a cause of high soil productivity. For this pur-
pose, analysis of stable N isotope ratios (§1°N) in plants is helpful. This
is because §1°N values in plants largely reflect the 61°N value of the
soil in which they grow, and this, in turn, is related to the 61°N value
of N inputs—for example, from manure (see above; and Styring, Résch,
et al., 2017 with further literature). Studies on modern crops from
agricultural experiments have shown that manuring can increase §1°N
levels in cereals by up to 10%. (Figure 1), with the intensity of appli-
cation influencing the degree of effect (Bogaard et al., 2007, 2016;
Fraser et al., 2011; Kendall et al., 2007). The applicability of stable N
isotope (§1°N) analysis to archaeobotanical plant remains was thor-
oughly tested by experimental work on the influence of charring, burial,
and pre-treatment on isotope values in cereals and pulses, which led
to the development of methodological requirements for sample selec-
tion (degree of charring, sample size) and preparation (pre-treatment
for cleaning) (Charles et al., 2015; Fraser, Bogaard, Charles, et al., 2013;
Nitsch et al., 2015; Styring et al., 2013; Vaiglova et al., 2014).

To address the question of possible manuring in the context of the
‘intensive garden cultivation’ reconstructed for the Neolithic in Cen-

tral Europe based on functional weed ecology analysis (as described
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above), stable N isotope analyses (§1°N) were also carried out on
charred cereals (and a few pulses) from Neolithic contexts in south-
western Germany (Bogaard et al., 2013; Fraser, Bogaard, Schifer, et al.,
2013; Styring et al., 2016; Styring, Résch, et al., 2017). One of the oldest
settlements studied is the Linear Pottery Culture site of Vaihingen-
Enz (Kr. Ludwigsburg), which was occupied from about 5500 to 5070
BCE (Bogaard, 2012). The analyzed charred cereals and pulses from
Vaihingen show significantly elevated N isotope values (§1°N) com-
pared to the estimated values of (unmanaged) cereals (Styring, Résch,
et al., 2017). Similar results were also obtained from isotope studies at
Viesenhdusener Hof, Stuttgart (5500—4000 BCE), Hornstaad-Hérnle
IA (3918-3902 BCE), and Sipplingen-Osthafen (4000—2800 BCE),
both Lake Constance (Styring, Résch, et al., 2017). Most of the mea-
sured isotope values in the studied settlements lie in the range of
medium manuring rates (>3%o; cf. Figure 1), some even in the range
of high manuring rates (from ca. 6%o; cf. Figure 1). This high §1°N val-
ues are most likely explained by regular application of *N-enriched
manure or organic material on the cultivation areas (Styring, Résch,
et al., 2017), which is why they can be interpreted as evidence for
manuring as part of the intensive farming regime in the Neolithic of

Central Europe.

3.2 | Slash-and-burn cultivation as a means of
improving soil quality

While manuring and ‘middening’ (see above; cf. Bogaard, 2012) as a
means of improving soil quality is already discussed for the earliest
agrarian societies, slash-and-burn cultivation as a further technique
to improve soil quality is discussed for later Neolithic phases, partic-
ularly for the late 5th, 4th, and 3rd millennium BCE. Slash-and-burn
cultivation describes an extensive form of agriculture. Our knowl-
edge on this technique is based on long-term experiments, on data
from geoarchaeological and palynological analysis. In a multi-year
project in Forchtenberg/South Germany, for example, possible ways
of slash-and-burn cultivation were tested experimentally, using data
on historical slash-and-burn cultivation (Ehrmann et al., 2009; Résch
et al., 2017; Schier, 2009). In this framework, parcels of forest were
cleaned during winter and burned during autumn or the following
spring by using dry branches and twigs (the weak wood from the plots)
as fuel. However, the gathered wood from one plot was not sufficient
to burn the whole plot (Ehrmann et al., 2014). The branches and twigs
were then piled up into burning wood rolls that were pulled over the
ground (Figure 2). Afterwards, the crops were sown by dibbling (i.e.,
using a wooden stick to make individual holes) (Ehrmann et al., 2009,
2009, 2014; Résch et al.,, 2017). As the Forchtenberg experiment
shows, this cultivation method is particularly advantageous on soils of
medium to poor quality, since it provides very high yields during the
first and partly also the second year after burning. This is independent
of the cereal species grown. Though, autumn-sown crops provided
higher yields than spring-sown crops (Kolbe & Wellenberg, 2002;
Rosch et al.,, 2017). During the Forchtenberg-experiment, from the
third year onwards, the yields decreased rapidly, which is why a fallow
of 10-15 years is considered necessary for the regeneration of the

FIGURE 2 Forchtenberg Project/Southwest Germany. A burning
wood role is pulled over the ground (photo: Birgit Kury; project funded
by the Landesamt fiir Denkmalpflege Baden-Wirttemberg).

soil (formation of humus) and the wood (Ehrmann et al., 2009, 2014).
However, during this time, the natural succession on the plot provides
further advantages for humans and animals as it can be used as pas-
ture and provides various collectable plants such as wild strawberry,
Chinese lantern, later on raspberry and blackberry, then hazelnuts and
wild apple, and finally wood (Schulz et al., 2014). Moreover, it might
have attracted wild game that could be hunted (e.g., Serensen, 2014).
As interdisciplinary research in the context of the Forchtenberg
experiment shows, this agricultural technique provided several advan-
tages. The most obvious were the suppression of weeds and the
mineralization of the organic part of the top soil since burning led to
an increase in potassium, N, and P as macronutrients (Ehrmann et al.,
2009, 2014). Moreover, burning increased the pH value (about 2 pH
units) in the top soil since the low pH values in forest soils were usu-
ally too low for growing cereals such as wheat and barley (Ehrmann
et al,, 2014; Résch et al., 2017). Next to this, the reduced albedo (i.e.,
the fraction of the incident sunlight that the surface reflects; Coak-
ley, 2003) increases temperatures near the soil, which is particularly
favourable for the growth of cereals during spring time. There are,
however, also disadvantages of this agricultural technique: first and
foremost, the high land consumption (Ehrmannet al.,2014; Résch et al.,
2017).Onthe one hand, the wood (branches and twigs) from one plot is
not enough for burning. As Résch et al. (2017) state, ‘to burn a certain
area requires the fourfold area for the supply of small wood’ (Ehrmann
et al., 2009; Résch et al., 2017). Next to this, the decrease of yields
after the first year(s) after burning makes the constant shifting of fields
necessary. Whether this also necessitates a certain degree of residen-
tial mobility remains unclear so far. In the archeological record, we do
see an increasing residential mobility from the late 5th millennium BCE
onwards. A direct connection with a growing significance of slash-and-
burn cultivation, however, remains speculative. This is also due to the
fact that the role/significance of this new agricultural technique is still
debated. For some regions (e.g., the Alps), on-site data rather hint at
intensive forms of cultivation during this time period. This is based on

weed spectra from Swiss lakeshore dwellings that mainly (90%) consist
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FIGURE 3 Pit with ‘black soil’, Rhineland/Germany (photo: Renate
Gerlach, LVR Amt fiir Bodendenkmalpflege im Rheinland).

of annual species. This kind of weed flora can only develop in the con-
text of permanent cultivation, while fallows produce perennial weed
species (Jacomet et al., 2016). The latter is difficult to prove; however,
since slash-and-burn cultivation destroys weeds successfully, which
is why we would not expect to find larger amounts of weeds in the

settlements when this agricultural technique was practiced. In turn,
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indicators for slash-and-burn cultivation usually come from off-site
data. So far, two major sources indicate an increasing significance of
slash-and-burn cultivation during the late 5th, 4th, and 3rd millennium
BCE: geoarchaeological data and pollen analysis (e.g., summarized in
Schier, 2009). Geoarchaeological indicators from the Rhineland refer
to so-called ‘black soils’ that have been repeatedly discovered in pre-
historic pits (Figure 3). For a long time, it was assumed that these
were soils comparable to the black earths (chernozem) in the Eurasian
steppes that developed under very specific climatic conditions (very
high evaporation that outweighs/exceeds precipitation totals, plus cold
dry winters that inhibit microbial decomposition of the humus layer).
Nowadays, however, an anthropogenic origin is being discussed. Micro-
morphological and organochemical analyses show that the black colour
of the substrate can be explained with the presence of so-called pyro-
genic carbon. This is produced by incomplete burning or carbonization
of vegetation and is also known as black carbon. Absolute data of
these fossil black carbon deposits show a conspicuous accumulation
in the period between 4400 and 2000 BCE (Gerlach et al., 2006). This
correlates with a clear increase of micro-charcoal, of pollen from helio-
philous species (e.g., Betula), and indicators for burnt plots (spurs of
Pteridium) in pollen diagrams of southwestern and northern Germany
in the 4th millennium BCE (Figure 4; Dorfler, 2001; Résch, 1987, 1990;
Wiethold, 1998; summarized in Schier, 2009; see also Scharl, 2021). In
South Scandinavia, Andersen (1993) analyzed pollen spectra that had
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FIGURE 4 Pollen diagramm, Mainau ‘Obere Gull’, Lake Constance/Southwest Germany (from Résch & Wick, 2017).
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been sampled below burial mounds of the 4th millennium BCE. The
author documented secondary birch forests with increased values of
Artemisia and Pteridium and birch pollen, which were distorted by heat
as indicators for the use of fire.

All this hints at an increasing significance of slash-and-burn cultiva-
tionduringthe late 5th, 4th, and 3rd millennium BCE (critically Jacomet
et al,, 2016). From an economic and cultural perspective, this might
be explained with two developments. First, during the 4th and 3rd
millennium BCE, we see an expansion of agrarian societies into areas
with less suitable soils for agriculture, as, for example, into northern
Central Europe and South Scandinavia or the Alpine foothills with its
glacial soils (Scharl et al., 2021; Schier, 2009, 2017). Second, Résch et al.
(2017) discuss a decline in soil quality and yields in the Loess areas after
more than one millennium of agriculture. This might have promoted the
significance of slash-and-burn agriculture. Whether a climatic deteri-
oration (dryer and cooler conditions) at the beginning of the subboreal
period (ca. 3800 BCE) promoted this agricultural technique remains
hypothetical (Kalis, 2010). However, one could add that an increasing
significance of slash-and-burn cultivation, which is related to defor-
estation and the creation of potential pastures, also might have been
related to an increasing significance of animal husbandry, especially of
cattle, during this time (‘pastoral turn’ according to Schier, 2020). From
a supraregional point of view, it should be emphasized that it is not
a question of either slash-and-burn cultivation or intensive forms of
cultivation. Rather, during the second half of the 5th millennium BCE,
agricultural practice and techniques started to diversify which allowed
for mixed strategies on a local and regional scale (Scharl, 2019).

4 | CONCLUSIONS AND OUTLOOK

Various archeological case studies show that fertilization already
played a role in early agriculture. Methodological approaches to study
fertilization in prehistoric contexts have evolved significantly in recent
years. Their application to archeological contexts, on the other hand,
is neither very systematic nor large-scale. Therefore, the significance
and extent of different forms of fertilization in prehistoric contexts
cannot be reliably assessed. One reason is the lack of awareness that
anthropogenic sediments are important archives for the study of pre-
historic life including agricultural practice. Added to this is the lack
of knowledge about possible analysis methods among archaeologists.
Therefore, an important task for the future is to develop a routine of
sampling on archeological excavations (including a strategy for sample
storage) that will be integrated into daily practice to end up systemati-

cally examining not only archeological finds but also sediments.
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