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Abstract 

The purpose of this thesis has been to gain knowledge about prehistoric manuring practice. In 

doing so a new interdisciplinary direction combining the academic fields of agronomy and 

archaeology was launched. Stable isotope analysis of carbon and nitrogen comprised the 

methodological approach in the project and served to detect the intentional and systematic 

addition of animal manure. Nutrients are key elements to plant production, but understanding 

when and to what degree this was acknowledged and influenced ancient agrarian strategies is 

still lacking. Through gross generalizations based on archaeological and environmental record 

current research appoint the onset of manuring to the Bronze Age in a wide sense. 

 The strategy of the PhD project has followed a three step plan. First the response of 

addition of the early agriculture cereal type’s naked barley, emmer and spelt was examined and 

analyzed. The field work in the study was imbedded in the ongoing Askov Long-Term 

Experiments on Animal Manure and Mineral Fertilizers conducted at Askov Forsøgsstation, 

which constitutes a classic agronomic research platform. From these modern field campaigns the 

generality of the manuring effect on the isotopic composition of nitrogen became clear. Next the 

effect of charring on the carbon and nitrogen isotopic signatures of early agriculture cereal types 

was investigated. The isotopic signature appeared to be unaffected by charring in general even 

though a wide range of charring scenarios was tested. Finally the applicability of the isotope 

approach was evaluated. 72 archaeobotanical samples from 38 Danish sites covering the first 

four millennia of the agricultural epoch were investigated in order to search for long-term 

developments within manuring practice. Also 27 new radiocarbon dates were presented as part of 

the chronological framework in this part of the thesis. 

 In conclusion the crop isotope approach was found to be promising. It contributes with 

direct and detailed evidence of prehistoric manuring practice. However, it is imperative to take 

into account a certain degree of variability in the isotopic composition due to natural as well as 

anthropogenic factors. Sample representativity and pre-treatment issues also need to be dealt 

with in more detail. Furthermore evidence of prehistoric manuring practice obtained via isotope 

analysis of archaeobotanical remains should be regarded as relative rather than absolute, when 

interpretations are being made. 
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Sammenfatning 

Sporene efter det tidligste agerbrug er få, tilfældige og kan være svære at fortolke. Dette gælder 

ikke mindst sporene efter forhistorisk gødningspraksis. Hvordan og hvorledes de tidlige bønder 

har været bevidste om og udnyttet næringsstoffernes gavnlige effekt hviler på et forholdsvis 

tyndt empirisk grundlag af fortrinsvis indirekte vidnesbyrd. Kvælstofisotopsammensætningen i 

afgrøder har vist sig at være en god indikator for langvarig, systematisk og mere intensiv brug af 

husdyrgødning. Formålet med denne afhandling er derfor at evaluere anvendeligheden af 

isotopanalyser i forbindelse med at belyse gødskningens tidlige historie. 

Ph.d. projektet er et tværvidenskabeligt samarbejde, der kombinerer jordbrugsvidenskabelige 

erfaringer vedrørende brug af husdyrgødning og de arkæologiske og arkæobotaniske 

problemstillinger relevant for dette emne. Isotopanalyser af kulstof og kvælstof bliver anvendt 

med henblik på at opnå mere direkte og detaljeret viden om forhistorisk gødningspraksis. 

Strukturen i projektet kan beskrives som en tretrins-raket, hvor de to første trin udgør metodiske 

forudsætninger for det tredje, mere anvendelsesorienterede trin, hvori det søges at fortolke 

resultaterne fra isotopanalyser af forkullede korn i gødskningens kulturhistoriske kontekst. 

Studier indlejret i igangværende markforsøg udgør den første del af projektet (Artikel I). I de 

langvarige gødningsforsøg ved Askov forsøgsstation blev høstudbytte og isotopsammensætning i 

kerner og halm relativ til gødningspraksis undersøgt i de tre gamle korntyper nøgen byg, emmer 

og spelt. Ugødede parceller (0) fungerede som reference for behandlinger bestående af intensiv 

husdyrgødning (kvæggylle; 1½AM) og parceller med tilførsel af mineralsk fosfor og kalium 

(1PK). Sidstnævnte blev anvendt som analogi til en svedjebrugssituation. Markforsøgene viste, 

at de gamle korntyper reagerer signifikant på tilførsel af husdyrgødning. Dette ses tydeligt i både 

udbytte og isotopsammensætning. Derimod var forskellene mellem 0 og 1PK ubetydelige. Den 

gennemsnitlige stigning i δ
15

N mellem 0 og 1½ AM parceller var 1,9 ‰ for jord, 7,9 ‰ for halm 

og 8,8 ‰ for kerner. 

Anden del af ph.d. projektet (Artikel II) udgør bindeled mellem resultaterne fra 

markforsøgene og de forkullede kornkerner, der udgør det arkæobotaniske kildemateriale i den 

sidste del af undersøgelsen. Størstedelen af det arkæobotaniske materiale forekommer i forkullet 

tilstand, der er med til at bevare materialet. Derfor er det nødvendigt at undersøge om forkulning 



afstedkommer ændringer i kernernes isotopsammensætning eller påvirker den påviste effekt af 

gødningstilførsel. Forskellige faktorer relateret til forkulningsprocessen (ilttilgængelighed, 

varighed og temperatur) blev undersøgt under kontrollerede betingelser i laboratoriet. 

Forkulningsforsøgene viste, at der ikke sker betydelige ændringer af isotopsignaturen under 

realistiske forkulningsforhold. 

Kemisk forbehandling (syre – base – syre) af de forkullede korn forud for isotopanalyse 

udgør en mulig metodisk udfordring, hvilket indledningsvis undersøges i tredje del af projektet 

(Artikel III). Det blev fundet at der er en tendens til, at prøver behandlet med den traditionelle 

syre – base – syre forbehandling gennemsnitlig er ca. 0,7 ‰ højere i δ
15

N. 

Anvendelsesperspektivet udgjorde hovedfokus i projektets afsluttende del, hvor en 

omfattende mængde indsamlede arkæobotaniske prøver fra 4. til 1. årtusinde f. Kr. blev 

analyseret. Formålet var at afklare om det ved hjælp af 
15

N isotopanalyser var muligt at detektere 

tidsmæssige udviklinger i gødningspraksis og efterfølgende sammenholde isotopresultaterne med 

den gængse opfattelse af agerbrugets udviklingshistorie. I alt 72 arkæobotaniske kerneprøver 

fordelt på 38 lokaliteter udgjorde det empiriske grundlag for studiet. I forbindelse med denne del 

af projektet blev der udført 27 nye 
14

C dateringer for at opnå en kronologisk absolut 

tidsbestemmelse. 

Ud fra en fortolkning af udviklingen i δ
15

N i forkullede kornkerner fra agerbrugets første 

fire årtusinde var det ikke alene muligt at understøtte gængse antagelser om gødningspraksis, 

men også at tilføje ny og mere nuanceret viden om det tidlige agerbrug. Størstedelen af de prøver, 

der klart viste tegn på gødskning (δ
15

N >6‰) lå i den sene del af undersøgelsesperioden (500 – 0 

f.Kr.). På basis af isotopanalyserne var det desuden muligt at detektere gødskning langt tidligere 

end hidtil antaget, om end tydeligvis i meget varierende grad (δ
15

N: 2-6‰). Isotopanalyserne 

tillod også en højere detaljeringsgrad end hidtil muligt via f.eks. arkæobotaniske analyser. 

Overordnet set understreger projektets resultater potentialet i anvendelsen af isotopanalyser 

inden for agroarkæologi. Der er dog stadig en række uafklarede forhold, der fremadrettet bør 

undersøges nærmere. 

Afhandlingen består af en introduktion til projektet og baggrunden for det agroarkæologiske 

samarbejde, samt en sammenfatning og diskussion af ph.d. projektets hovedresultater, der 

ligeledes danner grundlaget for to publicerede artikler (Paper I-II) og et artikelmanuskript (Paper 

III). 



Summary 

Traces of early agriculture are relatively scarce, random and mainly of circumstantial nature; all 

factors which cause challenges to interpretations. This is especially true where prehistoric manuring 

practice is concerned, since this agricultural feature is particularly difficult to trace by traditional 

archaeological and archaeobotanical methods. To what extent early farmers were aware of – and 

utilized the beneficial effect of adding nutrients rests on a relatively meager empirical basis of 

mainly indirect evidence. The nitrogen isotopic composition has been found to reveal long-term, 

systematic and more intensive use of animal manure. The overall purpose of this thesis has 

therefore been, to evaluate the applicability of isotope analysis as a new approach to generate more 

direct and detailed insight into the early history of manuring. 

 The PhD project has been based on interdisciplinary collaboration, combining 

archaeological and agricultural experience with focus on nutrients and soil fertility, by utilizing 

isotopic analysis of carbon and nitrogen in order to provide more direct and detailed evidence of 

prehistoric manuring practice. 

 The structure of the project is a three-stage process, where the first two stages 

constitute the methodological prerequisites for performing the third more application-oriented stage, 

which also comprise the interpretation and contextualization of results. 

 Studies embedded in the Askov Long Term Experiments (LTE) constitute the first 

part of the project (Paper I). Crop yields and the isotopic composition of grains and straw relative 

to soil treatment were examined for three early agriculture cereal types: naked barley, emmer and 

spelt. Unmanured plots (0) served as reference for two treatments consisting of intensive animal 

manure (cattle slurry, 1½AM) and for plots amended with mineral phosphorus and potassium 

(1PK), which was presumed to be the closest analogy to a slash and burn situation present at Askov 

LTE. The field experiments confirmed a positive response to animal manure, of early agriculture 

cereal types similar to that previously found in modern cereals. This was evident in both yield and 

isotopic composition. However, the differences between 0 and 1PK were negligible. The average 

δ
15

N offset between 0 and 1½AM was 1.9‰ for soil, 7.9‰ for straw and 8.8‰ for grains. 

 The purpose of the second part of the PhD project (Paper II) was to facilitate a link 

between the results of the modern field experiments and the archaeobotanical source material, 

which is largely constituted of charred grain. Most commonly the archaeobotanical remains, such as 

cereal grains are found in a charred state because charring helps preserve the material. For the 

purpose of comparison it was necessary to investigate whether charring give rise to changes in the 



isotopic composition of grains or impacts the effect caused by manuring. Various charring 

parameters, such as oxygen availability, time and temperature were examined under controlled 

conditions in laboratory experiments. The experiments showed that charring under realistic 

conditions did not cause substantial changes of the isotope signature. 

 The chemical pre-treatment (acid – base – acid) employed before isotope analyses of 

the charred grains constitutes a possible methodological challenge. This issue was initially explored 

in the third part of the project (Paper III). A possible δ
15

N discrepancy between pre-treated and non 

pre-treated samples of approx. 0.7 ‰ (pre-treated > non pre-treated) was detected. Paper III was 

mainly application-oriented and presents the isotopic composition of an extensive quantity of 

Danish archaeobotanical grain samples from the 4
th

 to the 1
st
 millennium BC. The aim was to 

investigate whether it was possible, from isotopic evidence to detect long-term temporal trends in 

manuring practice and compare this with current opinions on the development in crop husbandry 

practice. In total 72 archaeobotanical grain samples from 38 sites provided the empirical basis for 

the study. New radiocarbon determinations were performed on 27 samples in order to obtain a 

chronological framework based on absolute dating. Based on the δ
15

N values of charred grain 

samples from the first four millennia of the agricultural epoch, it was possible to support, not only 

conventional assumptions about manuring practices, but also adding new details and a more 

nuanced understanding of the early crop husbandry. Most of the samples, which clearly showed 

signs of manuring (δ
15

N > 6 ‰) belonged to the late part of the study period (500-1 BC/AD 1). It 

was possible, based on the isotope evidence, to detect manuring at earlier stages than previously 

assumed, though obviously in varying degrees (δ
15

N: 2-6‰). The crop isotope approach provided 

direct and more detailed information about crop husbandry compared to previous interpretations. 

Overall the results of this project demonstrated the potential of isotope analysis in agro archaeology. 

However, the study also raised issues that will need to be examined further in order to ensure 

methodological advancement in order to improve and fully exploit the isotope approach. 

 The thesis consists of an overall introduction to the project and the background for the 

agro-archaeological approach, followed by a summary and discussion of the PhD project's main 

results, which also constitute the basis of two published papers (Paper I-II) and a manuscript for a 

third (Paper III). 
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1 Introduction 

1.1 Aim and objectives 

The PhD project has been part of an interdisciplinary research initiative with the overall purpose 

to gain more knowledge about the introduction of animal manure and the development of this 

practice, which traditionally has been linked to advancement and progress in productivity within 

the history of agriculture. The introduction of manuring in a systematic and intensified 

management system occurred during the Bronze Age (1100-500 BC) in Scandinavia according to 

the general view (Engelmark 1992; Robinson 2003). In wide scale Western Europe the evidence 

of deliberate use of animal manure or other nutrient rich layers predates this (Bakels 1997; 

Guttmann 2005). Due to ambiguities in interpretation of the more traditional sources of 

information, such as the archaeobotanical evidence, the subject remains to be resolved. Previous 

agronomic research had reported that addition of nutrients affect the soil and plant isotopic 

signature (Bol et al. 2005; Bateman & Kelly 2007). The potential of the method has also caught 

the attention of archaeologists, since stable light isotope analyses of excavated ancient grains 

may possibly contribute with direct evidence of prehistoric manuring practices (Bogaard et al. 

2007). 

 The overall aim in the PhD project has been to evaluate the applicability of stable carbon 

(C) and nitrogen (N) isotope analysis on archaeobotanical remains from the early agriculture in 

Denmark. The main objectives and problems to be dealt with formed part of a three stage process 

(Figure 1). 

 In the first part of the PhD project is was hypothesized that the manuring effect on three cereal types 

known to be present in the first four millennia of the agricultural era in Denmark would be similar to 

findings in modern crops. The fieldwork took place at the agronomic research platform Askov in 

Southern Denmark for two consecutive years in 2008 and 2009 (Paper I). 

 The second stage within the project consisted of a methodological study and assessment of the integrity 

of the isotopic signature in charred grains (Paper II). The main working hypothesis was that charring 

would not distort the isotopic signature of carbon and nitrogen in cereal grains significantly. 

 The third and final part of the PhD project subjected actual archaeobotanical remains to isotope analysis 

It was hypothesized that manuring activities predating the Bronze Age emergence would potentially be 

revealed (Paper III). Issues pertaining to the chemical pre-treatment of charred grain were also 

addressed. 
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Figure 1: Photos from each stage of the PhD project. From left to right: mini plot with cereals ready for harvest 

(2009) at the Askov agronomic research platform, experimentally charred grains in the mortar and a tin cup with a 

3-4 mg sample of crushed charred grains being packed (Photo: Marie Kanstrup and Astrid J. Andersen). 

 

Other recent and contemporary projects within the same interdisciplinary field take on related, 

but slightly different, approaches or issues, such as irrigation, large scale chorological studies 

within a certain time frame (e.g. the Neolithic) and even prospecting (Flohr et al. 2011; Heaton 

et al. 2009 ; Shahack-Gross et al. 2008; Commisso & Nelson 2008). The results presented in this 

thesis can hopefully stimulate further interest in interdisciplinary collaborations between 

agricultural sciences and archaeology, and thus, contribute to advancements within the academic 

field of agro archaeology. Knowledge about prehistoric manuring practice is not only important 

with regards to past plant production; but may also have vital bearings on diet reconstruction 

(Bogaard et al. 2007; Hedges & Reynard 2007, Fraser et al.2011). 

1.1.1 Outline of the thesis 

The outline of the thesis is influenced by the outline of the PhD project, and from each step in the 

process of the project progression there is a related paper (I-III, see 10. Supporting papers, page 

66). The novelty of the coupling of agronomic experiences and the technique of isotope analysis 

with archaeological findings influenced the topics in the thesis. Initially the term agro 

archaeology is being introduced and explained in Chapter 1.2, page 3. Interdisciplinary research, 

with a specific application to land use, has a long research tradition within archaeology prior to 

this study. However, targeting the scarce remains of the plants actually being cultivated in early 

agriculture with isotope analysis constitutes a novel approach (Bogaard et al. 2007). A short 

review of the growing interest in using the technique of isotope analysis and a selection of 

relevant isotope studies closes the first section (Chapter 1.3, page 4). Here the current knowledge 

of relevant stable light isotope studies of mainly nitrogen is being presented. These prior and 



3 

pioneering isotope studies constitute the foundation of this agro archaeological PhD project and 

have influenced the expectations towards the evidence obtainable through isotope analysis. 

 The background and rationale for pursuing an agro archaeological approach is rooted in 

current knowledge concerning prehistoric crop husbandry practice in general and manuring 

practice in particular, is presented in Chapter 2, page 6. A major constraint in archaeology in 

general is transformation processes affecting the source material and the possible conclusions 

that can be made. This indeed also applies to the subject matter of prehistoric manuring practice. 

The stable isotope technique is a well-known method in natural sciences for detecting and 

investigating pools and fluxes in the cycles of different elements in the biosphere. The basic 

principles of the method are summarized accordingly (3.1, page 20). The nitrogen cycle and 

controlling factors of δ
15

N values in agro-ecosystems is outlined in Chapter 3.2, page 24. 

 The very different characteristics of the source material are emphasized as a prelude 

(Chapter 4.1, page 26) to the material, method and measurement section of the thesis (Chapter 

4.2-4.3). A brief account of the notation and principles of isotope measurements (Chapter 4.4, 

page 35) and radiocarbon determinations (Chapter 4.5, page 36), which also form the 

chronological framework of the study, closes the methodological part of the thesis. 

 The form and content of the thesis bear the imprint of the PhD project being mainly 

experimental as well as explorative and based on empirical findings and availability of charred 

grains found in archaeological excavations (Papers I-III). The overall findings of the PhD 

project are summarized and discussed in Chapter 5, page 38, followed by some general 

concluding remarks in Chapter 6, page 49. Chapter 7, page 52 focuses on the implications of this 

work and of the future prospects for the isotope approach within the interdisciplinary field of 

agro archaeology. 

1.2 Agro archaeology and interdisciplinary research 

The term agro archaeology covers the interdisciplinary collaborations between agricultural 

sciences and archaeology. Compared with the long tradition within the academic 

interdisciplinary field of provenience and palaeodiet, where isotope analysis of artefacts and 

animal/human bones by now constitutes an integrated and vital part (Stos-Gale 1995; Sealy 

2001), the interest in utilizing isotope analysis with respect to prehistoric plant production and 

land use, is of a more pioneering character. 
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 Interdisciplinary collaborations have been a recurrent characteristic in archaeological 

research, and this has also been a dedicated field of interest in Danish archaeology going back to 

the first Kitchen Midden commissions starting in 1849 as an example (Kristiansen 2002). The 

emerging interest in using light stable isotopes in plant and soil as a proxy for past crop 

production conditions and early agriculture developments contains some intrinsic perspectives 

for a renewed generation of interdisciplinary projects within archaeology (Bogaard et al. 2007; 

Commisso & Nelson 2006). The present agro archaeological interdisciplinary collaboration thus 

accounts for a continuation of a renowned research tradition. Since prehistoric manuring practice 

is difficult to trace in the traditional archaeological and environmental record, the subject matter 

obviously called for a new more innovative approach. 

 The transition in basic subsistence and lifestyle from hunter-gatherer groups to 

agricultural societies constituted a major change in many human cultures. The changes 

connected to this transition was of a magnitude and affected human history in such a way, that 

terms such as “The Neolithic Revolution” or “Agricultural Revolution” has been used to describe 

this process (Harlan 1992; Barker 2006). Ever since the introduction of agriculture this new 

mode of production has constituted the basic subsistence and economic foundation in societies. 

This radical change has indeed caught the attention of the academic field of archaeology also in 

the Danish area, where agriculture has been traced back to approx. 3900 BC (Fischer & 

Kristiansen 2002; Fischer et al. 2007). The study of agricultural practices and developments is 

accordingly of considerable importance in revealing the nature of prehistoric societies (Boserup 

& Kaldor 1965; Price 1995). Cereal production is highly dependent on the availability of 

nutrients. Mastering the beneficial effect of manure from livestock and incorporating such 

knowledge in cereal production must be considered a crucial step in the intensification of 

agriculture. A recent paper has even suggested systematic manuring as a prerequisite for the 

development of complex societies (Chepstow-Lusty 2011). 

1.3 History of the agro archaeological isotope approach 

Within palaeodiet research, the simple mantra of “you are what you eat” has become a key 

statement upon which a lot of new knowledge about dietary norms and variations has been 

generated in interdisciplinary projects. Modifications of the mantra have been suggested along 

the development of this research discipline, such as “bone collagen δ
13

C are the δ
13

C of what you 

eat + 5‰” and “you are what you eat less excrete” (Katzenberg 2000; Fry 2006). Nevertheless, 
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the isotope approach within archaeology steadily generates research projects and produces 

numerous publications concerning past dietary practice and related issues concerning food 

procurement, production and consumption (Fischer et al. 2007; Eriksson et al. 2008; Barrett et 

al. 2008). 

 Nitrogen (N), together with hydrogen (H), carbon (C), oxygen (O) and sulphur (S) 

isotopes constitute elements of traditional agronomic and environmental interest due to intrinsic 

linkages to soil organic matter (SOM) dynamics (Fry 2006). A pilot study by Bogaard et al. 

(2007) proposed that an isotope approach could be just as auspicious when it comes to gaining 

scientifically grounded and direct evidence about prehistoric manuring practice. This is 

interesting, since manuring practice is an underlying construct in getting to know more about the 

mode of production within agriculture and society as a whole. 

 Recent studies have shown clear nitrogen isotopic plant response related to addition of 

animal manure and such findings could also have implications for palaeodietary research (Fraser 

et al. 2011). Uptake of nitrogen in terrestrial plants mainly takes place from sources such as 

nitrate or ammonium derived from mineralized dissolved organic nitrogen (DON) in systems 

without addition of mineral fertilizers. N2 fixation (only in legumes) and rain can also contribute 

with nitrogen to the plant (Pate 1994). The resulting isotopic signature in the plant will be 

retained up through the food chain and have potential bearings for the interpretations of the 

proportional reliance of meat or dairy products compared with vegetarian food sources in 

prehistory (Hedges & Reynard 2007). 

 The marked difference experienced between legumes and non N2 fixing plants caught the 

attention of interdisciplinary research at a rather early stage in the history of Isotope 

Archaeology. Legumes were used as an example to demonstrate that δ
15

N in dissolved organic 

matter exceeds δ
15

N in the atmosphere. It has also been suggested that δ
15

N could be utilized to 

examine the utilization of legumes (Deniro 1987; Pollard & Wilson 2001). It has been shown 

that the fertilization history can be detected even in slow SOM pools, and this can then be 

utilized in studies of longer-term fertilizer nitrogen cycles in soils. Different nutrients result in 

different isotopic signatures in crops and this has also been detected in grasslands (Bateman & 

Kelly 2007; Kriszan et al. 2009). These isotope studies have mainly been carried out on modern 

crop types, and since previous studies have reported crop-specific differences in the manure-

derived impact on δ
15

N in contemporary common crops (Bol et al. 2005), a study of the response 
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of early agricultural cereal types was initiated as a first step during the course of this PhD project 

(Paper I). 

 A new direction within Isotope Archaeology engages in a renewed interest in the isotopic 

composition in plants and soils in order to gain knowledge about cultivation and plant use in 

early farming societies. Besides manuring, topics such as irrigation (
13

C/
12

C ratio) and 

sustainability have recently been investigated by means of the isotope approach (Flohr 2011; 

Heaton et al. 2009; Aguilera et al. 2008). The method has even been demonstrated as a possible 

prospecting tool in connection with detecting livestock enclosures in East Africa and the infields 

of the Norse settlements of Greenland (Shahack-Gross et al. 2008; Commisso & Nelson 2006, 

Commisso & Nelson 2010). 

 Palaeodiet research rests on conditions such as: 1) knowledge about the isotopic 

distribution in the food chain and 2) certainty that possible diagenetic changes or contamination 

can be eliminated (Sealy 2001). Such prerequisites should also apply to an agro archaeological 

isotope approach just replacing “food chain” with carbon or nitrogen cycle. The latter is 

accounted for in the following section, whereas carbon isotope examples are only touched upon 

sporadically and mainly for pedagogical reasons since “the manuring effect” is particularly clear 

in the isotopic composition of nitrogen in plants and, although less so, in soil as well (Paper I). 

Application of isotope analysis in regards to studying ancient irrigation activities is one example 

of an on-going interdisciplinary project focusing more on carbon isotopes (Flohr 2011). 

2 Early agriculture and manuring 

2.1 Direct versus circumstantial evidence 

Direct evidence of prehistoric manuring practice is limited to rare findings of preserved 

palaeosols and ploughing furrows from the primitive ard (Figure 2 and Figure 3). Both features 

are predominantly found preserved and protected under passage graves, barrows or sand drift 

layers, but such findings are in reality rare (Asingh & Bender Jørgensen 1987; Bech 1993; 

Robinson 2000; Westphal 2009). Archaeological findings of domestic waste (sherds or discarded 

organic material, e.g. from different steps in the harvest processing) in such layers or in the 

actual ard furrows has been interpreted as being the result of adding nutrient rich midden 

material and possibly animal manure to the fields (Bakels 1997). 
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Figure 2: Experimental archaeology. Ploughing with an 

ard (Photo: © Lejre Experimental Centre). 

 

Figure 3: Traces of ard tilling at subsoil level 

(Photo: © Den Store Danske/C.J. Becker). 

 

Such specific examples are not known from the Neolithic in Denmark where especially 

settlement refuse still remains to be found in the actual preserved ard furrows. But there are 

examples of refuse or settlement remains beneath burial mounds from the Middle Neolithic 

Single Grave Culture (SGC) in Denmark (Rostholm 1986). Although this was interpreted as 

representing a settlement site it could also be suggested that cultivation occurred before the 

mound was erected. Evidence of such succession (house-field-mound) is known from later 

periods in Denmark (Asingh & Bender Jørgensen 1987). The oldest real clear findings of 

domestic waste found in a Danish field context was found at the Late Bronze Age site at Bjerre 

in NW Jutland beneath preserving layers of drifting sand, and the possibility of earlier parallels 

to these findings has been raised (Robinson 2000). 

 The nutritional value of domestic waste was probably known and exploited to some 

degree from early on in the agrarian history. Bakels noted that finding traces of manuring 

activities was often linked to findings of ard furrows (1997), and suggested that the introduction 

of the ard took place just before or during the Late Neolithic (Sherratt 1981; Thrane 1991). Since 

the 1997 paper of Bakels earlier examples of ard furrows have been detected especially in 

connection with investigations of megaliths (Westphal 2009; Jørgensen 2000). The interpretation 

of the ard marks has also previously been widely discussed (Rowley-Conwy 1987). Manuring 

activities predating the introduction of the ard or simply not associated with ard tillage would be 

almost impossible to trace by conventional archaeological or archaeobotanical means. 
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 Palaeosols could also be subjected to different micro-morphological or bio-chemical 

analyses in order to obtain manuring evidence (Guttmann 2005; Bull et al. 1999), but such 

methods have not yet been applied in a Danish context. Phosphor analysis (mainly in the subsoil 

but also at the topsoil level for prospecting purposes) has also been used to detect nutrient “hot 

spots” e.g. stalls or dunghills, however, other activities besides manuring management, for 

example butchering, could lead to elevated phosphor levels, (Ethelberg 2000; Holliday & 

Gartner 2006). It is important to emphasize that if the prehistoric fields were not preserved and 

protected adequately, the soil properties have most likely been subjected to so many changes, 

during centuries of agricultural land use, that the original soil properties are untraceable (Bakels 

1997). Even preserved and well protected palaeosols providing information about manuring 

activity at a specific field site by means of phosphor or bio-chemical analysis and micro-

morphology would be restricted in yielding information about manuring practice related to 

specific crops. 

 Inferences about prehistoric manuring practice have more commonly relied on indirect 

sources of information, which result in more circumstantial findings. Regardless, the available 

sources of information do contribute to the more general interpretations regarding the nature and 

development of early agriculture. The general understanding of early agriculture has for the most 

part been based on archaeobotanical remains (pollen and macrofossils). The contributions as well 

as limitations of archaeobotany will be presented here and subsequently followed by an overall 

presentation of aspects of relevance for the manuring debate of early agriculture in Denmark. 

2.2 Archaeobotanical remains 

2.2.1 The microfossil evidence based on pollen 

Pollen analyses of layers from lakes and bogs yield information about natural resources and 

vegetation on a landscape level (Andersen 1993). Early agriculture cereal pollen is rarely 

detected in such investigations since most cereals (except rye) do not shed their pollen out in the 

fields. Anthropogenic influence on nature and inferences about crop husbandry related activities 

can potentially be deduced from more local pollen diagrams. Such an approach would yield 

knowledge about crop husbandry at a more detailed, level spatially as well as chronologically. 

Especially sealed layers of agricultural soils (e.g. beneath barrows) can potentially contribute 

with more local information and even in some cases detect cereal pollen since possible nearby 
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harvesting and threshing activities could be reflected in such layers (Andersen 1998; Westphal 

2009). The fill of cultural soil in settlement features could also potentially contribute with 

additional evidence about cultivation practice. Recently pollen, from cultural plants in particular, 

was also found imbedded in preserved textiles from an Iron Age inhumation grave. The pollen 

evidence was interpreted as reflecting a harvest situation or a subsequent crop processing activity 

(Enevold 2011). 

 Pollen spectra can contribute with other information about agricultural practice if the 

proportions of soil dust in the samples are studied. An increase in the proportion of soil dust is 

interpreted as evidence of an increase in ploughing or related tilling activities (Aaby 1990). It has 

also been shown that pollen deformation due to heating can provide additional information about 

land management in the past, such as slash and burn activities (Andersen 1988). Overall pollen 

analysis has demonstrated that anthropogenic impact on nature and landscape development was 

much more diverse than first presumed (Aaby 1993). 

 Relevant to the objective of this thesis, pollen is not yielding direct information about 

manuring practice. Inferences about the linkage between maize and manure based on pollen 

evidence in the Inca area have recently been put forward by Chepstow-Lusty (2011), but the 

circumstantial character of such findings is obvious. In conclusion pollen analysis is assessed as 

contributing with a general environmental framework, in which other agro archaeological 

findings about manuring can be contextualized. 

2.2.2 The macrofossil evidence based on charred grains and seeds 

More direct and reliable information about general crop husbandry practice can be retrieved via 

the actual remains of cultivated plants and crops found at settlement sites. Other contexts also 

provide archaeobotanical remains such as the stomach contents of the bog bodies (Helbæk 1958; 

Harild et al. 2007), but the representativity of such findings is problematic due to the ritual 

context. 

 Within the archaeobotanical tradition there has been a tendency to shifting interests from 

presence to proportions, preferences and developments (Henriksen & Robinson 1996). Based on 

findings of archaeobotanical remains overall patterns and crop hierarchical developments, as 

seen in Figure 4, has been presented (Robinson 2003). From Figure 4 it is evident that 

presentations of long term development in crop husbandry in a Danish context have relied on a 

limited number of findings. This is mainly due to the defined requirements towards assemblage  
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Figure 4: Distribution of barley and wheat in the Neolithic (FBC: Funnel Beaker Culture, SGC: Single Grave 

Culture and LN: Late Neolithic) and Bronze Age (EBA and LBA: Early and Late Bronze Age respectively). 1: 
Einkorn, 2: Emmer, 3: Spelt, 4: Bread wheat, 5: Naked barley, 6: Hulled barley (courtesy of Peter Mose Jensen and 

Moesgård Museum, redrawn after Robinson 2003). 

 

size (number of grains > 50) before samples were included in the respective compilation and 

overview (Henriksen 1995). 

 In this thesis focus has been upon the charred grains since these are most commonly 

found in the area of investigation and at the time frame in question (Robinson 1994). Other 

categories of grain evidence include waterlogged and desiccated grains (Green 1981). Another 

slightly alternative and very time consuming approach of studying macro fossil plant remains is 

to study plant impressions on pottery (Rostholm 1986, 230-237; Koch 2002, 143-160). Charred 

cereal grains do not specifically contribute with information about manuring. Grain size has been 

suggested as a parameter possibly affected by the intensity of manuring, although this could be 

confounded with other factors such as genetic development, soil type and climatic fluctuations 

(Henriksen & Robinson 1996). 

 A macro fossil sample or assemblage (cereal grains and weed seeds) may derive from 

more than one and maybe several fields. The assessment of what the empirical data (in the form 

of a given flotation sample) represent can therefore be difficult. An assemblage does not 



11 

necessarily reflect one single vegetation unit and this constitutes a challenge for the 

interpretations possible to make. In rare cases like e.g. the coastal settlement Feddersen Wierde 

in Northern Germany actual vegetation units are recovered (van der Veen 1992). Whole sheaves 

with roots and soil used as a kind of plug in iron production ovens in Denmark have also been 

found to constitute another rare case of an actual vegetation unit in the archaeobotanical record 

(Mikkelsen & Nørbach 2003). 

 Agriculturally associated weed seeds have been widely utilized in order to provide 

information about crop husbandry in general and also manuring practice more specifically. The 

ecological conditions prevailing in arable fields are assumed to be reflected in the composition of 

the arable weeds. Analyses of weed seed composition can then potentially reveal how fields were 

tilled, manured, sowed and tended (Henriksen & Robinson 1996; Wasylikowa 1981). But 

interpretations of weed assemblages are often inconclusive, which could be due to problems of 

representativity and differences in preservation and retrieving rate. There is for instance a risk of 

a bias against weed seeds especially seen in early archaeobotanical sampling technique, where 

appropriate measures for securing even the very small seeds were not a priority. For example, 

early on in the Sarup research project the flotation samples were washed and sieved with a 0.9 

mm mesh (Jørgensen 1977). In this way small weed seeds were most likely lost. The method of 

flotation has been refined over the years in Denmark and more attention is now also directed 

towards the retrieval of the smaller weed seeds. This should improve the future potential for 

studies of weed seed compositions prospectively. 

 Arguments for the emergence of hay meadows in the lower Rhine Area and England 

based on simple plant community classifications constitute an example of how problematic the 

weed seed approach could be when it comes to agrarian production. Actual findings of hay 

predated the certain appearance in the weed species spectra (Behre & Jacomet 1991). 

 Another interpretative approach has been preoccupied with the behaviour of plant species 

with regard to a range of environmental factors (climatic, edaphically, biotic and anthropogenic). 

Some weed species have been suggested as especially indicative of manuring. Human activity 

influences the weed flora and analysis of weed assemblages can therefore potentially reveal 

human agrarian activities and past crop husbandry practices (van der Veen 1992). Chenopodium 

album (fat-hen), Persicaria lapathifolia (pale persicaria) and Stellaria media (common 

chickweed) are weed species commonly ascribed to being indicative of cultivated fields and 
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possible manuring (Karg 2007). But there are ambiguities concerning this approach. It can for 

example be hard with certainty to distinguish between plant preferences and requirements, 

thriving and demanding. Besides, plant behaviour is not static so present-day ecological data 

does not necessarily match prehistoric counterparts. Therefore it has been suggested to perform a 

“translation” of prehistoric species found in an archaeobotanical context (Jones 2002) and thus 

trying to avoid the possible source of uncertainty related to assumed behaviour of single plants. 

 Recent advances within archaeobotany have strived to accommodate this need for 

“translation”. The Functional Interpretation of Botanical Surveys (FIBS) approach relates the 

behaviour of individual plant species to specific ecological variables. The method is based on the 

analysis of multiple weed species (suites of associated weed species) to reduce the risk of 

erroneous conclusions due to major changes in the behaviour of individual species (Bogaard 

2004). The effects of different agricultural practices and scale of cultivation on the weeds of 

pulse crops was investigated at Evvia, Greece. This investigation concluded that a clear 

association between soil disturbance (tillage), fertility and weed species composition existed. 

However, it was not possible to determine whether one or the other or two in combinations is the 

decisive factor and FIBS has been suggested as a potential method to approach and resolve this 

problem (Jones et al. 2000). Such an approach has still not been fully applied within a 

Scandinavian context. 

 When using archaeobotanical approaches to make inferences about crop production and 

the further utilization of these findings in our conceptual understanding of past agricultural 

societies, it is important to recognize that archaeobotanists study patterns in the available 

archaeobotanical record and not so much the actual prehistoric  weed communities”, which has 

also been stressed by van der Veen (1992). The challenge is then to always evaluate and apply 

adequate methods when interpretations, based on archaeobotanical evidence, are being made. 

The interpretation of the archaeobotanical evidence is complicated and the taphonomic 

complexity makes it difficult to distinguish for instance the seeds of plants harvested with crops 

as arable weeds from plants grazed by animals (Bogaard 2005). 

2.2.3 Particulars concerning Danish archaeobotany 

In a Danish context research projects such as especially ‘Agrar 2000 – The Agrarian landscape’ 

and more specialized regional projects concerning settlement archaeology has generated more 

archaeobotanical analyses (Robinson & Karg 2001; Odgaard & Rømer 2009). The Agrar 2000 
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only concentrated on the period from the 1
st
 until the 21

st
 century AD. This fact emphasized that 

the early part of prehistoric crop husbandry from the Neolithic and Bronze Age deserves more 

attention with respect to national research activities. 

 Regional projects focusing on early agriculture have however been conducted and this 

have contributed substantially to our current knowledge about crop husbandry. One such 

example is the project ‘Arable agriculture in the Neolithic and Bronze Age on Djursland from 

which results were published back in 2000 (Robinson & Karg 2001; Henriksen 2000). A more 

long term regional account of agriculture from the Neolithic onwards is provided by the regional 

study of prehistoric agriculture in the southernmost part of Jutland (Robinson 2000; Hardt 2003). 

A review of the general development in the Neolithic and Bronze Age crop husbandry in a 

Danish context has been provided by Robinson (2003), see also Figure 4. This synthesis has 

greatly influenced current conceptions about early agriculture and that the introduction of 

systematic manuring happened at some point during the Bronze Age. Recent archaeobotanical 

analysis of samples from Jutland forms the base for inferences about agriculture in general 

during the Single Grave Culture, Late Neolithic and Early Bronze Age (Andreasen 2009). This 

study mainly supported the emergence of manuring activities in the Bronze Age. 

 The greater priority dedicated to the retrieval and analysis of charred plant remains from 

the Neolithic has contributed considerably to our knowledge about past plant exploitation and 

cultivation of crops. The relative importance of the different cereals is far more complicated to 

figure out than first envisaged. Assemblages from the Danish Early Neolithic period are few in 

numbers and small in size and can hardly be assessed as representative of the crop husbandry of 

that period (Andreasen 2009). Only weak assumptions and tentative tendencies can be drawn 

from this. From the archaeobotanical remains alone it is hardly possible to draw any real 

conclusions on whether animal manure was introduced as early as in the Early Neolithic. 

 The amount of analyzed assemblages from the Middle Neolithic (TRB MNA I-V) 

increases and some samples are very grain rich. It has been stressed that the Neolithic 

archaeobotanical assemblages are relatively clean from weed seeds (Robinson 2000). If such 

statements are based solely on early findings they must not be taken for granted. The risk of old 

samples having too few weed seeds, due to former outdated flotation practices, is possibly posing 

a problem in such interpretations. 
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2.3 Theories about crop husbandry practices 

Different crop husbandry models are associated with different socio-economic interpretations 

and therefore it is important to be aware of the implications of e.g. permanence in crop 

husbandry. Shifting cultivation in the Neolithic, as an example, will give rise to inferences about 

a higher degree of mobility, which then again leads to inferences about continuity with the 

Mesolithic. Modes of production in agriculture can also be linked with social stratification, 

which for instance is stated to be a precondition as well as a consequence of the usage of ox-

based plough cultivation (Bogaard 2004). 

 The aforementioned FIBS approach has previously been used to determine which of four 

major crop husbandry models matches the archaeobotanical record of central Europe the best. 

The four models are shifting cultivation (like a slash and burn system), extensive ard cultivation, 

floodplain cultivation and garden cultivation. Associated with each model are key variables like 

permanence, intensity and seasonality. The FIBS approach showed that the Central European 

archaeobotanical samples did not derive from newly cleared fields otherwise characteristic of 

shifting cultivation agricultural systems. Most likely the samples represented small scale, but 

intensely worked, ‘garden plots’ (Bogaard 2004). 

 The intensive mixed farming model has been proposed as a prevalent model, in areas as 

disperse as Neolithic south-eastern and central Europe and the Pre Pottery Neolithic B (PPNB) in 

the Near East (Bogaard 2002; 2004; 2005). This perception of early agriculture in the Neolithic 

is based on criticism of the usage of the shifting cultivation model in the loess belt of Europe. 

The findings from comparing data from the contemporary Hambach Forest experiment and 262 

weed-rich archaeobotanical assemblages from 57 sites pointed towards Neolithic fields as being 

small-scale, long-established and intensively grown (Bogaard 2002). This alternative model does 

not align with conventional accounts of early farming practices in Denmark (Madsen & Jensen 

1982; Robinson 2007). 

 In a Danish Neolithic context the archaeological evidence, especially from pollen, seems 

to favor the shifting cultivation model, although this has been severely questioned by Rowley-

Conwy (1981). It remains to be tested whether Danish archaeobotanical material from the 

Neolithic is suitable for conducting a similar FIBS inspired investigation. It would still be 

advisable to combine the FIBS derived findings with other bio-archaeological investigations of 
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fossil soils and preserved farming products (meaning cereals, weeds and animal bone remains) to 

assess the different interpretive models. 

 In Denmark there is evidence of crop rotation with spring barley and winter rye in 

succession from approx. 200 AD (Mikkelsen & Nørbach 2003). This interpretation relied on the 

already mentioned special findings of charred cereals in iron production features. The 

archaeobotanical source material from periods predating 200 AD is currently not adequate to 

either support or negate the presence of a crop rotation system at earlier times, but tentative 

models has been proposed (see Figure 5). It may also be worth considering a possible scenario 

with co-existence of slash-and-burn fields and small-scale intensively grown cereal fields. Such a 

system is known from Estonia up through historic time (Jääts et al. 2010). 

 The overall division of the first 4000 years of early agriculture in Denmark into three 

agricultural regimes defined in connection with this project is accounted for in detail in Paper 

III. The three regimes were defined according to prevalent ideas about the general development 

within this long term study. 

 

 

Figure 5: Possible Late Neolithic crop rotation system including one year of fallow. 1: Naked barley, 2: Naked 

barley or emmer or spelt, 3: emmer or spelt, 4: fallow. Reinterpreted from Møbjerg et al. (2007) after personal 

communication with Peter Mose Jensen. 
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Even though Denmark offhand seems like a relatively small, manageable and well defined 

geographical area the archaeological remains in reality bear witness to the opposite. This is for 

instance evident at the time of the emergence of the Single Grave Culture (SGC), which also 

marks the start of the agricultural regime II defined in Paper III. Overall different developments 

in the landscape of West and East Denmark have also been recognized in the pollen data (Aaby 

1993; Andersen 1993). 

 Based on a regional study of the material culture the complexity of the evidence at the 

time of the transition from the Middle Neolithic A to B has been emphasized. In East Jutland 

there is evidence of three defined culture groups co-existing at this time in prehistory. In addition 

to SGC remains from Funnel Beaker Culture (TRB) and Pitted Ware Culture (PWC) has been 

found in this region, although with differences in distributions respectively (Sørensen 1995). 

Each of these archaeologically defined culture groups is traditionally linked to separate models 

of subsistence. Such diversity could very well be expected in different degrees at other periods as 

well and represents an inherent challenge for generalizations about crop husbandry practices in 

general but evidently also for matters concerning manuring. 

2.4 Prevalent opinions and new directions 

2.4.1 Prevalent opinions about manuring in Scandinavia versus NW Europe 

The introduction of animal manure is relevant for discussions about modes of agrarian 

production and whether this reflected systems characterized by survival, sustainability or surplus. 

The prevalent opinion about the emergence of manuring in a Danish context at large has been 

that this occurred during the Bronze Age, which is a c. 700 years long period (Robinson 2007). 

In Sweden the rather late emergence of crop husbandry in the northern part is suggested as being 

connected to the introduction of hulled barley, which is claimed to be nitrophilous and more 

nutritional demanding (Gustafsson 1998). In this case animal manure seems to be a prerequisite 

for the onset of crop husbandry in this northern part of Scandinavia, although such conclusion 

has been queried (Lagerås & Regnell 1999). The rate and scale of manuring in Sweden has been 

demonstrated to differentiate according to chronology and region (Viklund 1998). 

 In a Danish context the linkage between hulled barley and manure has also been proposed 

(Robinson 2000). It is not clear whether the somewhat delayed replacement of naked barley with 

hulled barley in Denmark compared to Sweden resulted in a similar delay in utilizing the 
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beneficial effect of animal manure. Even if the coupling between hulled barley and systematic 

and intensive manure might be real indeed, it does not rule out that manure could have been used 

for other crops than hulled barley and at earlier times. 

 The rather unique ‘pile dwelling site’ at Alvastra in Sweden has been accentuated as an 

example of a 5000 year old stall (Göransson 1995). Although exceptional, the Alvastra site does 

support the depiction of early agriculture suggested years ago by Troels-Smith as: “… a kind of 

leaf-fodder husbandry in which domesticated animals, such as cattle and sheep, had been kept in 

byres or pens, foddered with twigs and leaves from pollarded trees, while small plots were 

cultivated permanently with wheat and barley.” (Troels-Smith 1984:14). 

 Based on soil evidence (e.g. soil phosphate analysis, micro-morphology and soil lipids) 

nutrient management seemingly played an important part in Scotland and the surrounding islands 

from the Neolithic onwards, characterized by small-scale but very intensive cultivation 

(Guttmann 2005). Some fields were established right on top of leveled midden material and there 

are even a few examples of Neolithic fields established on top of Mesolithic shell midden areas 

to exploit the fertile environment they provide. In Denmark resembling find associations, 

although from a later period (Late Neolithic and Bronze Age), have been reported. The 

excavations of a burial mound revealed ard marks on top of an abandoned longhouse at the 

Diverhøj site (Asingh & Bender Jørgensen 1987). The context is admittedly special, and may not 

be representative of a common practice, but it does show a certain association between the 

potential nutrient rich house and midden area and to cultivated fields. 

 The evidence of midden cultivation in northern England is very interesting especially 

when comparisons are being made with the rest of Britain, where the addition of nutrients did not 

seem to be as important due to “the schlep effect”, the disinclination to carry out any labour not 

regarded as strictly necessary, which resemble the “Least effort” models (Guttmann 2005; 

Boserup & Kaldor 1965). Based on findings of traces of domestic waste in ard tilled fields 

manuring can be traced back to the Late Neolithic in Western Europe (Bakels 1997). Ard marks 

have been detected under a majority of the Danish passage graves investigated within recent 

times (Westphal 2009). This could be indicative of early manuring activities as well, based on an 

assumed linkage between ard tilling and manuring (Bakels 1997). 

 The statements put forward by Rowley-Conwy concerning the role of domesticated 

animals in agriculture are in the context of this thesis important to re-introduce (1981). 
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According to Rowley-Conwy livestock match a system with more permanent fields. Cattle can 

provide a range of things besides meat such as traction and especially manure. A cow produces 

ca. 9-14 tons of manure per year and the beneficial effect of manure on plants was most likely 

known to the early farmers. Also sheep and pigs may have been used actively in the tillage of 

fields (1981, 2004). Crop and animal husbandry regimes should not be studied as parallel, 

separate activities but rather as highly inter-acting entities of the same system. Such symbiosis of 

livestock and cereal growing was stressed on the basis of findings at Weir, Switzerland (Troels-

Smith 1984). Focus on the entire agro-ecological system is called for in future research. 

 The introduction of hay meadows, problematized by Behre & Jacomet (1991), could 

relate to the introduction of long houses with stalls since stalling of animals is linked to the 

procurement of more winter fodder. In a Danish context this emergence of longhouses with stalls 

has been suggested to be linked with the commencement of the systematic collection of animal 

dung for manuring purposes (Ethelberg 2000; Hardt 2003; Hedeager & Kristiansen 1988; Barker 

1999). 

 Recent evidence from the excavation and faunal analysis of an Iron Age conflagration 

site in North Jutland, Denmark, suggests that prior interpretations of the use of stalls and the 

correlation between stall size and number of animals may have been too simplistic. At the North 

Jytland site only some selected animals (and not only cattle) were kept in the stall and different 

strategies could have led to a need for stalling of the different animal species (Kveiborg 2008). 

Prehistoric animal husbandry was seemingly more diverse than immediately realized according 

to this evidence. Other reasons for stalling livestock, such as protection against raids or more 

emphasis on milk (Fokkens 1999), rather than solely dung gathering could be worthwhile to 

consider. There is also no certainty that animals kept in stalls require significantly more winter 

fodder than animals kept in outdoor pens year round under different circumstances. Traces of 

structures interpreted as animal pens have been found from the Early Bronze Age and onwards. 

Such findings have also been used in the argumentation for fixing the first use of manure to the 

Bronze Age (Bech & Mikkelsen 1999). There are examples of even earlier findings of possible 

pen-like structures (Rostholm 1986b; Nielsen 1999). Although these structures have not been 

specifically interpreted as animal pens the possibility of such a function should not be ruled out. 

 Detecting a presumed functional integration of crop and livestock husbandry calls for a 

more interdisciplinary approach, where the evidence is reviewed not as separate entities but as 
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integrated pieces of evidence from the same system at a certain time and at a certain place. A re-

interpretation of bio-archaeological remains from south-east and central Europe have been put 

forward by Bogaard (2002; 2004; 2005). It has for instance been suggested that crop and animal 

husbandry practices in Neolithic south-east and central Europe varied regionally and 

chronologically. Even site-specific variability (e.g. at LBK Vaihingen in the Neckar basin) has 

been pointed out (Bogaard 2004; 2005). 

 It is tempting to think of early agriculture and especially the Neolithic as a period with a 

lot of pioneering and innovative activities. A period coloured by a lot of “just getting started” 

and “trial and error”. Early crop husbandry practice may thus have been far more diverse than 

previously imagined. In the Late Neolithic, as an example, crop husbandry became more diverse 

with more species present indicating intentional actions taken to minimize risks by spreading the 

stakes (Andreasen 2009). After a prolonged introductory period agrarian systems would 

gradually have become more consolidated and controlled/systematic, but this is a hypothesis 

hard to solve without more direct information about the developments within agricultural 

practice in general and manuring practice in particular. 

 This thesis advocates that further investigations and interdisciplinary research is 

necessary to assess whether the intensive mixed farming model put forward by Bogaard (2004) 

also applies to the more northern parts of agricultural Europe in general and within Danish 

Neolithic agricultural practice in particular. For the time being suggesting the relevance of the 

intensive mixed farming model is merely a first stimulating step towards targeting the material 

remains with new approaches. The crop isotope approach has the potential to trigger and produce 

new interpretations and generate new knowledge and a better understanding of the agricultural 

way of life. 

2.4.2 New directions 

Based on the present critical assessment of relevant sources of information concerning ancient 

crop husbandry practice in general and manuring practice in particular new directions are clearly 

called for. It has been proposed, that stall isotope analysis of nitrogen in archaeobotanical 

remains is far more direct than any other suggested method so far (Bogaard et al. 2007). The 

method is also independent of and complementary to the weed-based inferences of crop growing 

conditions. Thus isotope analysis has the potential for providing direct and detailed evidence 

necessary in order to obtain more knowledge about prehistoric manuring practice. In this thesis 
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the applicability of this isotope approach is dealt with in more detail by a comprehensive case 

study based on isotope analysis of samples from the first four millennia of agriculture in 

Denmark (Paper III). 

3 Crop isotope approach 

3.1 Isotope technique 

Mixing and fractionation constitutes two major processes within stall isotope research. In 

principle, these two processes are decisive for the isotopic composition of different reservoirs 

(also called pools or sinks) in the biosphere (Fry 2006). In both processes, it is important to think 

in terms of sources and products. 

3.1.1 Mixing 

This process is fairly simple and straightforward to understand. Combining sources with 

different isotopic composition will result in a product where the isotopic composition depends on 

the isotope compositions of the sources and their respective proportions. A case example within 

agro-ecosystems is the utilization of maize as a natural tracer in studies of SOM turnover rates 

with respect to carbon content (Balesdent & Mariotti 1996; Christensen et al. 2011). 

 The delta notation is used to denote the isotopic signatures and capital delta denotes the 

fractionation factor (the relevant equations are presented in Box 1). 

 

 

 

Box 1: The δ notation (ratio-of-ratios) and α (or Δ) notation for 
fractionation (discrimination) (Fry 2006) 

δ = (Rsample/Rstandard – 1) *1000 

Rsample/Rstandard = (Hsample/Lsample)/(Hstandard/Lstandard) 

H and L represent the fractions of heavy and light isotopes respectively 

α = (LF/HF)/(LR/HR)  or  α = (LF/HF)/(LR/HR) 

where F is the forward fluxes and R is the reverse fluxes so the equation 
to the left expresses the fractionation in the forward reaction and the one 
to the right the fractionation in the reverse reaction and α  then is the 
overall fractionation between to substances in equelibrium 
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Relevant to this study is the addition of animal manure (source 1) to the soil (source 2). If the 

isotopic composition of the manure differs from the isotopic composition of Soil Organic Matter 

(SOM), which is the decomposed organic constituents in the soil and the living microorganisms 

acting as the decomposers. The combination (mixing) of the two sources will provide a new 

isotope value for the combination (product) of these two substances (sources). But also the 

isotopic signature of the manure itself is influenced by mixing processes. The nature and 

composition of the animal manure and whether farmyard manure (including more straw and 

bedding material and therefore more organically bound nitrogen) or slurry (relatively high 

ammonium content) has been added would also affect the isotopic composition since the 

different fractions of manure yield different isotopic signatures, faeces being more enriched in 

15
N than urine among ruminants (Bol et al. 2005; Fraser et al. 2011). 

3.1.2 Isotope fractionation 

Fractionation is caused by physical, chemical and biological processes which predominantly 

discriminate the heavy isotope (Fry 2006). The processes could be: 

 diffusion, volatilization (physical) 

 exchange of CO2 between atmosphere and aquatic environments, sensitive to temperature 

(partial separation of isotopes, exchange reactions and chemical equilibrium) 

 photosynthesis, mineralization, denitrification and nitrification (kinetic isotope effect, 

microbial activity and chemical reaction) 

(Mariotti 1981; Sealy 2001; Fry 2006) 

Lighter elements tend to be influenced more in isotope ratio by separation than heavier elements 

and are in general also more susceptible to fractionation (Fry 2006; Philippsen 2010). Examples 

of different δ
15

N values relative to reaction or synthesis processes can be drawn from 

experiences and research concerning mineral fertilizers. The lighter 
14

N isotope has been 

demonstrated to be kinetically favoured in the ammonia synthesis, whereas the isotope exchange 

reactions leading to nitrate-nitrogen in general result in higher δ
15

N values (Freyer 1974). 

 One pronounced natural fractionation process causing large carbon isotopic differences 

(
13

C/
12

C) of plants is due to a difference in the metabolic pathway for carbon fixation in 

photosynthesis. Although it soon became clear in the process of the PhD project that the carbon 

was not affected by animal manure (Paper I), this carbon fractionation processes has been 

widely used to explain some of the basic principles in isotope studies (Fry 2006; Marion H. 
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O'Leary 1988). Most plants are currently C3 plants (e.g. cereals and and trees) with low δ
13

C 

values (c. -30 - -20‰). C4 plants fixate carbon dioxide via a different photosynthetic pathway 

and have less negative δ
13

C values (c. -15 - -8‰). This clear difference between C3 and C4 

plants has been utilized to study the domestication of maize in the Americas (Tieszen & Fagre 

1993). In contemporary agronomic terms maize has also been used as a natural tracer in studies 

of SOM turnover rates (Balesdent & Mariotti 1996; Christensen et al. 2011). The processes in 

photosynthesis are sensitive to the surrounding environment and climate, especially water 

availability. δ
13

C values could therefore potentially be used as a proxy for climatic growth 

conditions or detecting agricultural strategies of irrigation in prehistoric settings (Flohr 2011; 

Heaton et al. 2009; Heaton 1999). 

 The different bio-chemical components have been shown to vary in isotopic composition. 

Lipids in plants are for instance depleted in 
13

C compared with the whole plant and for cellulose 

and proteins the opposite seems to be the case (Tieszen 1991). This could potentially affect the 

isotopic signature in charred grains or chemical pre-treated samples of charred grains if 

differentiated reductions of the material occur during the charring and pre-treatment process 

respectively. Furthermore this bio-chemical component derived differentiation would then have 

possible bearings for the applicability of the method within the context of interpreting the growth 

conditions of the past and possibly also irrigation. 

  

Table 1: Examples of nitrogen isotope fractionations (Δ), findings based on measurements of 
key nitrogen cycle processes. Data collated from various sources (after Robinson 2001). 

Process Δ (‰) 

N2 fixation via nitrogenase 0–6 

NH3 volatilization 40–60 

N2O and NO production during NH4
+ oxidation (nitrification) 35–60 

N2O and N2 production during NO3
− reduction (denitrification) 28–33 

NO3
− assimilation into organic N by plants 0–19 

NH4
? assimilation into organic N by plants 9–18 

NO3
− or organic N assimilation by microbes 13 

NH4
+ assimilation by microbes 14–20 

NH4
+ production from organic matter decomposition (ammonification) 0–5 

NO3
− production during nitrification 15–35 

Organic N assimilation by animals (deamination and transamination) 1–6 
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The processes in the nitrogen cycle affecting isotope values of plants and the food web in general 

are more numerous and complex compared with the carbon cycle. The major processes in the 

agro-ecosystem resulting in fractionation of nitrogen are due to mineralization, nitrification, de-

nitrification and volatilization (Mariotti 1981; Högberg 1997; Robinson 2001), see also Table 1. 

δ
15

N values in non-fixing plants have been suggested to vary depending on factors such as 

climate (rainfall, temperature), salinity and cultivation history (Fraser et al.2011; Kriszan et al. 

2009; Broadbent et al. 1980; Heaton 1987; Amundson & Baisden 2002). 

Fractionation factors can vary for different reasons and understanding the complexity of the 

variation in isotopic composition in a given environment presents some immediate challenges. 

Listed below are some issues raised in connection with nitrogen fractionation in forest 

environments but in principle this could also be of relevance for agro-ecosystems: 

 different related organism (e.g. microbes) may cause different fractionations 

 effects of abiotic factors and interactions between abiotic and biotic are not easy to predict 

 a complexity of bi- and multidirectional reactions and reversible reactions challenge 

generalizations 

(Högberg 1997) 

It is a constant challenge to distinguish between external isotopic source effects and internal 

fractionations within the nitrogen cycle. A dual- or multi-isotopic (C, N and O) approach can 

potentially remedy some of the shortcomings within this research field, and thus interpretations 

of the variations in δ
15

N values in soil-plant systems (Högberg 1997). 

3.1.3 General isotopic considerations 

In parallel with the classic archaeological division of formation processes into natural and 

cultural (Schiffer 1987), something similar seems to be applicable when it comes to the 

interpretation of isotope analysis of soil and plants, as well as, understanding the variation in 

isotopic composition in soil-plant-human systems. Variation on a small scale has been detected 

between plants, within plant parts and even dependent on spikelet position (Bogaard et al. 2007). 

These can more or less be attributed to natural variations, whereas factors such as manuring 

(effecting 
15

N), irrigation (effecting 
13

C) and other agricultural practices could give cause to 

cultural variation in the isotopic composition. And just to complicate matters even further, 

cultural and natural variations could very well either amplify or confound each other. 
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3.2 N cycle and δ15N controlling factors 

3.2.1 Nitrogen cycle 

Nitrogen is a very important nutrient, a building block in living organisms and is found in active 

pools in the global nitrogen cycle (Jenkinson 1990; Peterson & Fry 1987). Here, focus is on the 

nitrogen cycle in agro-ecosystems (Figure 6) and especially on the isotopic composition of plant 

available nitrogen and relevant plant nutrient uptake processes and processes in the nitrogen 

cycle resulting in fractionation (Table 1). Nitrogen is important for plants experiencing periods 

of rapid growth, like in the case of cereals. The dynamics in the soil, SOM, plant and in the soil-

plant relationship are the key elements in the application of an isotopic approach for the 

detecting of manuring practice. Overall nitrogen pathways, - pools and processes in arable fields 

throughout north-west Europe have previously been described in detail by Powlson (1993). 

 

 

 

Figure 6: Diagram of the nitrogen cycle with the most relevant processes concerning the agro-ecosystem based 

mainly on the review paper by Robinson (2001), see also Table 1. The relational fractionations of the different 

processes within the cycle are marked by blue f letters, where f denotes processes with minor impact on 

fractionation and f-F denotes the intermediate range between f and F (Graphical assistance courtesy of Jakob 
Westermann). 
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The nitrogen isotopic composition of such agro-ecosystems remains to be elucidated in greater 

detail. Ecosystems such as forest and grassland have been subjected to far more isotopic research 

up until now when it comes to natural abundances (Högberg 1997; Kriszan et al. 2009; Watzka 

et al. 2006). 

 Ammonia (NH3), nitrous oxide (N2O), nitric oxide (NO), nitrogen dioxide (NO2) and 

gaseous nitrogen (N2) are the five gasses dominating the movement of nitrogen between the 

atmosphere and the surface of the earth. Focus in nitrogen cycle research in agricultural science 

has, for a large part, been driven by the requirements of future sustainable food production in 

consideration of also environmental impacts as well (Jenkinson 1990). Experience gained from 

studying the nitrogen cycle can also be utilized in more retrospective research, such as in the 

present agro archaeological study of prehistoric manuring practice. 

 The rate of the SOM turnover differs depending on the state of the soil fraction and is 

decisive for how much inorganic nitrogen there is available for the plants. Nitrogen is both 

entering the organic pool (the process of immobilization) and leaving it as inorganic forms 

(mineralization), both being mediated by the soil microbial population (Powlson 1993). Only 

small amounts of NOx (denominator for NO and NO2) are formed in the soil plant system and 

are, therefore, not as relevant when dealing with the isotopic fractionations in the more detailed 

soil-plant nitrogen cycle (Jenkinson 1990). 

3.2.2 δ15N controlling factors 

It is generally acknowledged that plant δ
15

N values rely on and are affected by a wide range of 

different factors listed below: 

 source(s) of N (soil, precipitation, NOx, NH3, N2-fixation) 

 soil depths for N-uptake 

 form(s) of soil N used (organic N, NH4
+
, NO3

-
) 

 mycorrhizal symbiosis and post N uptake fractionations 

 interactions between these factors and plant phenology 

(Högberg 1997) 

The majority of the macro-root C has been demonstrated to be located in the top 10-15 cm of the 

soil (Jensen 1993). From this it can be assumed that plant uptake mainly took place in the top 

layers of the soil and the soil depth factor should therefore not be of relevance for this study. 
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 Different processes are responsible for the 
15

N fractionation that takes place when the 

fertilizer nitrogen is incorporated into the soil and in the plant available nutrient compounds. 

Ammonia volatilization, nitrification and denitrification, in particular, cause high fractionation 

rates (Table 1). The dominant gasses formed via denitrification are N2 and N2O, of which the 

latter is also formed during nitrification (Jenkinson 1990). Fractionation rates of 0-29‰ 

(ammonia volatilization), 0-35‰ (nitrification) and 0-33‰ (denitrification) have been reported 

in forests and grasslands, and the nitrogen losses through NH3 volatilization are suggested as the 

most important parameter influencing δ
15

N (Kriszan et al. 2009). 

 In principle, the framework of the processes (causing mixing and fractionation) in the soil 

and the addition of animal manure that affect plant δ
15

N values would apply to a prehistoric 

cultivated field or hypothetically crop rotation system (Figure 5). However, we know very little 

about the exact quantity of nitrogen in each pool (kg/ha) or the process dynamics (kg/ha/yr) and 

even less about the isotopic composition, especially of the pools and processes in prehistory. 

 It has previously been demonstrated that the isotopic composition of the animal manure 

depends on the animal fodder (Bol et al. 2005; Sørensen et al. 2003). As a consequence of this, it 

remains a challenge to assert the isotopic composition of animal manure in prehistory, since the 

prehistoric fodder practice is not fully resolved. Suggested feeding strategies such as leaf 

foddering (Rasmussen 1990), may have yielded isotopic compositions not comparable to any 

modern counterpart. Storage of animal manure (Jensen 1999), as well as the mode and timing of 

application also has bearing for the nitrogen mobilization-mineralization potential of the manure 

and the nitrogen isotopic composition on the manure added, which, again, would have influenced 

the δ
15

N values in the nitrogen cycle in a prehistoric agro-ecosystem. 

4 Materials, methods and measurements 

4.1 Source material 

The diversity in source material characteristics in this PhD project is pronounced, ranging from 

agronomic data from controlled and closely monitored field experiments to the scarce chance 

findings of archaeobotanical remains (also illustrated in the cover photo). The state of the source 

material, quantitatively and qualitatively, is decisive for the possibilities in the subsequent 

process of data analysis and interpretation. Concurrently with the progress in the PhD project, the 
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empirical basis changes radically by being more fragmented and random. This influenced 

expectations accordingly. The weighting in this thesis of the source material will give 

preferential treatment to charred grains, since this is posing the most challenges. Many of the 

relevant issues concerning archaeobotanical remains have already been touched upon in Chapter 

2, page 6, regarding evidence and opinions about manuring in early agriculture. By way of 

introduction, the source material from the modern field experiments, which also provided the 

grains used in the charring exercise, will also be presented briefly and in more general terms. 

4.1.1 The agronomic research platform 

Field experiments (Paper I) were carried out in 2008 and 2009 at The Askov Long-Term 

Experiment (LTE) site in Southern Jutland (Figure 7). Ongoing examination of the short term 

residual effect of manure was carried out in 2010 and 2011. Here manuring was exceptionally  

 
Figure 7: The location of Askov (red cross) and the comprehensive collection of grain samples used in the 

application-oriented part of the project (Paper III). The numbers refer to the individual archaeological sites 

providing grains for isotope measurements (Mapping of archaeological sites courtesy of Mads K. Holst). 
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suspended for two consecutive years, and this fieldwork then provided data for BSc project by 

Jensen (2012). The study of the manure response of the three cereal types emmer, spelt and two 

rowed naked barley in terms of yield (qualitatively and quantitatively) and isotopic composition 

was embedded in the B3 and B5 fields at the Lermarken Site at Askov LTE (Figure 8). The 

Lermarken site has been cultivated from around 1800. Prior to this, it was covered in open, 

mixed hearth- and grassland with scattered deciduous scrubs and possibly used for haymaking 

and light grazing. In 1885 the site became an agricultural experimental station and in 1894 the 

framework of today’s Askov LTE was established (Christensen et al. 1994; Christensen et al. 

2006). 

 The two years of growing early agricultural cereal types constituted exceptions to the 

crop rotation system, although only for the three randomized centrally placed subplots (to avoid 

interference of possible carry-over effect), in the selected plots in the B5-field (2008) and B3-

field (2009). The selected treatments were animal manure (1½AM) and (1PK) with unmanured 

(0) as a reference. The area surrounding the subplots followed the planned design of the fields 

and a modern spring hulled barley variety was grown here (Figure 9). The cereal grains from the 

season of 2008 (from 0 and 1½AM plots) also provided the material used in the charring part of 

the project (Paper II). 

 

 

Figure 8: Overview showing the location of the B5 (up 
far right) and the B3 field at the Askov LTE Lermarken 

site (redrawn after Christensen et al. 2006). 

 

Figure 9: Design of the B5 field showing the placement 

of the subplots with rows of spelt (yellow), emmer 

(green) and naked barley (blue) in the reference plots of 

1½AM (dark blue), 1PK (light blue) and unmanured 0 

(white) (Courtesy of Askov LTE). 
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A vast amount of results have been generated based on this unique agro-ecosystem research 

platform at Askov LTE, where, also, the archive of soil and plant samples facilitates interesting 

investigations. Of special relevance for the onset of crop isotope research, in general, and for this 

PhD project, in particular, is the study concerning the natural abundance of 
14

C, 
13

C, 
15

N and 
34

S 

based on archived (1923-2000) plant and soil samples by Bol et al. (2005). 

4.1.2 Archaeobotanical remains 

The final part of the PhD project (Paper III) involved archaeobotanical remains consisting of 

charred grains of the three early agriculture cereal types six rowed naked barley (Hordeum 

vulgare var. nudum), emmer (Triticum dicoccum) and spelt (Triticum spelta). In total 72 samples 

from 38 sites (Figure 7) was included in the study of possible long-term trends in manuring 

practice during the first four millennia of early agriculture in Denmark. Appendix A in Paper III 

provides an overview of the essential administrative and contextual data for each archaeo-

botanical sample. The information was compiled from available literature, archaeobotanical 

reports, the open internet index of the Department of Environmental Archaeology and 

Conservation (http://www.arkaeologi.dk/naturvidenskab/) at Moesgård Museum and personal 

communications with archaeologists and archaeobotanists. 

 Over 100 years of archaeobotanical research in Denmark has generated a vast amount of 

findings. Initiative was, therefore, taken to create a database (ARBOREG) in order to make such 

data more accessible and manageable (Robinson & Karg 2001). Unfortunately, this still remains 

to be implemented. Samples for this study were found via available published listings and the 

open internet index of the Department of Environmental Archaeology and Conservation – 

Moesgård Museum (Robinson 2003; Robinson 1994; Robinson et al. 2009). The latter has 

provided online internet access to preliminary as well as final archaeobotanical reports since 

2003 (http://www.arkaeologi.dk/naturvidenskab/), see also Box 2.  

Charred cereal grains account for a lot of our current knowledge about prehistoric crop 

husbandry practice,  as discussed in the section about Early Agriculture (Chapter 2, page 6). In 

Denmark macrofossils are usually preserved by charring (Henriksen 1995; Andreasen 2009). 

Post depositional factors such as preservation, retrieval and sampling procedures affect the 

degree of information detail achievable from archaebotanical remains (Hubbard & al Azm 1990). 
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Several processes potentially interfere with how prehistoric plant remains, retrieved by 

archaeological excavation and subjected to archaeobotanical analysis, can be related to an actual 

field situation and crop husbandry practice. Such processes, called formation processes (Schiffer 

1987), see below, constitute limiting factors when using macrofossils as evidence of past human 

activities. 

4.1.3 Formation processes 

The overall archaeological record is subject to certain changes, both before and after deposition, 

as well as, recovery, which is commonly known as formation processes (Schiffer 1987). These 

processes are divided into cultural and natural transformations affecting the entire archaeological 

body of evidence. Source criticism and discussions about representativity are consequently vital 

aspects of the academic field of archaeology. With respect to prehistoric manuring practice, the 

source material is rather scarce and fragmented. Constraints on the available sources of 

information often bring about openness towards new directions, and the subject of prehistoric 

manuring is no exception. 

 In this thesis focus has been on the archaeobotanical remains (Paper III), which probably 

constitute the most reliable source of evidence about crop husbandry practice. Since prehistoric 

grains most commonly are found in a charred state, a major part of the PhD project has focused 

on examining whether charring influenced the isotopic signature in grains (Paper II). Apart from 

charring, other possible transformation processes must also be considered in order to evaluate the 

isotopic data and what they represent. 

Box 2 

Example of a database query (by crop type=barley, emmer and spelt and period=Neolithic) 
in the open internet index of the Department of Environmental Archaeology and 
Conservation – Moesgård Museum (http://www.arkaeologi.dk/naturvidenskab/) executed 
in spring 2010. 

Out of a total of 520 hits, 78 dated to the Neolithic period. The geographical distribution of 
these samples was restricted to Jutland and to the island of Funen. Many of the files 
represented only a cursory evaluation of a flotation sample and a lot of samples were not 
suited for further archaeobotanical analysis. Only about eight archaeobotanical samples 
have been subjected to a more thorough archaeobotanical analysis available on the 
department web page. 
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Archaeobotanical remains undergo many transformations from their original state as viable 

living seeds to the time of excavation, retrieval and analysis, after which the material is utilized 

as evidence of past human subsistence and activities (Hubbard & al Azm 1990). Inadequate 

attention to such processes would increase the risk of ignoring the biases inflicted on the 

assemblage of retrieved plant remains of such natural and cultural transformations. The 

challenge is to identify what a given retrieved assemblage of plant material represents. 

 The harvest and crop processing techniques are important factors influencing the 

composition of the archaeobotanical assemblage and one of the important prerequisites for 

making sound archaeobotanical interpretations is therefore to discern the processing stage of a 

given assemblage (Henriksen 1995; Hillman 1984). This is important especially when weed seed 

composition is concerned, but also cereal grain assemblages could be influenced by different 

post-harvest processes. Preservation is influenced both by cultural and natural formation 

processes, whereas recovery and sampling are mainly influenced by cultural formation processes 

(natural erosion being a possible exception). 

4.2 Agronomic fieldwork and parameters 

The experimental treatments chosen for the modern fieldwork (Paper I) conducted in this 

project was animal manure (1½AM) and plots amended with phosphor and potassium (1PK) 

with unmanured (0) plots as a reference (Figure 9). 1½AM account for a relative intensive 

manuring situation and since 1973 animal manure has been given in the form of cattle slurry 

having 60 % of the total-N in ammoniacal form (Christensen et al. 1994, ). The slurry was stored 

in slurry tanks 4 to 9 months prior to distribution. The Askov LTE plots of 1PK were surmised to 

constitute an analogy to a prehistoric slash-and-burn situation where the majority of plant 

available nitrogen supposedly was lost in the fire process. 

 The nitrogen isotopic composition of the animal manure was estimated to be 5.8‰ in 

average ranging from 3.6‰ to 8.9‰ based on the measurements of stored slurry samples from 

cattle eating a suite of different contemporary and comparable fodder mixtures (Bol et al. 2005). 

δ
15

N was clearly influenced by the cattle diet, whereas δ
13

C seemed less sensitive to the fodder 

type since these values only ranged between -32.1‰ and -29.2‰ (excluding maize based fodder 

types). Slurry was applied with a hand-held surface spreader prior to sowing. Subsequent 

ploughing was performed right after application in order to reduce the extent of ammonia 

volatilization (Christensen et al. 1994). 
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Figure 10: Sowing early agricultural cereal types by the 
row in the B5 field of the Lermarken Site at Askov LTE 

2008 (Photo: Courtesy of Askov LTE). 

 

Figure 11: Harvest of early agriculture cereal types in 
the B3 field of the Lermarken Site at Askov LTE 2009 

(Photo: Courtesy of Askov LTE). 

 

The cereals were all spring sown, manually by the row (Figure 10). Due to very dry spring and 

early summers in 2008 and 2009 the plots were irrigated in June (90 mm and 65 mm in 2008 and 

2009 respectively). Apart from for instance the extra care with watering, the field experiments in 

the present study followed the standard field operations and crop protection measures at Askov 

LTE, as described by Christensen et al. (1994). A detailed account is also given in Paper I. 

Harvest was done gently by hand, trying to avoid ear breakage and shedding of kernels. Harvest 

took place when the cereals reached physical maturity (mid-August, see also Figure 1 left). The 

harvested material was carefully collected, while stubbles (c. 4cm) were left in the field (Figure 

11). 

 The subsequent processing of the crop took place at Askov LTE (threshing and sorting), 

Flakkebjerg (decortication of glume wheats) and Foulum (straw chopping, ball milling, weighing 

and packing). The biomass performance of the cereals was investigated in terms of quantity 

(yield) and quality (grain weight and nitrogen concentration reflecting nutritive value). The 

isotopic imprint on soil, grain and straw caused by different nutrient additions was measured and 

analysed in order to evaluate the generality of the positive effect of animal manure on δ
15

N 

previously reported based on contemporary experimental setups and observations of and samples 

from places where “traditional” agriculture is still being practiced (Bol et al. 2005; Bogaard et al. 

2007; Fraser et al. 2011). 
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4.2.1 Statistics 

The design of the modern field experiment for this PhD project was a randomized split-split plot 

design consisting of three replicates imbedded in three different treatment plots of the fields 

(blocks) in each year. Manure treatment was the main plot and early agriculture cereal type was 

the subplot. The total number of plots was thus 27. This design ensured that the data could be 

explored statistically using proc mixed, which is specifically designed to fit mixed effect models 

and therefore a suitable analysis of variance within agronomic field experiments (Verbeke & 

Molenberghs 1997; Petersen 2010; Askegaard 2011). It is also important to have consecutive 

years and replicate plots since the isotopic conditions at single sites can vary spatially as well as 

temporally due to small differences in growing conditions (Högberg 1997). For this reason, 

climate data and watering was also recorded in connection with the modern field experiments 

(Figure 1 in Paper 1). 

4.3 Charring and pre-treatment 

4.3.1 Charring 

The 2008 cereal grains from the modern field experiments in the Askov LTE provided all the 

grain material used in the charring study. In this way, it was possible to examine whether 

differences in treatment (0 and 1½AM was compared) had any influence on the possible effect of 

charring. Different charring conditions with regards to oxygen availability, duration and 

temperature were also examined by controlled charring experiments conducted at Foulum 

(Figure 12). The setup for the charring experiments is explained in more detail in Paper II. 

  

Figure 12: Furnace loaded with samples (left) and example of a single sample containing 20 grains wrapped in 

aluminium foil and placed in a crucible (Photo: Astrid J. Andersen). 
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4.3.2 Pre-treatment 

As part of this investigation, the issue of pre-treatment needs to be addressed because 1) isotopic 

fractionation caused by chemical treatment of samples has been reported in processes such as 

isolation of NH4
+
 from the NO3

−
 in a NH4NO3 solution (Sørensen & Jensen 1991), and 2) isotope 

analysis is a destructive method which limits accessibility to the empirical material, since the 

pre-treatment currently used causes a considerable reduction of the sample material. So far this 

reduction of the sample material caused by the acid – base – acid (ABA) pre-treatment has not 

been accounted for explicitly and there are some uncertainties regarding what is removed and 

what is retained in the sample and whether this causes differences in the isotopic composition. 

Based on these considerations, measurements of samples with and without pre-treatment were 

carried out in order to compare the isotopic composition and evaluate the influence of pre-

treatment. 

 

 

 

 

Figure 13: Box plot showing the 

ABA reduction of sample material 

expressed as weight loss (%). The 

dotted line denotes the average. 

 

In connection with radiocarbon dating, chemical pre-treatment of the charred grains are carried 

out routinely according to standard laboratory procedures. ABA is, in principle, often based on 

the procedures and protocol described by Olsson (1976). This kind of pre-treatment is necessary 

in order to avoid contaminations, which are a just concern when measuring 
14

C, since this 

radioactive isotope is present in nature in very small amounts. Even small trace amounts of 

contamination could consequently thus affect the result relatively much. The ABA pre-treatment 

used in this study followed the routine procedure at the AMS 
14

C Dating Centre at Aarhus 

Box 3: ABA pre-treatment protocol 

 1 M HCl at 80 °C for 1 hour 

 1 M NaOH at 80 °C for 3 hours. Very dark 
samples were subsequently treated once 
more with 1 M NaOH for an additional hour at 
80 °C 

 1 M HCl at room temperature (c. 20 °C) for 
approx 16 hours 

 Rinsing three times with demineralised water 

 Drying of sample at 80 °C 
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University (see Box 3); with the modification that rinsing with demineralised water between 

each ABA step was avoided 

ABA greatly reduces the amount of material available for further analysis (Fig. 13). The 

weight is reduced by up to 80 % (with an average weight-loss of 43%) depending on the state of 

preservation of the charred material. The severe reduction of the material called for some 

reflection on whether traditional ABA is really necessary and appropriate when stable light 

isotopes such as 
13

C and 
15

N are concerned (see also Paper III). 

4.4 Isotope measurements 

The isotope ratio measurements of carbon (
13

C/
12

C) and nitrogen (
15

N/
14

N) were executed at the 

UC Davis Stable Isotope Facility. Machine specifications are provided via the facility web page 

(http://stableisotopefacility.ucdavis.edu/) and relevant measurement specifications are also 

presented as an Appendix to this thesis. Plant samples (fresh/charred grains and fresh straw) for 

Papers I-III were analysed by EA-IRMS using an elemental analyzer (EA) interfaced to a 

continuous flow isotope ratio mass spectrometer (IRMS). Soil samples (Paper I) was likewise 

analysed by EA-IRMS, although in a machine set up for sediment samples and the low %N in 

such samples. 

 Samples (plant and soil) were measured together with several replicates of at least two 

different laboratory standards during analysis. Further information about the actual standards 

used in this PhD project can be obtained in Paper I-III. Laboratory standards are selected in 

order to match the type of samples being analysed and are routinely calibrated against NIST 

Standard Reference Materials (IAEA-N1, IAEA-N2, IAEA-N3, USGS-40, and USGS-41). The 

isotope ratio of an unknown sample is measured relative to reference gases analysed with each 

sample. These preliminary values are finalized by correcting the values for the entire batch based 

on the known values of the included laboratory standards. The long term standard deviation (one 

standard deviation), which is also called the analytical precision of the check standard, is 0.2‰ 

for δ
13

C and 0.3‰ for δ
15

N (http://stableisotopefacility.ucdavis.edu/). 

The results from the isotope measurements are expressed using the delta (δ) notation as per 

mille (‰) relative to the international standards V-PDB (Vienna PeeDee Belemnite) and Air for 

carbon and nitrogen, respectively(Fry 2006; Sharp 2007), see alsoBox 1. 
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4.5 Radiocarbon determination 

Radiocarbon dating is a method of absolute dating, which enable an independent age 

determination of archaeological remains containing carbon. Overall and introductory 

descriptions have regularly been published (Bowman 1990; Taylor et al. 1992; Tauber 1993; 

Renfrew & Bahn 1996). In connection with this PhD project the radiocarbon determinations 

were carried out at the AMS 
14

C Dating Centre at Aarhus University. AMS enable even very 

small samples to be radiocarbon dated. The basic principles of accelerator mass spectrometry 

(AMS) and the applicability within archaeology have previously been accounted for in detail 

(Harris 1987; Kutschera 1988; Skovhus Thomsen 1989), and the dating method is widely used in 

archaeological research as well as in post bomb (1960’s) project such as for instance forensic 

cases. 

In Paper III, it was chosen to present the radiocarbon years (BP, before present = before 

1950) in the methodological part of the investigation and in the more overall analysis of the long 

term development in δ
15

N since this part of the study was more methodological and mainly 

preoccupied with how old a specific sample was and not linking the isotope measurement and 

 

 

Figure 14: The calibration curve (blue 

line) with all the calibrated dates of 

the samples (grey) from the long-term 

period being investigated in the 

present thesis. The continuum of the 
chronological distribution was broken 

by absence of samples from c. 3000-

2800 BC and maybe also, although 

less clearly from 500-400 BC. 
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dating to cultural historical interpretations. However, the radiocarbon determinations were 

calibrated prior to testing the alignment of the isotope measurements with the three defined 

agricultural regimes as well as prevalent theories about long term developments in prehistoric 

manuring practice. Calibration is a necessary correction due to long term fluctuations of the 

amount of 
14

C in the atmosphere. The principles and problems of calibration have been 

accounted for previously and calibration curves has been constructed to remedy this 

inconsistency (an example is given in Figure 14). Calibrations in this study were performed 

using OxCal v4.1.7 Bronk Ramsey (2010) applying atmospheric data from Reimer et al. (2009). 

 Wiggles occurring on the calibration curve e.g. at the transitional period from late Early 

Neolithic (EN) to early Middle Neolithic (MN) can result in some rather wide ranging calibration 

ages (Figure 14). The wiggles have earlier been used as an argument for using archaeologically 

inferred dating rather than radiocarbon dates in a Neolithic context (Westphal 2009) and there 

are also later periods within the chronological range of this study where other dating methods 

would be preferable. Since the archaeobotanical samples in this study originate from a range of 

different contexts and the specific post-depositional circumstances often were unknown, the 

radiocarbon age determination was presumed to be the most adequate, especially concerning the 

methodological but also with the interpretative part of the study presented in Paper III. 
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5 Discussions of findings 

Table 2 provides an overview of the very different source materials that constitute the empirical 

basis for Papers I-III as well as the related parameters examined and the type of information 

obtained through the agro archaeological interdisciplinary project. 

 

Table 2: Source materials, parameters and the type of information provided in Papers I-III. 

Paper Source material Parameters Type of information 

I 
Soil samples and 
harvested cereals 
(grain and straw) 

Yield 
TKVaverage weight of 1000 grains 
Total %C and %N 
δ13C and δ15N 

Cereal performance (quantitative biomass) 
Cereal grain performance (biomass quality) 
Cereal performance. Nutritive value (%N). 
Cereal type specific differences (δ13C), manuring (δ15N) 

II 
Experimentally 
grown cereal grains 
(manured and unmanured) 

Weight loss 
Total %C and %N 
δ13C and δ15N 

Effect of charring 
Before and after comparisons 

III 
Archaeobotanical remains 
(charred grains of naked 
barley, emmer and spelt) 

Weight loss 
AMS 

14
C dating 

δ13C and δ15N 

Effect of acid-base-acid (ABA) pre-treatment 
Before and after comparisons 
Absolute chronology. Temporal framework 
Indicators of growth conditions (climate, irrigation and 
manuring) 

 

5.1 Assessment of data 

Contrary to the palaeodietary research tradition, standards for assessing the quality of the isotope 

measurements of plants have not yet been defined. In this study some obvious outliers were 

detected based on very low %C and %N. In such cases caution must be exercised, and, if 

possible, the samples must be resubmitted for new analyses. 

 Reanalysis of a sample was performed due to very low %C and %N in combination with 

a relative high C/N ratio. An unexpected low δ
15

N value, considering the late Bronze Age 

context where some degree of manuring was expected, also prompted a new measurement (Table 

3). The amount of nitrogen in this sample was in the first measurement below 20µgN, which 

together with 100µgC constitute the laboratory requirement for successful detection with a long-

term standard deviation of 0.2‰ in natural abundance samples. The subsequent analysis was 

performed as a double measurement and here %C and %N, as well as the C/N ratio, were 

comparable with the general values of charred archaeobotanical grains (see also Table 2 in 

Paper III). The isotopic composition did not change much and low standard deviations showed  
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Table 3: Assessment of isotope data of an obvious outlier (VOL1) in comparison with a 
subsequent double measurement (VOL2A and VOL2B) of a sample from the Voldtofte 
site on Funen (site #29 in Figure 7). 

# Crop type μg N %N μg C %C C/N δ13C δ15N 

VOL1 Naked barley 16.9 0.56 410.4 13.68 24.3 -23.61 1.25 

VOL2A Naked barley 82.18 2.58 1671.08 52.55 20.3 -23.75 2.00 

VOL2B Naked barley 76.62 2.57 1553.34 52.13 20.3 -23.78 1.86 

 

that the precision of the double measurement was good. From this example, there does not 

appear to be a strong correlation between the concentration and the isotopic composition of a 

sample. A similar premise was also emphasized in the pre-treatment part of Paper III. 

δ
15

N in the reanalysed Late Bronze Age sample remained surprisingly low, although the 

result now rests on more reliable data. Additionally two samples (VMÅ2490X490 and 

ÅHM4473X263) had conspicuously low %N and %C, but C/N rates well within the main range 

(13.4- 27.6 with 18.9 as average). Despite low %N the respective samples contained well above 

the lower limits (20µgN), required for good analytical precision. A small leak in the tin-foil 

capsule could be a plausible explanation for the deviating measurements of %C and %N, thus the 

low concentration could be ascribed to loss of sample mass rather than possible contamination or 

anomalous isotopic composition. The data was, therefore, included in the further analysis and 

interpretation (Paper III). 

 Isotope analysis of both δ
13

C and δ
15

N in the same solid sample could be measured in the 

same run at the UC Davis Stable Isotope Facility as long as very low N samples (<20µgN) were 

avoided. An optimal sample weight was calculated based on estimated %C and %N of the 

respective samples using the online sample weight calculator provided by the Stable Isotope 

Facility (http://stableisotopefacility.ucdavis.edu/sample-weight-calculator.html). A table of 

general examples of %N and %C values for various materials can also be found here. 

 Other isotope projects have proposed that the isotope ratio of carbon (
13

C/
12

C) and 

nitrogen (
15

N/
14

N) should be measured separately since %N in plants can vary a good deal 

(Lightfoot & Stevens 2012). A consequence for such an approach would be to increase the time 

spent waiting for results, but also the cost, since it would double the work connected with the 

weighing and packing of samples. The optimal sample weight provided by the sample weight 

calculator has also attached to it a suggestion for an acceptable range of sample weights. In the 
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case of an optimal sample weight of 4 mg (calculated based on %C=40 and %N=2), the smallest 

acceptable sample weight is 1 mg and the largest is 5 mg. Samples of plant material in this study 

weighed 3-4 mg. Soil samples weighed approximately 30 mg since they contained a considerable 

smaller amount of nitrogen. 

 In connection with this PhD project, dual isotope measurements of both carbon and 

nitrogen was executed, but prior to this the replicability of selected samples was tested by doing 

replicate measurements (n=3). A selection of five bulk samples (grains) with different %N 

(ranging from approx. 2.0% to 2.6%) was chosen, see also Table 4. The standard deviation of the 

measurements was firmly below the analytical precision of IRMS measurements. Differences in 

%N did not influence the standard deviation in a systematic way. From this, it was concluded 

that conducting dual isotope measurements was an appropriate approach. For the remaining 

measurements (mainly Papers II and III), a duplicate was measured for every five samples in 

order to monitor the replicability of measurements continuously, as well as, the homogeneity of 

the samples. Of the 17 double measurements conducted as part of this strategy, eight were from 

pre-treated samples and nine were analysed without any prior chemical pre-treatment. The δ
13

C 

and δ
15

N standard deviations of duplicates were very low and well below the specifications about 

analytical precision provided by the UC Davis Isotope Facility (see also Paper III). From the 

standard deviations of the duplicates no obvious difference between non- and pre-treated samples 

was detected. 

 

Table 4: Replicate measurements (n=3) of bulk samples (15 grains) with different %N. 
Plot 526: unmanured (0). Plot 521 and 545: addition of phosphor and potassium (1PK). 
Plot 532 and 555: addition of animal manure (1½AM). 

Plot Crop type 
‰C ‰N C/N δ13C δ15N 

Average sd Average sd Average sd Average sd Average sd 

521 Naked barley 46.05 3.79 1.96 0.15 23.5 0.12 -27.32 0.12 1.76 0.06 

526 Naked barley 46.40 8.34 2.26 0.36 20.5 0.09 -26.44 0.02 0.97 0.03 

532 Spelt 44.43 2.34 2.34 0.08 19.0 0.04 -24.85 0.04 9.75 0.04 

555 Spelt 44.34 5.44 2.58 0.53 17.2 0.14 -24.75 0.07 10.49 0.08 

545 Spelt 45.67 1.39 2.63 0.29 17.4 0.14 -24.24 0.01 1.45 0.01 
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In connection with the radiocarbon determination, it became necessary to resample some of the 

archaeobotanical material. In each of these cases, only one grain (in a few cases two) was 

subjected to ABA (see also Paper III). As a result of this, it was possible in nine instances to 

tentatively compare the isotopic composition of two different types of subsamples (bulk and 

single grain) from the same archaeobotanical assemblage, both subjected to the same chemical 

pre-treatment (Figure 15). 

 From this comparison, it became quite clear that within the archaeobotanical assemblage 

a certain degree of inter-grain variation in δ
13

C (ranging from approx. – 2‰ to + 1‰) and δ
15

N 

(up to approx. 2‰) was demonstrated. The comparison showed a difference of less than half a 

per cent (n=6) except in cases where the offset was 2.23 and 1.23 respectively. 

 

 

Figure 15: Comparison of differences in isotopic composition related to differences in %C and %N respectively in 

nine instances of ABA pre-treated different subsamples (single grain and bulk, where the difference = single grain 

values – bulk values). 

 

Too few samples were included in the study to conclusively observe  a possible difference 

between bulk and single grain measurements, but other studies have shown that there can be 

some variability in grain isotopic values even within a single cereal ear depending on spikelet 

position, although a consequent pattern has not been detected (Bogaard et al. 2007). The two 

samples with relatively large offsets originated from Late Neolithic assemblages (Uglviggård, 

which was interpreted as a storage or a ritual offering and Enkehøj, which was from a pit outside 

of house) whereas the remaining samples all were younger. It is problematic to ascribe this trend 

solely to a temporal development in crop husbandry practice because the isotopic homogeneity 

of a given archaeobotanical sample could depend on various factors, such as especially context 
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(storage versus randomly accumulated refuse or maybe even a ritual offering) or formation 

processes. 

 The obvious conclusion to be drawn from this tentative comparison is that a bulk sample 

is recommendable, since it reflects a more general isotopic composition of a given assemblage 

relative to a single grain. 

 As part of this PhD project, it has also been tested whether isotopic variation is correlated 

with grain weight. In conclusion, a random bulk sample of 10-15 grains was found to represent a 

given batch of grains sufficiently (Paper II). However, this applies specifically to cereals grown 

under controlled circumstances. An isotope analysis of archaeobotanical remains has 

demonstrated that these exhibit a greater degree of variation (Lightfoot & Stevens 2012). It 

remains to be investigated whether several different bulk subsamples (approx. 10 grains) from 

one specific archaeobotanical assemblage would provide more uniform isotopic signatures. Since 

isotope analysis is a destructive method, it could prove difficult to obtain enough samples for 

such a test. 

5.2 Generalizations about manure response 

The clear advantage of the field experiments carried out at Askov LTE is the well known 

agronomic and agricultural history of the site and the design of the site with replicate plots that 

enables statistical analysis. Based on the results from the 2009 and 2010 harvest the manure 

derived impact on δ
15

N values detected in emmer, spelt and naked barley was comparable with 

earlier findings based on studies of different more contemporary crop types (Bol et al. 2005; 

Bogaard et al. 2007). The fact that there was such a clear and regular tendency in a wide suite of 

non N2 fixing plants improved the probability of a similar manuring response regarding six 

rowed naked barley. The two rowed naked barley that was available for the present study was 

therefore surmised to be an appropriate analogy to six rowed naked barley, which was the 

prevalent barley type in the first 4000 years of prehistory. 

The feasibility of linking the findings from contemporary field experiments with the agro 

archaeological subject matter of manuring problematized in this study can be discussed. Some 

pros and cons are listed in Table 5. All things considered, the modern field experiments in this 

PhD project complemented other similar isotope projects (Fraser et al. 2011). The experiments 

also indicate that the impact of animal manure relies heavily on the intensity and the 

characteristics of the manure applied. The manure added at Askov consisted of cattle 
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Table 5: A list of pros and cons related to the modern field experiments. 

Pros  Cons 

Well known and fixed agro-ecosystem  Some restrictions could not be circumvented 
(e.g. the use of cattle slurry) Closely monitored growing conditions  

Skilfully tilled and managed fields  All the pros more or less also poses cons since 
such field management most likely is far from the 
prehistoric reality and, therefore, direct 
comparison (analogy) becomes problematic 

Data allowed statistical testing  

The cereals are grown locally  

 

slurry, which accordingly resulted in some rather high δ
15

N values, and the present experiments 

thus supplement other crop isotope field observations e.g. at Rothamsted and Bad Lauchstädt 

(Bogaard et al. 2007; Fraser et al. 2011). The high values could even serve as an isotopic end 

point of just how substantial the manure derived impact on δ
15

N could be in circumstances with 

high manuring intensity. 

Archaeobotanical sampling in combination with surveys and experiences gained from 

fieldwork at agricultural sites, where traditional crop husbandry is still practiced can be surmised 

to link together the results from modern agronomic research platforms with all of the unknowns 

of prehistory (Fraser et al. 2001). It has been stressed that the nitrogen cycle and all of the 

processes within this cycle are difficult to measure accurately in field conditions (Powlson 1993). 

This of course also applies to the isotopic composition of the different constituents in the 

nitrogen cycle in a prehistoric setting. The stable isotopes technique has the potential to provide 

direct and more detailed knowledge about element cycling (Fry 2006). However, expectations 

towards disentangling the nitrogen cycle of prehistoric fields and prehistoric crop husbandry 

practices must be aligned according to the empirical reality. The crop isotope approach is 

restricted to study patterns in the available archaeobotanical record (or preserved palaeosols) and 

not so much the actual prehistoric manuring practice (also stressed by van der Veen (1992) 

regarding archaeobotanical studies). 

5.3 Linking agronomic findings and archaeobotanical remains 

For each charring situation, a new subsample of 20 grains was extracted. On each occasion half 

of the charred grains were crushed and subjected to isotope analysis. A pilot study by Bogaard et 

al. (2007) reported a within-ear δ
15

N variation, although not systematic, of up to 2‰ depending, 
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on spikelet position, not relating this to grain weight. The source material available for the 

charring experiments in this PhD project was the harvested batches of grain and it was, therefore, 

tested whether the subsample procedure caused unintended noise (Experiment 1 in Paper II). 

Based on this test the sub sampling of 10 grains was found to be an appropriate procedure when 

taking a new subsample of grain for each charring situation. The laboratory triplicates also 

showed that the variation among the subsamples was minimal. 

 Working with subsamples taken from a large bulk sample of ground and homogenized 

grains, was at some point in the PhD project considered as an alternative approach for the 

charring experiments. However, such a change of the source material would potentially influence 

the effect of the charring process itself compared with the charring of whole grains. It was 

asserted that a change in charring procedure involving a crushed bulk sample would potential 

add on another source of unwanted distance between the test material characteristics and the 

archaeobotanical remains (well preserved grains which are morphological identifiable to species) 

of interest in this study. And thus by attempting to overcome some challenges new ones would 

emerge. 

5.4 Contributions and limitations of the crop isotope approach 

The investigation of long term development in manuring practices based on isotope analysis of 

charred grains represent the first study applying the crop isotope approach in Denmark so far. 

However, more samples would have improved the possibilities of interpretation and therefore the 

findings in this part of the project are of a tentative and preliminary character (Paper III). 

The relatively low number of reported Neolithic archaeobotanical assemblages, is one of 

the major limitations concerning the archaeobotanical approach, but also the crop isotope 

approach as well as demonstrated with this project (see Table 2 in Paper III). The fact that 

sampling in the field at archaeological excavations have been given a much higher priority 

within recent years constitute a rather unfortunate paradox since this has yielded relatively few 

archaeobotanical assemblages of a size that allowed sampling for isotope analysis. 

Much effort has been focused on systematic sampling of mainly postholes, and yet based 

on experiences gained in connection with the evaluation of possible assemblages from different 

sites, especially Neolithic ones; I suggest that a different approach towards sampling is called 

for. It may be more yielding to prioritize sampling from settlement features, other than postholes, 

such as pits and sunken floors. The latter feature is especially found in the Late Neolithic houses 



45 

and findings from these did in fact yield some of the samples for this study (e.g. Møberg et al. 

2007) The number of grains and seeds obtainable in samples from house structure features, such 

as roof bearing postholes, are unfortunately often too small to enable further inferences about 

agricultural practice. Relevant for this study with a crop isotope approach the archaeobotanical 

samples from post holes were often too small in numbers to allow for an isotope determination 

since ideally 5-10 grains are necessary to provide a bulk sample of a satisfactory size. The 

procedures for submitting archaeobotanical material to destructive analysis often prescribe that 

max 10% of the total sample can be used. 

 Based on the complexity of the nitrogen cycle, isotopic fractionation within the soil-plant 

system and inter- and intra-plant isotopic variations direct comparisons of δ
15

N in too diverging 

ecosystems should not be made. In order to investigate prehistoric manuring practice on the basis 

of δ
15

N, it is necessary to make the assumption that the agrarian fields throughout the period 

under investigation constitute one ecosystem. Direct comparison of the δ
15

N values obtained in 

modern field experiments with material from prehistoric sites would not be appropriate. Some 

reservations based on the complex nature of the nitrogen cycle combined with issues of 

representativity (eg. Kongehøj in Paper III) have bearings for the expectations towards the 

resolution of the isotope approach. Even though intra ear variation depending on spikelet 

position have been demonstrated (Bogaard et al. 2007) this was not due to differences in grain 

size (weight) according to the weight class experiment in this study (Paper II). 

 The very pronounced manure derived impact visible in δ
15

N is most likely a direct 

reaction to the amount of nitrogen added with the 1½AM treatment that very year of cropping. 

Due to the long term continuous amendment of animal manure the bulk soil sample itself also 

clearly reflected the elevated δ
15

N values. However, the soil δ
15

N off set was not high enough to 

account for the very high δ
15

N values measured in the plant parts (straw and grain in this study). 

The majority of the nitrogen uptake in the cereals probably derived from the added animal 

manure, and the year of cropping most likely showed the very peak of the manuring effect. A 

long term residual effect has been reported in a study based on samples from Rothamsted. The 

study showed that ten years after manuring had ceased the δ
15

N in hulled barley grains had 

decreased by 2‰ from 6‰ to 4‰ (Fraser et al. 2011). On-going research at the Askov site (B3 

field) have been investigating the short term residual effect on δ
15

N in the first two years after 

manuring had ceased in the B3 field after the 2008 and 2009 harvests, which constituted the 
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empirical basis for Paper I. The 2009 field work also provided the intensively manured 

reference plots for the following residual experiment conducted in 2010 and 2011 (Kanstrup et 

al. 2011; Jensen, M. L. 2012). Tentatively this study supports the notion that the isotopic peak 

reflects the amount of manure added the same year and that the nitrogen uptake in plants derive 

mainly from this pool. The high δ
15

N values could be explained by volatilization processes. 

 The manure derived effect in δ
15

N after the first year of manuring has been shown to vary 

to some degree (Fraser et al. 2011). It may take a few years before the amendment of animal 

manure results in a clear change in the isotopic composition. This could in some situations 

constitute a continued risk of underestimating manuring activities in fields that were only 

receiving manure for one or two years and then abandoned or cropping continued without adding 

more manure. 

 Interpretations of δ
15

N in connection with investigating prehistoric manuring practice 

should be cautiously used, especially as long as the number of samples is relatively small. Doing 

so, and stressing that the results generated in this PhD project are, although the most 

comprehensive study to date, just a first tentative step towards utilizing isotope analysis in agro 

archaeological research, will hopefully lead to further testing of the approach and generation of 

more isotope data from archaeobotanical remains. Hopefully, a balanced exploitation of the 

potential of the approach can be achieved in this early stage of the academic field of agro 

archaeology preoccupied with prehistoric manuring practices. Cautious optimism regarding 

Isotope Archaeology in general has recently been recommended (Pollard 2011). Crop isotope 

studies are no exception. 

 

5.5 δ
13

C particulars and implications 

5.5.1 Effect of charring on the carbon isotopic composition 

The carbon isotope did not contribute with information about manure (Paper I) for which reason 

carbon was assigned a lower priority in the remaining part of the papers (II and III) produced 

within this PhD project. Although carbon had no bearing on the investigation of prehistoric 

manuring practice, the carbon data from the charring experiments could be relevant for studies of 

other aspects of ancient crop husbandry practice such as irrigation. 
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Figure 16: Weight loss, C concentration and δ13C cereal grains in relation to different charring durations (0.5, 2 

and 6 h). Furthermore three different atmospheric laboratory conditions were compared. O2: Free access to air and 

O2. Foil: The grains were wrapped in aluminium foil to reduce the access of O2. N2: Anaerobic charring condition 

created by a flow of N2. The temperature was fixed at 250°C. Bars denote standard error (n = 3). 

 

There was no effect of charring on the carbon isotopic composition (Figure 16Figure 17 

andFigure 18). The results were surprisingly consistent and proved the isotopic composition of 

carbon to be even more uniform than the nitrogen isotopic signature (Paper II). In conclusion 

the carbon isotopic composition proved to be very resilient towards the various charring 

conditions. 

5.5.2 Cereal type specific differences in the carbon isotopic composition 

Based on the carbon isotopic composition it became clear that there was a cereal type specific 

difference in δ
13

C values in the order: spelt > emmer > naked barley (Figure 16Figure 17 

andFigure 18). The difference being most pronounced between the glume wheats and naked 

barley. But a consistent, although relatively small, difference between spelt and emmer was also 

detected. Based on our findings that δ
13

C is not affected either by direct, intensive addition of 

animal manure nor charring it can be assumed that the data of the different cereal types could be 

pooled in order to investigate the cereal type specific differences statistically. The difference in 

the median values between the two groups is greater than would be expected by chance; there is 

a statistically significant difference (P = <0.001) according to a Mann-Whitney Rank Sum Test. 
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Figure 17: Comparison of weight loss, C concentration 

and δ13C in relation to charring duration (¼, ½, 1, 2, 4 

and 6 hours) for unmanured (0) and manured (1½AM) 

cereal grains. The temperature was fixed at 250 °C and 

all grain samples were wrapped in aluminium foil. Bars 

denote standard error (n = 2-6). 

 

Figure 18: Influence of charring temperature (100°C, 

150°C, 250°C, 400°C and 550°C) on weight loss, C 

concentration and δ13C in cereal grains. The charring 

duration was fixed at two hours and all cereal grain 

samples were wrapped in aluminium foil. Bars denote 

standard error (n = 3-6). 

 

The cereal type specific differences were also conceded in the modern field experiments and 

presented in Paper I. From the two consecutive years of field experiments conducted at the 

Askov LTE it became clear that there were also differences in δ
13

C values of the harvested crops 

from 2008 and 2009 respectively. In general the δ
13

C values of grains were less negative in 2008 

than in 2009. The same clear tendency could not be seen in the straw data. From the field 

experiments at Askov two possible explanations for the variation in grain δ
13

C can be suggested. 
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1) The field experiments in the two consecutive years were conducted at two different fields at 

the Lermarken Site and 2) The grain δ
13

C were very sensitive to the climatic differences between 

the two consecutive growth periods. The isotopic signatures of the soil in the two different fields 

(B3 and B5) were very similar (δ
13

C ranging between -27.4‰ and -27.2‰ irrespective of 

treatment, see also Table 1 in Paper I) so this could not explain the notable differences measured 

in the crops. Other studies have shown that wheat is highly sensitive to climatic fluctuations 

(Christensen et al. 2011), and even though measures were taken to regulate the growth 

conditions by watering for instance, the small but de facto climatic differences seem to be a more 

likely explanation for the variations. 

6 Conclusions 

The two first objectives in this PhD project concerning field – and charring experiments 

constitute the methodological evaluation of the isotopic approach from which general validity 

can be drawn (Paper I-II). The findings in these stages of the project opened up for a 

preliminary comprehensive crop isotope investigation of prehistoric manuring practice based on 

charred grains (Paper III). 

The results obtained in this study have led to the following overall conclusions: 

 

Paper I 

 The modern fieldwork stressed that animal manure (1½AM) better matches the nutritional 

requirements of cereals than the phosphor potassium (1PK) treatment, which more closely 

resembled the unmanured (0) reference plot 

 The manuring effect was clearly more noticeable in plant uptake compared with the 

manuring effect measured in the soil. Experimentally grown cereals on exposed palaeosols 

would potentially also reveal the manuring effect more clearly than the soil alone 

 The response detectable in the isotopic composition was sufficiently similar between the 

three cereal types to demonstrate generalizability for the manuring effect. Based on this it 

was concluded that the hypothesis that the prehistoric cereal types in the experiment reacted 

in the same way as their modern counterparts was verified 

 In conclusion it was surmised that 
15

N abundance in de facto findings of prehistoric cereal 

grains also had the potential to reveal manuring practice of the past 
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Paper II 

 Grain weight class was found not to be decisive for the isotopic composition. Based on this 

finding grains of different sizes can safely be compared and a random subsample of 10-20 

grains is appropriate for achieving a general representation of the isotopic composition 

 Charring within realistic charring conditions did not influence the carbon and nitrogen 

isotopic signature of grains substantially, which supported the working hypothesis for this 

part of the project 

 From this it was surmised that archaeobotanical grains preserved by charring could reveal 

manuring practice of the past 

 

Paper III 

 Based on the nitrogen isotopic composition of the archaeobotanical remains a pronounced 

variability in the degree of manuring effect was detected 

 Analyses of multiple samples from Kongehøj II resulted in two distinct isotopic clusters 

which matched the archaeobotanical findings and the functional interpretation of the specific 

longhouse. Representativity of a single sample therefore needs to be reconsidered 

 When pooling the data within each of the defined agricultural regimes tendencies towards 

temporal developments or crop hierarchical displacements became noticeable. Emmer δ
15

N 

decreased and naked barley δ
15

N increased during the period under investigation 

 Only a few samples from the long continuum being investigated showed no signs of 

manuring so the hypothesis that the isotope approach could reveal manuring activities 

predating the Bronze Age was verified to some extent although a high degree of variability in 

manuring management was evident 

 

Viewed in combination the results obtained in this study enhanced the “idea” of the crop isotope 

approach as a future important contributor of direct evidence of manuring activities in the past. 

Initially some of the key methodologically requirements were tested and taking the contribution 

as well as the limitations of this new approach into consideration the method offers overall and 

objective advancement to the currently unresolved and on-going discussions on the emergence 

and development of manuring management. The need for new directions regarding the subject 

matter of prehistoric manuring practice has been dealt with earlier on in this thesis and it was 

emphasized by a critical review of current knowledge and prevalent opinions about prehistoric 

manuring practice in early agriculture. A more systematic utilization of the crop isotope 
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approach in the future would potentially contribute to the progress that is called for in order to 

generate more knowledge, particularly about manuring but also, derived from this, crop 

husbandry in general. 

 As a final conclusion it is important to stress that even though data from isotope analysis 

can be regarded as a direct and independent source of information about manuring practice, such 

evidence should be compared with other available sources of information in order to substantiate 

and contextualize soil or crop isotope findings, especially at this early stage of such 

interdisciplinary endeavour. 

 Based on the isotope results from the samples included in this study two things stand out 

1) a lot of variation was detected, and 2) manuring, although clearly to a variable degree, can be 

traced in the whole period being investigated. The indications of manuring throughout the first 

4000 years of agriculture support the idea of a mixed intensive farming model and/or “Garden 

Agriculture” proposed by Bogaard (2004; 2005). The large variation in the data could 

furthermore support that a combination of different crop husbandry practices including larger 

areas with slash and burn and smaller more intensive areas, which was tilled and tended more 

careful. From this study it was clear that prehistoric crop husbandry most likely was more 

diversified than delineated in the conventional literature touching upon this subject matter. With 

isotope analysis we now have a tool that allows generalized depictions of prehistoric crop 

husbandry to be based on direct and independent information when prehistoric manuring practice 

is concerned. 

 In more general terms archaeologists have linked the emergence of manuring to 

requirements connected with a more sedentary settlement structure. The argument widely used is 

that more permanent fields need more nutrients to provide a steady and sufficient yield. It could 

be worthwhile, although speculative, to consider the inverse situation where manuring activities 

and soil improvements led to a more sedentary settlement structure. The invested time and labour 

used when improving the soil fertility could make people more reluctant to leave such 

prosperous and productive areas. Manuring management on its own could in this way have 

contributed to a more sedentary way of life. However, this presupposes that the principle of 

“more begets more” influenced Early Agriculture to some degree. 
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7 Outlook and perspectives 

During the cause of this PhD project some methodological premises for a crop isotope approach 

were processed (Paper I-II). This opened up for applying the isotope technique on real 

archaeobotanical material and new direct knowledge about prehistoric manuring practice was 

generated. However new questions emerged as well. Perspectives and suggestions for future 

research include the following: 

 Exactly how prehistoric cattle was fed in Southern Scandinavia is not known. Feeding 

experiments with different plausible prehistoric fodders (leaf fodder, hay, straw, chaff 

and threshing waste in general) would contribute with more knowledge about the isotopic 

composition of the manure used in the past. 

 Animal manure could have been stored and applied to the fields very differently in 

prehistory and this may have affected the isotopic composition of the manure being 

added to the fields. Investigating the potential effect of ammonia loss on the 
15

N 

abundance in the manure during different modes of storage and when applied to the field 

would help remedy such uncertainties. 

 Some issues of variability could also be further examined and improve the understanding 

of isotopic variability within one field, between fields, in relation to type of manure 

(animal and fodder type) and manuring intensity. 

 Investigating the short term residual effect would contribute with insight into the rate and 

to what extent the manure derived effect on δ
15

N decreases. 

 A thorough comparison of different kinds of pre-treatment and how such chemical 

interference influence the isotopic signature in charred cereal grains would strengthen the 

methodology. 

 Hulled barley would be quite interesting to focus more upon since the successive 

replacement of naked barley with hulled barley could hypothetically be interlinked with 

more systematic and intensive use of animal manure. Thus it remains to be seen if δ
15

N 

values of hulled barley can support such assumption. 

Based on the findings in this PhD project, especially when the high variability detected in δ
15

N 

and the issue of representativity is concerned, I would like to concur with previous suggestions 

about incorporating complementary palaeoecological information in order to contextualize the 

isotope evidence and to rule out other possible causes of 
15

N enrichment (Fraser et al. 2011). 

More interest in the crop isotope approach is desirable and there are some obvious issues to 

address, which potentially would improve and strengthen the methodology and sustain the 

interpretations possible to make from isotope analysis. 
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 A too rigid and literal subdivision of agriculture into the two constituents; crop and 

animal husbandry has proven not to be fruitful. Such discussions often circle around the 

chronological and/or regional differences in the balance of power between the two constituents 

in the course of long term agricultural developments. Crop and animal husbandry practice should 

not be studied as separate, although parallel activities, but rather as highly inter-acting entities of 

the same system. Such symbiosis of livestock and cereal growing has earlier been stressed, based 

on the findings at Weir, Switzerland, but also, more recent, in connection with Iron Age 

agriculture in Denmark (Troels-Smith 1984; Mikkelsen 1995). Focus on the entire agro-

ecological system is called for in future agro archaeological research. 

 Agro archaeological research needs to be dedicated to include and integrate a diverse 

range of bio-archaeological work to establish new research projects in order to shed new light on 

past agricultural practice and to challenge current assumptions. This would potentially also give 

rise to renewed considerations about how agricultural practices and household and community 

structure relates. In pursuing this it is of great importance to acknowledge, as also Viklund 

eloquently puts it, that agriculture is a cultural manifestation as well as a subsistence strategy 

(1998). 
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9 Appendix concerning relevant IRMS specifications 

In this project all samples were measured at the UC Davis Isotope Fascility. Isotope analysis of 

plant solids were executed using EA-IRMS, which denote an elemental analyzer interfaced to a 

continuous flow isotope ratio mass spectrometer (IRMS).The following technical specifications 

is based on the information provided by the UC Davis Stable Isotope Facility homepage: 

http://stableisotopefacility.ucdavis.edu/ 

 

Plant solids were analyzed using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a 

PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). During isotope 

measurements, samples are being combusted at 1000°C in a reactor packed with copper oxide 

and lead chromate. Oxides are removed in a reduction reactor (reduced copper at 650°C) in the 

following step. The helium carrier then flows through a water trap (magnesium perchlorate). N2 

and CO2 are separated on a Carbosieve GC column (65°C, 65 mL/min) before entering the 

IRMS. 

 

Soil samples and sediments usually have a very low %N and therefore the isotope ratio was 

determined using an Elementar Vario EL Cube or Micro Cube elemental analyzer (Elementar 

Analysensysteme GmbH, Hanau, Germany) interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Cheshire, UK). Combustion happened at 1000°C in a reactor packed 

with copper oxide and lead chromate. Oxides are then removed in a reduction reactor (reduced 

copper at 650°C). The helium carrier then flows through a water trap (magnesium perchlorate). 

N2 and CO2 are separated using a molecular sieve adsorption trap before entering the IRMS. 
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Abundance of 13C and 15N in emmer, spelt and naked barley
grown on differently manured soils: towards a method for
identifying past manuring practice
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The shortage of plant-available nutrients probably constrained prehistoric cereal cropping but there is very little
direct evidence relating to the history of ancient manuring. It has been shown that the long-term addition of animal
manure elevates the d15N value of soil and of modern crops grown on the soil. We have examined the d15N and d13C
values of soil and of the grain and straw fractions of three ancient cereal types grown in unmanured, PK amended
and cattle manured plots of the Askov long-term field experiment. Manure increased biomass yields and the d15N
values of soil and of grain and straw fractions of the ancient cereal types; differences in d15N between unmanured
and PK treatments were insignificant. The offset in straw and grain d15N due to manure averaged 7.9 and 8.8 %,
respectively, while the soil offset was 1.9 %. The soil and biomass d13C values were not affected by nutrient amend-
ments. Grain weights differed among cereal types but increased in the order: unmanured, PK, and animal manure.
The grain and straw total-N concentration was generally not affected by manure addition. Our study suggests that
long-term application of manure to permanently cultivated sites would have provided a substantial positive effect
on cereals grown in early agriculture and will have left a significant N isotopic imprint on soil, grains and straw.
We suggest that the use of animal manure can be identified by the 15N abundance in remains of ancient cereals
(e.g. charred grains) from archaeological sites and by growing test plants on freshly exposed palaeosols. Copyright ©
2011 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.5176
Agriculture has constituted the economic foundation of many
societies since the Neolithic Era, and the study of farming
practices represents one crucial approach in revealing the
dynamics and complexity of prehistoric settlements.[1–4] The
shortage of plant-available nutrients in the soil has remained
one important constraint in the growth of domesticated
plants. Measures to enhance the availability of plant nutrients
included the burning of native vegetation with a concomitant
release of nutrients in mineral forms, and the application of
nutrient-enriched plant residues and sediments, domestic
waste, and manure from domesticated animals.[5,6]

Despite its significance, there is very little direct evidence
relating to the history of ancient manuring. The conventional
view, based on house-architecture and the emergence of
hulled barley, is that the systematic use of livestock manure
for improving cereal yields in Scandinavia was introduced
in the Bronze Age,[7,8] although earlier dates for NW Europe
have been advocated.[5,9] Previous agroarchaeological
research has relied mainly on circumstantial evidence such
as farming tools, ard marks, traces of animal pens and byres,
and analyses of assemblages of arable weed seeds. Because
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ogy, Aarhus University, Research Center Foulum, P.O.
Box 50, DK-8830 Tjele, Denmark.
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subsequent centuries of agricultural land use may remove
or distort the properties of the original soil, the interpretation
of soil analyses for manuring indicators such as total phos-
phorus (P) content or specific biomarkers is often problemati-
cal.[10,11] Crucial progress in understanding the onset and
development of prehistoric manuring would be achieved if
application of manure could be inferred directly from ana-
lyses of preserved crop remains (e.g. charred grains) with a
known date.

Analyzing a range of agricultural and forest soils, Riga and
co-authors found that arable soil dressed with animal manure
was enriched in 15N.[12] Subsequently, Kohl and co-authors
observed that maize grown with manure showed elevated
d15N values compared with maize grown on unfertilized
and mineral fertilized soils.[13] Based on comprehensive stu-
dies in long-term field experiments at Askov (Denmark),
Bad Lauchstädt (Germany) and Rothamsted (UK), we have
previously shown that long continued addition of animal
manure (AM) results in elevated d15N values in the soil and
in the crops grown on the manured soils.[14,15] The impact
of AM on plant d15N was found to depend on its rate of appli-
cation. Thus, it seems plausible that the remains of cereals
grown with manure in past agriculture can be detected by
their 15N signature.

While previous studies have addressed modern crop spe-
cies and cultivars, the present study examines the effect of
long-term application of AM on the d15N values of three
Copyright © 2011 John Wiley & Sons, Ltd.

9



Figure 1. Precipitation and average monthly temperatures
during May to August 2008 and 2009 measured at the Askov
climate station. Open bars indicate the quantity of water
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ancient cereal types. The study was embedded in AM treated
plots of the Askov Long-Term Experiments on Animal Man-
ure and Mineral Fertilizers (Askov-LTE) established in 1894.
Unmanured (no manure and no fertilizer added) and PK-trea-
ted (phosphorus plus potassium fertilizers added) soils
served as reference treatments. The soils supporting the cer-
eals were characterized by their total-C and total-N content
and their d13C and d15N values. The response of the ancient
cereal types to manuring was assessed by analyses of dry
matter yields and measurement of the d15N values of grain
and straw. The dietary quality of the harvested biomass was
characterized by grain weight and total-N content (as a proxy
of protein content), and d13C. Since different biochemical
components differ in their 13 C signature,[16–18] the differences
between the d13C values of grain and straw may reflect AM-
induced changes in nutritive value.
added in irrigation (90mm and 65mm in 2008 and 2009,
respectively).
EXPERIMENTAL

The field experiment

Our study was embedded in the Askov-LTE, located in the
South of Jutland, Denmark (55o28’N, 09o07’E) with mean
annual precipitation and temperature of 860mm and 7.7�C,
respectively (1961–1990 averages). The site was under arable
use for nearly a century before the Askov-LTE was initiated.
The soil is a light sandy loam classified as an Alfisol (Typic
Hapludalf) according to the USDA Soil Taxonomy system
and is devoid of free carbonates. The Askov-LTE includes
four fields with a four-course rotation of winter cereals, root
crops, spring cereals and a grass-clover mixture used for cut-
ting. Christensen and co-authors provide a detailed account
of the treatments included in the Askov-LTE.[19] From 1894
to 1972, animal manure (AM) treatments involved the use of
cattle farmyard manure that during 1923–1972 was supple-
mented with liquid manure. Cattle slurry (stored for 4 to
9months in slurry tanks) has been used on the AM plots since
1973. The AM was obtained from local farmers and its con-
tent of nutrients determined before use in the experiments.
The isotopic composition of the AM has not been determined
and no samples of AM applied in the Askov-LTE have been
archived. Bol and co-authors determined the d15N and d13C
values of a collection of slurries from cattle which had been
fed different contemporary diets and found that the d15N
and d13C values ranged from 3.6 to 8.9 % (average of 5.8
%) and �29.2 to �32.1 % (not including diets with maize),
respectively.[14]

The present study involved three replicate plots of soil kept
unmanured and unfertilized since 1894 (termed 0), soil
amended with 20 kg P in superphosphate and 80 kgK ha–1

in potassium chloride since 1973 (termed 1PK), and soil given
150 kgN, 30 kg P and 120 kgK ha–1 in animal manure since
1973 (termed 1½AM). These treatments were in the B5-field
(2008) and B3-field (2009). In each replicate treatment plot
(110m2), three randomized subplots (each 3m2) were placed
centrally and each planted in the spring with emmer (Triticum
dicoccum), spelt (Triticum spelta) or two-rowed naked barley
(Hordeum vulgare, var. nudum). The treatment plot area sur-
rounding the center subplots was planted with a modern
spring barley variety (Hordeum vulgare). Figure 1 shows the
monthly precipitation and temperature in the growing
wileyonlinelibrary.com/journal/rcm Copyright © 2011 John Wile
seasons of the present study (2008 and 2009). During both
years, the subplots with ancient cereals were irrigated to alle-
viate any growth-depressing effects of dry periods during
May and June. Fungicides were applied to protect the crops
against fungal attacks, in particular mildew. The crops were
harvested at physiological maturity (leaving 4 cm stubbles)
and separated into a grain and a straw fraction. Grains from
emmer and spelt were decorticated. Soil was sampled from
the 0–18 cm layer in each plot after harvest.

The yields of grain and straw dry matter (g DM m–2) were
determined separately and the grain weight (mg DM grain–1)
was determined as the average mass of 1000 grains (decorti-
cated grains for emmer and spelt).

Isotope analyses

Subsamples of 15 randomly chosen grains from each subplot
were ball milled. Straw was chopped to <4mm and ball
milled. The soil samples were sieved to <2mm and then ball
milled. Straw from the modern spring barley was not subject
to isotope analysis. Grain and straw samples of 2.8–3.2mg
DM and soil samples of 30mg DM were packed into tin cap-
sules and analyzed for total carbon (C) and total-N concentra-
tions, and for 15N/14N and 13C/12C isotopic ratios by
combustion using a PDZ Europa ANCA-GSL elemental ana-
lyzer interfaced to a PDZ Europa 20–20 isotope ratio mass
spectrometer (both from Sercon Ltd., Crewe, UK) at the UC
Davis Stable Isotope Facility (Davis, CA, USA). Laboratory
standards used for correcting isotope data, including nylon,
peach leaves and glutamic acid, were calibrated against the
IAEA (Vienna, Austria) standards USGS-40 (d13C: –26.389
%) and USGS-41 (d13C: +37.626 %) for carbon and IAEA-
N1 (d15N: +0.4%) and IAEA-N2 (d15N: +20.3%) for nitrogen.
The analytical precision (one standard deviation) of the check
standard is better than 0.3 % for d 15N and 0.2 % for d 13C.
The isotope ratios are reported as d15N and d13C values (%)
referenced to 15Nair and

13CVPDB standards.[18,20]

Statistical analysis

The design of the field experiment was split plot (with three
replicates) involving two experimental factors, with fertilizer
treatments as main plots and the ancient cereals as subplots.
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887
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Data were analyzed using the MIXED procedure of the SAS
package (SAS Institute Inc., Cary, NC, USA). Differences were
considered statistically significant when p ≤0.05. When work-
ing with continuous independent variables the relationship
was examined using linear regression in SigmaPlot Statistics
(Systat Software Inc., San Jose, CA, USA). A correlation coef-
ficient (r) and a corresponding p-value were determined. A lin-
ear correlation was considered to be significant when p ≤0.05.
RESULTS

Soil analyses

The concentrations of total-C and total-N were significantly
higher in manured than in unmanured soil (Table 1). Differ-
ences between unmanured and PK treatments were not sig-
nificant. The d13C signature of the soils was not affected by
treatments, and the average d13C values of the B5- and B3-
fields (�27.2 and �27.4 %, respectively) are typical for soils
supporting crops with the C3-type photosynthetic path-
way.[18] Long-term application of cattle manure significantly
increased the abundance of 15N in the soil, while differences
in the d15N values of PK-treated and unmanured soils were
not statistically significant. Although the soil d15N in the
AM plots was slightly higher in the B5- than in the B3-field,
a similar d15N offset (1.9 %) due to manure addition was
found for both fields.

Biomass yields

The grain and straw yields of all cereal types grown on AM
soil were significantly larger than those obtained on unma-
nured and PK-amended soil (Fig. 2). Generally, the yield
levels were higher in 2009 than in 2008. In 2008 addition of
PK gave a small but significant increase in biomass yields
compared with yields of unmanured cereals. In contrast, the
Table 1. Characteristics of soil from unmanured (0), PK treated (
B3-fields of the Askov-LTE used in this study in 2008 and 2009,

Field 0

B5
Total contents:
mgCg–1 soil 9.5 � 0.52
mgNg–1 soil 0.9 � 0.05
Isotope abundance:
δ13C (%) �27.2 � 0.04
δ15N (%) 4.9 � 0.22

B3
Total contents:
mgCg–1 soil 11.1 � 0.46
mgNg–1 soil 0.9 � 0.02
Isotope abundance:
δ13C (%) �27.3 � 0.06
δ15N (%) 4.3 � 0.21

aNo significant difference between treatments (p >0.05) unless i
bStatistically significant difference, p ≤0.05.
cStatistically significant difference, p <0.001.

Copyright © 2011Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887
yields obtained in 2009 on the PK plots tended to be some-
what smaller than those retrieved from the unmanured plots.
More rain fell in May 2009 than in May 2008 which probably
explains the higher yield levels in 2009. The grain yields on
AM plots were generally 5 times (2008) and 2–3 times (2009)
higher than those on unmanured plots. For soil given AM,
the ancient cereal types produced a much larger straw yield
than modern spring barley. This difference in straw yields
was not seen when cereals were grown on unmanured and
PK-treated soils.

Biomass quality

Grains of modern barley and naked barley had similar aver-
age weights and were heavier than grains of the glume wheat
type cereals (Fig. 3). Emmer had considerably lighter grains
than spelt, regardless of the treatment and cropping year.
Averaged across cereal types, the grain weight increased in
treatment order: unmanured, PK and AM, with the effect of
nutrient addition being more distinct in 2008 than in 2009
when yield levels were higher. Although the various treat-
ments induced relatively small absolute changes in grain
weights, the differences were statistically significant.

The concentration of N in straw averaged 5mgN g–1 DM
with only small differences among straws fromdifferent ancient
cereals and straws from different treatments (Fig. 4). The grain
N contents were 3 to 5 times higher than in straw. As seen
for straw, nutrient addition did not substantially affect the grain
N contents. Differences between the grainN contents in the two
ancient wheat types (23mgN g–1 DM), the naked barley
(20mgN g–1 DM), and the modern barley (14mgN g–1 DM)
were highly significant. The differences between emmer and
spelt were variable and generally not statistically significant.

The performance of the modern barley cannot be compared
directly with that of the ancient cereal types because the plot
area sown to modern barley was not under irrigation. The
amounts of water added to the plots with ancient cereals
1PK) and animal manured (1½AM) treatments in the B5- and
respectively. Mean values� 1 standard error (n = 3)

Treatmenta

1PK 1½AM

10.8 � 0.61 14.0 � 0.35b

1.1 � 0.06 1.4 � 0.04b

�27.2 � 0.07 �27.3 � 0.02
5.1 � 0.15 6.8 � 0.03c

11.5 � 1.19 15.4 � 1.21b

1.0 � 0.07 1.4 � 0.08b

�27.4 � 0.04 �27.4 � 0.09
4.5 � 0.17 6.2 � 0.04

ndicated differently.

wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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Figure 2. Grain and straw dry matter yield (g DM m–2) obtained in 2008 and
2009 on unmanured (0), PK amended (1PK) and animal manured (1½AM) plots
of the Askov-LTE. Bars indicate mean values� 1 standard error (n = 3).

Figure 3. Grain weight (mg kernel–1) based on the average weight of 1000
kernels. See Fig. 2 for further legends.
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corresponded to 90mm in 2008 and 65mm in 2009 (Fig. 1). In
these two years, precipitation early in the growth period was
well below the long-term average.
There was no interaction between the effect of treatment

and the effect of cereal type on either grain yield or grain
weight. Although small differences were detectable when
comparing the two seasons, the overall pattern in yield and
grain weight remained the same.

Isotope analysis of plant material

Nutrient additions had no statistically significant effects on
the C concentration in grains and in straw (data not shown).
For grains and straw, the d13C values ranged from �24.3 %
to �28.2 % and from �24.5 % to �29.4 %, respectively
(Fig. 5). Although the effect of nutrients on d13C showed no
clear pattern, the small differences among the d13C values of
grain and of straw samples were statistically significant. The
cereal type had a greater impact on the d13C values than the
nutrient treatments. The overall effect of cereal type was
wileyonlinelibrary.com/journal/rcm Copyright © 2011 John Wile
significant for grain and straw, with the 13 C enrichment
decreasing in the order: spelt, emmer, and barley. Averaged
across treatments and cereal types, grains were more enriched
in 13C than straw.

The average offset in grain d15N was 8.9 % between AM
and unmanured treatments and 8.7 % between PK and AM
treatments, while grains from unmanured and PK-treated
soils did not differ significantly (Fig. 6). For straw the average
offset was 7.7 % (0 versus AM) and 8.0 % (PK versus AM).
The d15N offsets were slightly greater in 2008 than in 2009.
The grain d15N values were consistently higher than the straw
d15N values. For soil dressed with AM, the d15N value of
grains was above that of the soil, while the straw and soil
d15N values were comparable. The d15N values for grain
and straw originating from unmanured and PK treatments
were below those of the corresponding soils. For cereals
grown on unmanured soil, there was a significant relation-
ship between grain and straw d15N values (Fig. 7). A signifi-
cant relationship was not seen for cereals grown on PK- and
AM-treated plots.
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887



Figure 4. The concentrations of N (mgNg–1 DM) in grain and straw. Straw of
modern barley was not analyzed for N. See Fig. 2 for further legends.

Figure 5. The d13C values (%) of grain and straw fractions. The 13C abundance
in straw of modern barley was not determined. See Fig. 2 for further legends.
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DISCUSSION

Crop production

Compared with unmanured soil, the application of N, P and
K in AM significantly increased the grain and straw dry mat-
ter yields of all cereals, whereas the addition of PK had no
consistent effect on cereal yields. This is in accordance with
previous results from the Askov-LTE, showing that N, P
and K added individually, or in combinations of two, provide
grain and straw yields that are similar to or just slightly above
Copyright © 2011Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887
those obtained on unmanured soil and significantly below
yields following additions of similar quantities of N, P and
K in AM or in compound mineral fertilizers.[19] A proper
match between the availability of the various plant nutrients
and the requirement of the cereals is essential and must be
established before larger yields can be acquired. The grain
yield of the two ancient glume wheat types (emmer and spelt)
were less responsive to manure than naked barley, whereas
the straw response was rather similar for all three ancient cer-
eals (except spelt grown in 2009) and much higher than that
of the modern barley. Regardless of nutrient treatment, barley
wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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Figure 6. The d15N values (%) of grain and straw grown fractions. Horizontal
lines indicate the soil d15N values for each treatment. The 15N abundance in
straw of modern barley was not determined. See Fig. 2 for further legends.

Figure 7. The relationship between d15N values (%) of straw
and grain fractions of ancient cereal types grown on unma-
nured (0), PK amended (1PK) and animal manured (1½AM)
plots in 2008 and 2009.
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crops had considerably larger grain weights than the glume
wheat cereals. For all cereal types, however, the grain size
was positively affected by nutrient application, and more so
by AM than by PK. The N concentration of straw was rela-
tively low and with small differences among cereals and
treatments, indicating that the application of AM does not
improve the fodder value of the straw but produces a larger
quantity of straw. The grain N concentration and thus the
dietary value of the ancient wheat types was considerably
higher than that of modern barley and tended to be higher
than that of naked barley. Thus, in terms of field productivity,
the lower yields of the ancient wheat types were partly coun-
terbalanced by a higher nutritive value of the harvested grains.
As for straw, grain N concentration was little affected by appli-
cation of PK. We conclude that the production characteristics of
the ancient cereal types varied considerably in terms of grain
wileyonlinelibrary.com/journal/rcm Copyright © 2011 John Wile
yield, grain weight and grain N content. However, AM gener-
ally had a positive effect on grain and straw yields and grain
weight. The use of manure would have had a substantial
positive effect on the cereals grown in early agriculture.
Effects of nutrient addition on 13C and 15N abundance in soil

In accordance with what was reported by Bol and co-
authors,[14] long-term application of manure led to higher soil
C contents, but the differences in C contents were not
reflected in soil d13C values. Since the d13C of animal faeces
becomes lower than that of the ingested plant biomass,[14,21]

this implies that organic matter retained in soil is dominated
by microbial products rather than by recalcitrant plant or
manure components with specific d13C values,[22] and that
little isotopic discrimination occurs during long-term C
turnover. Results from another Askov field experiment in
which soil was kept under bare (vegetation-free) fallow for
30 years align with this concept.[23] Even if 30 % of the soil
organic matter was mineralized, the soil d13C value
remained constant throughout the 30-year period. Moreover,
in 1985 Randall and co-authors using solid-state
CPMAS-13C-NMR spectroscopy found only small relative
differences in the chemical composition of organic matter
retained in unmanured, mineral-fertilized and AM-treated
soil sampled in the Askov-LTE.[24]

The d15N values of the unmanured and PK-treated soils did
not differ significantly and were within the range of values
observed in other similarly treated soils and soils given
NPK in mineral fertilizers.[12,14,25–28] However, the use of
AM had a significant positive effect on soil total-N and
d15N, and the soil d15N has been found to depend on the rate
of AM application in grasslands.[26,28] The d15N values of the
AM (cattle slurry stored anaerobically for 4 to 9months)
applied in the Askov-LTE have not been determined. Hog
manure with a high content of NH4 has been shown to be
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887
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lower in 15N than cattle manure dominated by organic N.[25]

However, volatilized NH3 is isotopically considerably lighter
than the residual NH4 retained in stored manure, and the
d15N value of NH4 extracted from stored cattle slurry has
been found to be higher than values determined for total-
N.[26] The d15N values of AM-treated soils from the B3-field
(6.2 %) and the B5-field (6.8 %) were somewhat lower than
values reported for manure by Choi and co-authors (7.9
%),[25] Watzka and co-authors (7.7 to 10.2%),[26] and Kriszan
and co-authors (8.9 %),[28] but slightly higher than the aver-
age d15N values of 5.8 % and 5.4 % reported for manures
by Bol and co-authors and Senbayram and co-authors,
respectively.[14,27]

The offset in soil d15N between unmanured and manured
soil was 1.9 %, regardless of the different total-N and 15N
abundance in the B3- and B5-fields. Similar offsets in soil
d15N due to AM application have been reported in other
long-term arable and grassland experiments. In contrast,
Choi and co-authors found practically no soil d15N offset in
a short-term experiment with 4 years of AM addition.[25] We
conclude that long-term use of AM leaves a distinct imprint
on the soil in the form of elevated 15N abundance that allows
manured soil to be discerned from soils left unmanured or
amended with plant nutrients in mineral forms (e.g. in the
form of ash).

Isotope abundance in grain and straw

In accordance with previous studies, the d13C values were
higher in grain than in straw.[14,27,29,30] This difference is
ascribed to the higher content of 13C-depleted cellulose and
lignin in straw and of 13C-enriched proteins and starch in
the grains.[17,18] In contrast to other studies,[27,30] we found
no distinct relationship between N addition and 13C abun-
dance in grain and straw in the prehistoric cereal types. The
range of d13C values is typical for C3-plants grown in tempe-
rate climates.[18] Our study suggests that cereal type is the
decisive factor with regard to grain and straw d13C values,
and that the d13C value of the cereal fractions is of little diag-
nostic value in tracing prehistoric manuring. The level of
water stress differed between the two growing seasons but
this was not clearly reflected in the d13C values.
The application of AM had a distinct impact on the 15N sig-

nature of the grains and straw of all cereal types. Using unma-
nured and PK-treated soil as references, the positive d15N offsets
recorded for cereals grown on AM-treated soil were higher
than previously observed for modern wheat and bar-
ley,[14,15,25] and for grassland species.[26,28] In the Askov-LTE,
the AM used was stored cattle slurry which was rich in
ammoniacal N, and Choi and co-authors concluded that the
effect of manure on crop d15N values was directly linked to
its content of inorganic N.[25] We surmise that the relatively
high grain and straw d15N values reflect plant uptake of
ammoniacal N added with the manure to the crop early in
its growth period. The mineralization of organic manure N
probably leads to lower crop d15N values. The grain and
straw from the PK-treated and from the unmanured plots
had lower d15N values than the corresponding soils, indicat-
ing that the plant-available N derived from mineralization
of soil organic N is deprived in 15N.[20] In accordance with
previous results for modern wheat,[14] we found grains to
be higher in 15N than straw. The d15N of grain and straw
Copyright © 2011Rapid Commun. Mass Spectrom. 2011, 25, 2879–2887
appeared to be somewhat related but the relationship was
significant only for the cereals grown on unmanured soil.
The effect of AM addition was similar for modern barley
and ancient cereal types, consolidating the generality of AM
effects on cereal d15N.

Agroarchaeological implications

Inputs of PK did not consistently improve harvest output over
that of unmanured soil. In the slash-and-burn (swidden) type
of agriculture, P, K and other cationic plant nutrients were
released to the soil from the cleared biomass when burned
whereas N would have been lost in gaseous forms or locked
up in charred biomass.[31,32] The heating of the soil under-
neath the burning biomass probably released some mineral
N from the soil organic N pool. However, in terms of plant
nutrition the pool of available nutrients in the cleared soil
would soon become unbalanced by being deprived of plant-
available N and the site would have been able to support just
a few cereal crops, after which new sites had to be cleared.[33,34]

The relative ratios of plant-available nutrients in manure pro-
vide a much better match with the needs of cereal crops. From
this, we assert that the onset of the systematic addition of ani-
mal manure to permanently cultivated sites would have repre-
sented a substantial progress in prehistoric crop husbandry.

In accordance with previous studies on modern crop culti-
vars,[14,15] successive additions of cattle manure caused a sig-
nificant and consistent increase in the natural abundance of
15N in the grain and straw fractions of prehistoric cereal types.
Samples of prehistoric grains from archaeological sites are prac-
tically all found in a charred state that has preserved the grains
against biological and chemical decomposition. Obviously,
charred grains have suffered major alterations in their biochem-
ical composition, but there is promising evidence that charring
may not compromise isotopic signatures,[15,35,36] suggesting
that prehistoric manuring practice can be revealed by the 15N
signature of charred grains retrieved from archaeological sites.

Compared with unmanured and PK-amended soil, long-
continued additions of manure increased the soil d15N value.
Other studies indicate that the imprint of manure on soil d15N
may be long-lasting. On measuring the abundance of 15N in
current vegetation on Norse farmsteads in Greenland that had
been abandoned in the 14th and 15th century, Commisso and
Nelson found a clear N-isotopic signature that could be related
directly to past human activities, including deposits of domes-
tic waste and probably alsomanuring of infield areas.[37] Study-
ing livestock enclosures in Kenya abandoned ca. 2000 years
ago, Shahack-Gross and co-authors found that the soil within
the enclosure was distinctly enriched in 15N probably reflect-
ing the historic accumulation of livestock droppings.[38]

The larger offset in plant d15N than in soil d15N due to ani-
mal manure and the longevity of the isotopic imprint on the
soil N pool may hold promise for tracing ancient manuring
by analyzing buried arable soil horizons (palaeosols). By expos-
ing palaeosols impacted by human activity for centuries before
being conserved underneath protective soil layers, the transfer
of the soil 15N signature to test plants grown on the soil may
provide a more distinct imprint of any past manuring practice.
Combinedwith other chemical andmicro-morphological studies
of exposed palaeosols, we consider that N isotopic analyses
remain a promising approach when assessing ancient manuring
practices.
wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.

5



M. Kanstrup et al.

2886
CONCLUSIONS

We conclude that the long-term application of manure to per-
manently cultivated sites would have provided a substantial
positive effect on cereals grown in early agriculture and will
have left a significant N isotopic imprint on soil, grains and
straw. We suggest that the use of animal manure can be iden-
tified by the 15N abundance in the remains of ancient cereals
(e.g. charred grains) from archaeological sites and by growing
test plants on freshly exposed palaeosols.
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a b s t r a c t

Systematic use of animal manure has been demonstrated to be detectable in the plant d15N value but
evidence of manure affecting isotopic composition is mainly based on studies of fresh plant material.
These findings can potentially be applied to archaeobotanical assemblages and thus provide information
about prehistoric manuring practice. Prehistoric grains are generally found in a charred state of which
the exact charring conditions are unknown but most likely often multifarious. In this study we examined
the influence of grain weight and a range of charring conditions with regards duration, temperature,
oxygen availability, and manuring. The charring was applied to emmer, spelt and naked barley with
assessment of weight loss, N concentration and d15N. There were only small and non-systematic varia-
tions in d15N in relation to grain weight class. We also found that charring did not distort d15N in either
a systematic or substantial way and conclude that manuring most likely will be detectable in archae-
obotanical charred grains. As certain within-grain variability in d15N existed, especially in the intensively
manured grains, the resolution of this kind of information should be carefully considered. However,
despite attempts to deliberately tamper and distort the grain d15N signature, the changes observed in this
study were too small to be of any consequences for the archaeobotanical applicability of the method.
Thus the isotope method offers unique evidence about prehistoric manuring practice.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

An important and rather obvious effect of charring is that,
althoughmorphological damagingandbiochemically distorting, the
charring process actually preserves the grain material and makes it
very resistant towards fungal and bacterial attack (Hillman et al.,
1985; Boardman and Jones, 1990). Within archaeobotany, focus
has traditionally been aimed at the morphological changes caused
by charring and how charring influences preservation, size estima-
tions and representativity (Araus et al., 2003; Ferrio et al., 2004;
Hopf,1955; Hubbard and al Azm,1990). Current research exhibits an
incipient attention towards the effect of charring on other quality
traits such as molecular structure and isotopic composition
(Aguilera et al., 2008; Bogaard et al., 2007; Poole et al., 2002).

The analysis of archaeobotanical assemblages provides infor-
mation about vegetational aspects, and agricultural practices in
particular. Agriculture constituted the economic foundation in
many prehistoric societies and specific information about the past
is therefore extractable from crop remains. Traditional
strup).

All rights reserved.
archaeobotanical analyses of charred plant material can provide
details about past crop husbandry, but the approach is restricted
and interpretations tend to be ambiguous (Bogaard, 2004). This
applies especially to details on agronomic systems or strategies,
such as the introduction of winter cereal crops, and in determining
the beginning of systematic manuring (Grabowski, 2011;
Engelmark, 1992; Robinson et al., 2009). Knowledge about this
agricultural development is difficult to extract solely via traditional
archaeobotany or archaeology. Nevertheless, the importance of
manuring practice and the socio-economic impact of this kind of
production efficiency improvement in prehistoric agriculture has
recently been acknowledged (Chepstow-Lusty, 2011). Shortage of
plant-available nutrients would have constrained cereal produc-
tivity and perceiving the systematic use of animal manure as
a prerequisite for complex society would therefore constitute
a more bold construction on how to value this aspect of agriculture.

It has recently been demonstrated that long-term intensive use of
animal manure leaves a distinct imprint on plant d15N (Bogaard et al.,
2007; Bol et al., 2005; Fraser et al., 2011; Kanstrup et al., 2011).
Nitrogen isotope analysis may supplement archaeobotany and tradi-
tional archaeology for establishing developments in prehistoric
agriculture.
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Fig. 1. Box plot of the grain weight distribution for unmanured (0) and animal
manured (1½AM) grains of the three ancient cereal types: spelt, emmer and naked
barley. The arithmetic mean is shown by a dashed horizontal line for comparison.
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Archaeobotanical assemblages often represent a mere snapshot
of certain steps in the post-harvest processes (Hillman, 1984;
Viklund, 1998). Depending on the type of process, an assemblage
would provide grains of very different sizes ranging fromvery small
grain in the waste from threshing to very large grains stored for
seeding and/or consumption.Within-ear d15N variation of up to 2&
in single plants, depending on spikelet position, has recently been
detected (Bogaard et al., 2007) but it has not been investigated if
observed variation correlates with grain size or grain weight.

Since archaeobotanical remains generally are found in a charred
condition, there is a need to study whether the charring process
distorts the manure-derived isotopic signature. It has previously
been suggested that d13C and d15N values in pre-depositional
charred plants is comparable to those of their modern counter-
part possessing the same photosynthetic pathway or N assimilation
mechanisms (DeNiro and Hastorf,1985). A pilot study conducted on
modern crop cereal types suggested that charring at optimal
conditions, ensuring both preservation and species identification
(230 �C in up to 24 h), had little effect on the isotopic composition
(Bogaard et al., 2007). Further charring experiments, also within
the range of ideal charring conditions (200, 250 and 300 �C), have
shown similar results (Aguilera et al., 2008).

Thermal histories of archaeobotanical remains can be made
using electron spin resonance spectroscopy (ESR) where the signal
of radical carbon provides a direct measure of the maximum
temperature a given material has been exposed to (Hillman et al.,
1983, 1985). Focus upon discerning between intentional charring
and parching initially triggered this interest in thermal profiling of
archaeobotanical remains (Robins,1984). Atpresent, it remains to be
a challenge to precisely infer all of the charring conditions of
a specific assemblage of charred grains. And grains with different
thermal histories may end up being mixed together in for instance
refuse layers. Moreover the isotopic response to the different
possible thermal histories has not yet been explored to the same
extent. Consequently, it isnecessary toexplore if andhowavarietyof
different charring conditions affect the isotope signature of grains.

The objectives in this paper were to study the influence of grain
weight and to systematically test the effect of the transformation
process of charring using a range of scenarios covering oxygen avail-
ability, duration, manuring practice and temperature. Here we report
grain weight loss, total-N concentration and 15N signature of charred
grains of emmer (Triticum dicoccum), spelt (Triticum spelta) and naked
barley (Hordeum vulgare var nudum) grown on unmanured and
animal-manured soil in the Askov long-term experiments (LTE).

2. Materials and methods

2.1. Cereal grains

The grain weight and charring experiments were conducted on
three early agriculture cereal types: naked barley, emmer and spelt.
Following harvest at physiological maturity, grains were dried to 85%
drymatter at 30 �C. All grainmaterial used in this study was grown in
Table 1
Concentrations of N and d15N in the uncharred batches of unmanured (0) and manured

Experiment Manuring Spelt

N
(mg N g�1)

d15N
(&)

1 and 3 0 23.82 0.29
1 and 2 1½AM 23.73 9.44
3 1½AM 27.24 10.43
4 1½AM 24.41 9.65
2008 in the Askov LTE, situated in the southern part of Denmark. The
Askov LTE includes soil treatments that have been maintained since
1894 (Christensen et al., 2006). The general isotopic compositions of
the soil and the three ancient crop types grown under three different
manuring regimes (unmanured (0), PK amended (1PK), and animal
manured (1½AM)) are presented by Kanstrup et al., (2011).

2.2. Experiment 1: grain weight influence

To explore the inherent within-ear variation in depth, the possible
importanceof grainweight, the isotopic compositionof sixdifferent grain
weight classes was examined. This also worked as a quality assessment
control of the grain sampling procedures. One thousand randomized
grains of each ancient cereal type grown under manured (1½AM) and
unmanured (0) conditions were weighed. Descriptive statistics in Sig-
maPlot (Systat Software inc., San Jose, CA, USA) were used in order to
examinetheweightdistribution(Fig.1). Fromthis, sixweightclasseswere
defined using Box plot and the Standardmethod to calculate percentiles
(10th,25th,median,75th,90th), excluding theveryextremes (the5thand
the 95th percentile). Fifteen grains within each weight class were
randomly sub-sampled and ball milled. d15N for a bulk sample from the
grainbatchusedinthisexperiment ispresented inTable1forcomparison.

2.3. Charring experiments

The effect of a range of charring conditions was investigated in
Experiments 2e4 where different charring scenarios were set up
under controlled laboratory conditions. For each charring scenario
and cereal type, three to six laboratory replicates of a bulk
subsample of twenty grains were extracted from a batch of grains.
The characteristics of the individual batches used in the three
charring experiments are presented in Table 1. Charring took place
in a digitally controlled chamber furnace (Thermolyne muffle
furnace, Thermo Fisher Scientific Inc.). The position of the samples
inside the furnacewas randomized before charring. The furnacewas
preheated to the appropriate temperature ahead of introducing the
(1½AM) grains used for the four individual experiments.

Emmer Naked barley

N
(mg N g�1)

d15N
(&)

N
(mg N g�1)

d15N
(&)

22.24 0.05 18.29 0.63
21.68 10.34 21.09 10.55
21.36 9.82 20.46 9.92
25.09 10.74 20.12 8.78



Table 2
N concentrations (Nconc) and d15N in the six different grain weight classes of unmanured (0) and manured (1½AM) spelt, emmer and naked barley (Experiment 1). Double
measurements are reported as the average followed by 1 SD in parentheses.

Grain weight class Spelt Emmer Naked barley

0 1½AM 0 1½AM 0 1½AM

Nconc (mg N g�1) 1 23.99 26.29 22.68 (0.57) 20.37 16.37 21.14
2 26.10 24.10 24.02 21.22 18.16 (0.29) 20.21
3 22.65 22.73 23.42 20.98 18.83 (0.23) 20.72
4 23.99 24.55 21.62 22.55 (0.96) 18.28 20.04 (0.19)
5 21.94 (0.02) 23.74 23.70 22.70 (0.08) 19.75 21.71
6 23.83 24.23 22.31 24.66 23.28 22.76

d15N (&) 1 0.90 9.88 0.52 (0.03) 9.78 1.48 9.23
2 0.88 10.49 0.28 7.73 0.77 (0.06) 11.12
3 0.66 9.76 0.39 9.21 0.74 (0.04) 10.45
4 0.80 10.02 0.31 10.07 (0.07) 0.58 10.48 (0.14)
5 0.35 (0.07) 9.20 0.56 8.99 (0.03) 0.35 10.75
6 0.53 9.57 0.49 10.19 0.96 9.75
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grain samples. The grainweight before and after charringwas noted
in order to calculate the weight loss. Of the twenty charred grains,
ten were subsequently crushed in a mortar and stored for analyses.
The remaining ten charred whole grains from each scenario were
saved and stored as a reference archive.

2.4. Experiment 2: effect of oxygen availability

The influence of oxygen availability was tested on manured
grains (1½AM, Table 1). The three simulated charring scenarios
were 1) charring with free access to air and oxygen, 2) restricted
access to oxygen by wrapping the grains in aluminium foil, and 3)
anaerobic charring established by a continuous flow of N2 gas
through the furnace chamber. For each charring scenario, three
different charring durations (0.5, 2 and 6 h) were examined at
a fixed temperature of 250 �C. This temperature is in alignment
with the results from ESR conducted on definite charred grains
Fig. 2. Relationship between grain weight classes and N concentration (top) and d15N
(bottom) of manured (solid symbols) and unmanured (open symbols) cereal grains
(Experiment 1). Weight classes were defined via descriptive statistics as presented in
the text and in Fig. 1. Double measurements were executed randomly for approx. every
5 samples resulting in a total of 7 double measurements. Average sd. for d15N was 0.06
(ranging from 0.02& to 0.14&).
contextually linked to a conflagration (Hillman et al., 1985). Labo-
ratory triplicates were made for each charring scenario.

2.5. Experiment 3: manuring influence

Experiment 3 compared the effect of charring on unmanured
and manured grain samples (Table 1). All grain samples were
wrapped in aluminium foil in this experiment. In these charrings,
the temperature was fixed at 250 �C and charring durations of 0.5, 2
and 6 h were applied. Two to six laboratory replicates were made
for each charring scenario.

2.6. Experiment 4: effect of temperature

Experiment 4 investigated the influence of temperature (100,
150, 250, 400, 550 �C) on manured grains (Table 1). It is generally
assumed that the changes that characterize charring begin at c.
150 �C (Hillman et al., 1985). In order to cover this point on the
temperature scale our study of temperature effect was started at
100 �C. All grain samples were wrapped in aluminium foil and the
charring time was fixed at two hours. Three to six laboratory
replicates were made for each charring scenario.

2.7. Isotope analysis

Sample material was dried at 60 �C and stored in an exicator
prior to weighing. A subsample of 2.8e3.2 mg (3.8e4.2 mg for the
uncharred material) was weighed into tin capsules, packed and
submitted to analyses for total-N and N-isotope ratio by combus-
tion using a PDZ Europa ANCA-GSL elemental analyzer interfaced to
a PDZ Europa 20e20 isotope ratio mass spectrometer (Sercon Ltd.,
Crewe, Cheshire, UK) at the UC Davis Stable Isotope Facility, Davis,
CA, USA. The isotope ratios are reported as d15N values (&) refer-
enced to 15Nair (Fry, 2006; Högberg, 1997). Laboratory standards
(values of laboratory standards obtained during the analysis are
here reported as mean � S.E., n ¼ number of measurements) used
for correcting isotope data, including nylon (�9.77&� 0.02, n¼ 37)
and peach leaves (1.65 � 0.14, n ¼ 15), were calibrated against the
IAEA standards IAEA-N1 (d15N: 0.4&) and IAEA-N2 (d15N: 20.3&)
for N. The analytical precision (one standard deviation) of the check
standard was better than 0.3& for d15N.

3. Results and discussions

3.1. Experiment 1: grain weight influence

The grain weight distribution showed grain specific differences
regardless of manuring treatment with naked barley comprising



Table 3
Weight loss, N concentrations (Nconc) and d15N in manured spelt, emmer and naked barley after charring at 250 �C with three differing oxygen availability situations
(Experiment 2). Data are reported as average values followed by S.E. in parentheses (n ¼ 3).

Time
(hour)

Spelt Emmer Naked barley

O2 Foil N2 O2 Foil N2 O2 Foil N2

Weight loss (%) ½ 24.0 (1.0) 20.2 (0.3) 21.4 (0.1) 25.6 (2.5) 19.2 (2.2) 21.6 (1.3) 30.2 (3.0) 30.9 (1.1) 30.5 (0.9)
2 42.7 (0.8) 41.5 (2.9) 38.9 (1.4) 42.2 (0.4) 43.3 (0.4) 39.8 (1.3) 43.2 (0.4) 44.3 (0.1) 40.5 (0.6)
6 46.5 (0.4) 46.1 (1.5) 44.4 (0.3) 47.6 (1.5) 46.4 (0.2) 45.4 (1.4) 50.2 (0.3) 46.6 (0.1) 47.2 (0.5)

Nconc (mg N g�1) ½ 26.9 (3.0) 26.9 (0.6) 26.7 (1.4) 25.1 (2.5) 25.8 (0.5) 28.3 (0.7) 25.1 (2.5) 25.8 (0.5) 28.3 (0.7)
2 35.3 (0.6) 37.2 (1.6) 36.2 (0.6) 36.8 (1.7) 35.6 (0.8) 33.5 (1.0) 36.8 (1.7) 35.6 (0.8) 33.5 (1.0)
6 40.5 (0.7) 37.4 (2.2) 39.0 (0.7) 39.0 (2.0) 38.8 (2.1) 37.6 (1.2) 39.0 (2.0) 38.8 (2.1) 37.6 (1.2)

d15N (&) ½ 9.2 (0.4) 9.7 (0.4) 9.6 (0.2) 9.0 (0.2) 9.2 (0.6) 8.7 (0.1) 10.5 (0.3) 9.9 (0.4) 10.6 (0.1)
2 9.8 (0.4) 9.7 (0.6) 9.9 (0.5) 9.7 (0.0) 8.7 (0.4) 9.1 (0.2) 9.8 (0.3) 9.2 (0.1) 9.2 (0.2)
6 10.2 (0.2) 9.5 (0.2) 9.1 (0.4) 9.6 (0.2) 9.2 (0.1) 9.2 (0.8) 10.0 (0.3) 10.6 (0.4) 9.7 (0.6)
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the heaviest grains followed by the glume wheats in the order:
spelt and emmer. Consistency in intensively manured grains being
heavier than their unmanured counterparts was clear (Fig. 1). The
largest difference between manured e and unmanured grains was
seen in emmer. It was also clear that the smallest dispersion in
grain weight was detectable in unmanured emmer, whereas the
largest range could be seen in unmanured naked barley. The grain
weight distribution approximated a normal distribution although
not statistically and some skewness was evident, most clearly seen
in manured naked barley.
Fig. 3. Comparison of three different atmospheric laboratory conditions at three different du
2). The temperature was fixed at 250 �C. O2: Free access to air and O2. Foil: The grains were w
created by a flow of N2. Bars denote standard error (n ¼ 3).
Glume wheats had generally a higher N concentration (Table 2,
Fig. 2, top) than naked barley and showed accordingly similar cereal
type specific characteristics as previously reported (Kanstrup et al.,
2011). A systematic relation between N concentration and grain
weight class was only seen in unmanured naked barley which
showed an increasing N concentration with increasing weight
classes. The actual increase in N concentration though was rela-
tively small (approx. 1.5 mg N g�1 for each step up in weight class
and from 16 to 23 mg N g�1 in total). The variability in N concen-
tration clearly decreased as grain weight increased.
rations (0.5, 2 and 6 h) in relation to weight loss, N concentration and d15N (Experiment
rapped in aluminium foil to reduce the access of O2. N2: Anaerobic charring condition
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The weight test showed that, apart from a single outlier, there
were only small and non-systematic variations in d15N in relation to
weight classes (Fig. 2, bottom). The variability in d15N was not
influenced by grain weight as was the case for the variability in N
concentration. A random check by double measurements showed
very low sd. for d15N which indicated intra weight class isotopic
homogeneity within the isotope samples. The offset in d15N went
both ways without any predictability when compared to the d15N
value of the bulk sample (Table 1). Across crop type and manuring
treatment � offsets (mean � S.E.) to the bulk sample from this
batch of grains averaged 0.4 � 0.06& (ranging from 0.1 to 1.4&).
These were clearly relatively small offsets compared to the
analytical precision within standard isotope analysis, as well as
taking the natural variation into consideration. So in case there
were differences caused by grain weight, it is doubtful whether
such would be measurable for an arbitrary bulk sample within
current mass spectrometer capabilities, and differences could very
well be buffered and absorbed in a random bulk sample. Weight
dependent isotopic differences were proven to be so small, that
they would hardly contribute to any bias among archaeobotanical
samples of different grain weights composition.

From this we concluded that d15N and grain weight were inde-
pendent and consequently randomized sub sampling of larger bulk
samples was considered to be an appropriate sampling procedure.

Intensively manured grains tended to show larger variation. This
variationwasminute, however, when compared to the large offsets in
d15N between unmanured and manured cereals grown in field exper-
iments (Fraser et al., 2011; Kanstrup et al., 2011). Manuring dependent
variation could potentially affect the resolution of the isotope method
when trying to establish a clear-cut boundary between intensive and
extensivemanuring regimes. On the other hand, the isotopic signature
in unmanured grains remained highly constant regardless of grain
weight. Thus the prospects of discerning unmanured from more
extensively manured grains remain promising.
3.2. Experiment 2: effect of oxygen availability

Regardless of oxygen availability and cereal type, the curves for
the weight loss and for the N concentration at the fixed charring
temperature at 250 �C were very similar (Table 3, Fig. 3, top and
middle). The weight was reduced considerably in the first two
hours of charring after which, the weight loss approached a plateau
Table 4
Weight loss, N concentrations and d15N in unmanured (0) and manured (1½AM) spelt, em
average values followed by S.E. in parentheses, n ¼ 6, except for a (n ¼ 3) and b (n ¼ 2).

Time
(hours)

Spelt

0 1½AM

Weight loss (%) ¼ 11.6 (1.0)a 14.3 (0.3)
½ 22.3 (0.2)a 21.8 (1.9)
1 37.4 (0.3)a 33.6 (2.2)
2 39.8 (0.0)a 43.6 (0.1)
4 44.6 (0.5)a 46.1 (0.2)a

6 46.1 (1.1)a 46.1 (0.6)
Nconc (mg N g�1) ¼ 26.0 (0.5)a 26.4 (0.4)

½ 27.0 (0.8)a 27.6 (0.5)
1 35.9 (1.6)a 32.7 (1.2)
2 37.4 (1.4)b 37.4 (0.7)
4 39.8 (0.8)a 39.0 (1.0)a

6 37.6 (0.8)b 40.1 (0.2)
d15N (&) ¼ 0.5 (0.1)a 9.6 (0.1)

½ 0.4 (0.1)a 9.8 (0.2)
1 0.6 (0.1)a 9.7 (0.2)
2 0.7 (0.0)b 9.9 (0.4)
4 0.6 (0.2)a 10.2 (0.2)a

6 0.7 (0.2)b 9.8 (0.3)
at 45%, which was most apparent for spelt and emmer. The N
concentration increased almost in a complementary way,
approaching a plateau after 4e5 h of charring (approx.
37e41 mg N g�1 for the glume wheats and 37e39 mg N g�1 for
naked barley). This clear pattern was seen regardless of charring
condition.

The weight losses and changes in N concentration during
charring were not affected by oxygen availability, but clearly on the
duration of the charring. Despite the dramatic effect of charring
duration on weight loss and N concentration, effects of charring
were not detectable in d15N (Fig. 3, bottom). In this experiment, the
average d15N � offset (mean � S.E.) between the uncharred bulk
sample and the charred samples across oxygen availability, crop
type, and duration was only 0.6 � 0.05& (ranging from 0 to 2&).
Clearly the large impact of animal manure on d15N was not dis-
torted systematically by charring. Oxygen availability did not affect
d15N in any clear way and the remaining experiments were there-
fore all executed with samples wrapped in aluminium foil.
3.3. Experiment 3: manuring influence

Changes in weight loss and N concentration followed similar
trends as those of Experiment 2, regardless of manuring regime at
the fixed charring temperature at 250 �C (Table 4, Fig. 4, top and
middle), and there were no systematic changes in d15N (Fig. 4,
bottom). The average offset across cereal type in d15N between
unmanured and manured grains was approx. 9.6&, which was
similar to that of uncharred samples reported previously (Kanstrup
et al., 2011). In intensively manured grains, there were no clear
effects of charring on d15N, although the isotopic variability
appeared somewhat larger compared to the unmanured material.
This was not distinct in weight loss and N concentration, where
manured and unmanured followed the same pattern as demon-
strated in Experiment 2. The variability seen for intensively
manured samples indicated some limitations in the isotopemethod
when it comes to level of resolution. For this reason, we suggest to
present plant d15N values (fresh or charred) with 0.5e1.0& added
in the error bars of a given measurement, indicating that the direct
isotopic measurements are accepted with caution as representing
manuring conditions in the past. Interpretations must be made
taking this restriction of resolution into account. It was hardly
possible to detect a similar tendency towards more variation in
mer and naked barley after charring at 250 �C (Experiment 3). Data are reported as

Emmer Naked barley

0 1½AM 0 1½AM

10.7 (0.6)a 14.5 (0.5) 11.8 (1.2)a 16.5 (0.8)
22.0 (2.1)a 21.9 (0.9) 35.2 (0.5)a 31.5 (0.7)
37.7 (1.2)a 36.2 (0.6) 39.8 (2.0)a 39.9 (2.2)
43.0 (1.0)a 43.3 (0.3) 44.5 (0.3)a 43.9 (0.5)
45.2 (0.1)a 46.6 (0.2)a 46.2 (0.2)a 45.9 (1.0)a

46.3 (0.7)a 47.7 (0.4) 47.8 (0.2)a 47.4 (0.7)
23.0 (0.2)a 23.4 (0.8) 20.0 (0.8)a 21.69 (0.3)
28.7 (0.3)a 26.6 (0.4) 26.2 (0.2)a 26.46 (1.1)
35.7 (1.5)b 32.8 (1.5) 27.9 (1.2)a 30.20 (1.0)
37.0 (2.6)a 35.1 (1.0) 30.6 (0.5)a 32.76 (0.5)
39.2 (1.2)a 38.4 (1.3)a 31.2 (0.8)a 33.16 (0.1)a

38.6 (1.2)a 36.8 (1.0) 31.9 (0.7)a 33.95 (0.4)
�0.3 (0.2)a 9.2 (0.2) 0.3 (0.4)a 9.43 (0.4)
0.5 (0.1)a 9.4 (0.2) 0.5 (0.1)a 10.15 (0.2)
0.4 (0.1)b 9.5 (0.2) 0.7 (0.1)a 10.50 (0.1)
0.3 (0.0)a 9.7 (0.3) 0.5 (0.0)a 9.97 (0.2)
0.5 (0.0)a 9.7 (0.4)a 0.8 (0.1)a 10.46 (0.4)a

0.4 (0.0)a 9.5 (0.1) 0.7 (0.1)a 10.33 (0.3)



Fig. 4. Weight loss, N concentration and d15N as influenced by cereal type and
manuring (Experiment 3). The temperature was fixed at 250 �C and all grain samples
were wrapped in aluminium foil. Bars denote standard error (n ¼ 2e6).

Table 5
Weight loss, N concentrations (Nconc) and d15N in manured spelt, emmer and naked
barley after two hours of charring at different temperatures (Experiment 4). Data are
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d15N in the intensively manured grains after charring. This query
whether the findings in Experiment 1, would be of relevance if
dealing with charred material. Tentatively, it could be suggested
that charring evened out some of the minute differences detectable
in uncharred grains.
reported as average values followed by S.E in parentheses, n ¼ 6 except for a (n ¼ 3),
b (n ¼ 4) and c (n ¼ 5).

Temp.
(�C)

Spelt Emmer Naked barley

Weight loss (%) 100 2.2 (0.2) 3.3 (0.4) 1.8 (0.3)
150 8.0 (0.2) 7.8 (0.3) 7.3 (0.3)
250 40.5 (0.3)a 41.1 (0.7)a 42.8 (0.4)a

400 72.5 (0.2) 73.0 (0.5) 71.7 (0.3)
550 87.0 (2.3) 85.6 (2.8) 85.5 (2.6)

Nconc (mg N g�1) 100 24.2 (0.8) 24.3 (0.5) 23.0 (1.1)
150 24.4 (0.6) 24.4 (0.9) 23.1 (1.0)
250 35.9 (1.4)a 36.6 (0.9)a 33.9 (1.8)a

400 53.3 (0.6)c 54.1 (1.5)c 48.1 (0.7)
550 58.1 (2.7)c 55.6 (2.1) 46.8 (1.5)b

d15N (&) 100 9.4 (0.4) 9.91 (0.4) 8.8 (0.5)
150 9.1 (0.1) 10.3 (0.2) 8.8 (0.3)
250 9.5 (0.5)a 11.1 (0.3)a 9.2 (0.5)a

400 9.8 (0.4)c 10.8 (0.2)c 9.0 (0.1)
550 10.5 (0.3)c 11.9 (0.4) 9.9 (0.4)b
3.4. Experiment 4: effect of temperature

Weight losses increased with increasing temperature (Table 5,
Fig. 5, top). A substantial weight loss occurred above 150 �C and
reached a maximum at 550 �C with an average weight loss of 85%.
This was in good agreement with earlier charring experiments of
other propagules, such as peas (Poole et al., 2002). At this temper-
ature, however, the morphological changes were pronounced and
some of these samples were close to complete combustion, leaving
only ash. Plant material in this state of charring would most prob-
ably not survive the transformation processes that occur between
prehistoric charring events and archaeological retrieval. Theweight
loss curve was similar for all three prehistoric cereal types.

The N concentration increased with increasing temperatures
and approached a plateau at the charring temperatures 400 �C and
550 �C (Fig. 5, middle). The N concentration of the grains reached
approx. 53e57mgN g�1 and 47e48mgN g�1 for glumewheats and
naked barley, respectively. At these high temperatures, the differ-
ences in N concentration between the hulled wheats and naked
barley was more conspicuous than seen in uncharred material
(Kanstrup et al., 2011), as well as in Experiment 1e3 of this study.
This experiment shoved that the effect of charring on N concen-
tration was cereal type specific. This observation is critical if N
concentration of charred archaeobotanical material was to be used
as evidence of the dietary qualities of the prehistoric grains. Even if
we exclude material charred at a temperature as high as 550 �C
from being archaeologically relevant, material charred at 400 �C
showed a relative larger difference in N concentration between
hulled wheats and naked barley than that of the same grain
material in either a uncharred state or charred at 250 �C. As
previously noted, it is presently not possible to precisely infer the
charring conditions of a specific assemblage of charred grains.
Consequently, the assessment of grain N concentration must be
considered as more complicated than presumed in earlier attempts
of correcting N concentration for the effect of charring (Aguilera
et al., 2008).

The d15N value remained practically constant in the charring
interval up to 400 �C (Fig. 5, bottom), despite a large loss of dry
matter and a dramatic increase in grain N concentration. As
previously noted by Poole et al. (2002), these results suggest that
during heating the bio molecules, present in the uncharred grains,
undergo transformation reactions leading to new macromolecules
rather than to a differential loss of specific biochemical fractions
with different isotope composition. The consistently higher grain
d15N values experienced at 550 �Cmay be disregarded. As discussed
above, such grains would hardly ever survive being retrieved
archaeologically.

4. Agroarchaeological perspectives

The result from the grain weight test showed that grain weight
differences did not influence the isotopic composition in a way that
could cause systematic bias in archaeobotanical samples. This
would apply whether the retrieved assemblage consisted of large
and heavy grains saved and stored for human consumption, for
seed grains, or if the assemblage represented the very small grains
discarded during the harvest processing.

Our charring experiments demonstrated that, regardless of the
experimental charring scenarios imitating a cross section of



Fig. 5. Weight loss, N concentration and d15N in relation to charring temperature
(Experiment 4). The time was fixed at two hours and all grain samples were wrapped
in aluminium foil. Bars denote standard error (n ¼ 3e6).
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potential prehistoric charring conditions, changes in isotopic
composition were minimal and not consistent. Consequently, we
consider the implications of charring to be of a neutral nature
where isotopic composition is concerned. This is also in agreement
with earlier pioneering work where charred material was sug-
gested as being more resistant towards early diagenesis, whereas
desiccated plants displayed significant shifts in d15N and, in some
cases, d13C (DeNiro and Hastorf, 1985).

Wefind that the 15N isotopic signature inprehistoric charred grains
can safely be used as a direct method to detect evidence of manuring.
Much focus on archaeological field practice and the securing of
archaeobotanical remains are currently an under-exploited source of
information about agriculture in the past. Incorporating isotope anal-
ysis in the research process would potentially remedy some of the
academic shortcomings. Before proceeding to the application of the
method on charred archaeobotanical remains itwould be necessary to
investigate to what extent, and what kind of, pre-treatment of the
charred grains are appropriate. Isotope analysis could be routinely
done along with radiocarbon dating for a small additional cost. This
will ensure that pre-treatment of the archaeobotanical remains follow
well documented laboratory procedures.

This isotope approach offers a unique and very detailed insight
into prehistoric crop production. Other isotope studies have shown
that infields and pastoral sites originally amended with household
waste and animal manure and then abandoned for centuries can be
detected using d15N mapping (Commisso and Nelson, 2010;
Shahack-Gross et al., 2008). These studies operated at field level,
whereas the analysis of charred archaeobotanical remains offers
a possibility to investigate manuring practice at a plant and crop
type level. A conventional claim of a causal relationship between
the introduction of hulled barley and the systematic use of animal
manure is predominant in Scandinavia (Grabowski, 2011;
Engelmark, 1992). Such specific issues could be investigated further
using the novelty of the isotopic evidence.

5. Conclusions

From the study of grain weight characteristics, we assessed that
the future prospects of discerning unmanured from intensively
manured and unmanured from more extensively manured grains
remain promising. We found no general support for a within-ear N
isotopic variation related to grain weight. We also found that
a random bulk sample of 10e15 grains would represent a given
batch of grains with sufficient accuracy. Charring did not introduce
substantial and systematic differences in d15N values despite
distinct changes in weight and N concentration. This indicates that
charring affects 15N and 14N similarly and d15N remains basically the
same. From this, we concluded that the in vivo 15N isotopic signa-
ture in prehistoric grains is retained in the charred material.
Charring, therefore, also seems to have a preserving, rather than
distorting, effect on the isotopic composition. Manure application
remains the critical control on grain d15N and this is very promising
for the endeavour of using isotope measurements as a direct source
of information about prehistoric manuring practice. We suggest
a systematic application of isotope analysis on archaeobotanical
samples and recommend the method as a direct approach to detect
prehistoric evidence of manuring.

Acknowledgements

The authors would like to thank the technical staff at Askov
Experimental Station and Research Center Foulum, especially Niels
Peter Pedersen, Frede Brandt Friis, Jørgen Nielsen and Mette Niel-
sen for help with the field experiments, for setting up the furnace
system and the weighing of the grains for the grain weight exper-
iment. Many thanks go to Astrid J. Andersen as well, who was
involved in the starting-up of the project. We wish to express our
appreciation to the organizers and participants at UKAS 2011 in
Reading for constructive feedback on our poster presenting the
project. Likewise we want to thank the two anonymous reviewers
for their comments, corrections and advise following submission of
thismanuscript. April Anne Kanstrup helpedwith proof reading the
manuscript. This study was financially supported by Carlsberg
Fondet and by Aarhus University Research Foundation.

References

Aguilera, M., Araus, J.L., Voltas, J., Rodríguez-Ariza, M.O., Molina, F., Rovira, N., et al.,
2008. Stable carbon and nitrogen isotopes and quality traits of fossil cereal
grains provide clues on sustainability at the beginnings of Mediterranean
agriculture. Rapid Communications in Mass Spectrometry 22, 1653e1663.

Araus, J.L., Slafer, G.A., Buxó, R., Romagosa, I., 2003. Productivity in prehistoric
agriculture: physiological models for the quantification of cereal yields as an
alternative to traditional approaches. Journal of Archaeological Science 30,
681e693.

Boardman, S., Jones, G., 1990. Experiments on the effects of charring on cereal plant
components. Journal of Archaeological Science 17, 1e11.

Bogaard, A., Heaton, T.H.E., Poulton, P., Merbach, I., 2007. The impact of manuring on
nitrogen isotope ratios in cereals: archaeological implications for reconstruc-
tion of diet and crop management practices. Journal of Archaeological Science
34, 335e343.



M. Kanstrup et al. / Journal of Archaeological Science 39 (2012) 2533e25402540
Bogaard, A., 2004. Neolithic Farming in Central Europe: An Archaeobotanical Study
of Crop Husbandry Practices. Routledge, London.

Bol, R., Eriksen, J., Smith, P., Garnett, M.H., Coleman, K., Christensen, B.T., 2005. The
natural abundance of 13C, 15N, 34S and 14C in archived (1923e2000) plant and
soil samples from the Askov long-term experiments on animal manure and
mineral fertilizer. Rapid Communications in Mass Spectrometry 19, 3216e3226.

Chepstow-Lusty, A., 2011. Agro-pastoralism and social change in the Cuzco heartland
of Peru: a brief history using environmental proxies. Antiquity 85, 570e582.

Christensen, B.T., Petersen, J., Trentemøller, U.M., 2006. The Askov Long-Term
Experiments on Animal Manure and Mineral Fertilizers: The Lermarken Site
1894e2004. DIAS Report Plant Production no. 121. Tjele.

Commisso, R.G., Nelson, D.E., 2010. Stable nitrogen isotopic examination of Norse
sites in the Western settlement of Greenland. Journal of Archaeological Science
37, 1233e1240.

DeNiro, M.J., Hastorf, C.A., 1985. Alteration of 15N/14N and 13C/12C ratios of plant
matter during the initial stages of diagenesis: studies utilizing archaeological
specimens from Peru. Geochimica et Cosmochimica Acta 49, 97e115.

Engelmark, R., 1992. A review of the farming economy in South Scania based on
botanical evidence. In: Larsson, L., Callmer, J., Stjernquist, B. (Eds.), The
Archaeology of the Cultural Landscape: Field Work and Research in a South
Swedish Rural Region. CWK Gleerup, Lund, pp. 369e375.

Ferrio, J.P., Alonso, N., Voltas, J., Araus, J.L., 2004. Estimating grain weight in
archaeological cereal crops: a quantitative approach for comparison with
current conditions. Journal of Archaeological Science 31, 1635e1642.

Fraser, R.A., Bogaard, A., Heaton, T., Charles, M., Jones, G., Christensen, B.T., et al.,
2011. Manuring and stable nitrogen isotope ratios in cereals and pulses:
towards a new archaeobotanical approach to the inference of land use and
dietary practices. Journal of Archaeological Science 38, 2790e2804.

Fry, B., 2006. Stable Isotope Ecology. Springer, USA.
Grabowski, R., 2011. Changes in cereal cultivation during the Iron Age in southern

Sweden: a compilation and interpretation of the archaeobotanical material.
Vegetation History and Archaeobotany 20, 479e494.

Hillman, G.C., 1984. Interpretation of archaeological plant remains: the application
of ethnographic models from Turkey. In: van Zeist, W., Casparie, W.A. (Eds.),
Plants and Ancient Man, Rotterdam, pp. 1e42.
Hillman, G.C., Robins, G.V., Oduwole, D., Sales, K.D., McNeil, D.A.C., 1983. Determi-
nation of thermal histories of archeological cereal grains with Electron Spin
Resonance spectroscopy. Science 222, 1235e1236.

Hillman, G.C., Robins, G.V., Oduwole, D., Sales, K.D., McNeil, D.A.C., 1985. The use of
electron spin resonance spectroscopy to determine the thermal histories of
cereal grains. Journal of Archaeological Science 12, 49e58.

Högberg, P., 1997. Tansley Review No. 95 15N natural abundance in soileplant
systems. New Phytologist 137, 179e203.

Hopf, M., 1955. Formveränderungen von Getreidekörnern beim Verkohlen. Berichte
der Deutschen Botanishen Gesellschaft 68, 191e193.

Hubbard, R.N.L.B., al Azm, A., 1990. Quantifying preservation and distortion in
carbonized seeds; and investigating the history of friké production. Journal of
Archaeological Science 17, 103e106.

Kanstrup, M., Thomsen, I.K., Andersen, A.J., Bogaard, A., Christensen, B.T., 2011.
Abundance of 13C and 15N in emmer, spelt and naked barley grown on differ-
ently manured soils: towards a method for identifying past manuring practice.
Rapid Communications in Mass Spectrometry 25, 2879e2887.

Poole, I., Braadbaart, F., Boon, J.J., van Bergen, P.F., 2002. Stable carbon isotope
changes during artificial charring of propagules. Organic Geochemistry 33,
1675e1681.

Robins, G.V., 1984. The study of heated and charred archaeological materials with
electron spin résonance spectroscopy. Journal of Analytical and Applied
Pyrolysis 6, 31e43.

Robinson, D.E., Mikkelsen, P.H., Malmros, C., 2009. Agerbrug, driftsformer og
planteressourcer i jernalder og vikingetid (500 f.Kr.e1100 e.Kr.). In: Odgaard, B.,
Rømer, J.R. (Eds.), Danske landbrugslandskaber gennem 2000 år. Fra dige-
voldinger til støtteordninger. Aarhus Universitetsforlag, Denmark, pp. 117e142.

Shahack-Gross, R., Simons, A., Ambrose, S.H., 2008. Identification of pastoral sites
using stable nitrogen and carbon isotopes from bulk sediment samples: a case
study in modern and archaeological pastoral settlements in Kenya. Journal of
Archaeological Science 35, 983e990.

Viklund, K., 1998. Cereals, Weeds, and Crop Processing in Iron Age Sweden:
Methodological and Interpretive Aspects of Archaeobotanical Evidence.
University of Umeå, Dept. of Archaeology, Environmental Archaeology Labo-
ratory, Umeå, Sweden.



 

 

 

III. Kanstrup, M., Holst, M. K., Jensen, P. M., Thomsen, I. K. & Christensen, B.T. Searching for 

long-term trends in prehistoric manuring practice. δ
15

N analyses of charred cereal grains from 

the 4
th
 to the 1

st
 millennium BC. Manuscript in preparation. 

 

 



Searching for long-term trends in prehistoric manuring practice. δ
15

N analyses 

of charred cereal grains from the 4
th

 to the 1
st
 millennium BC 

 

Marie Kanstrup
1;4

, Mads K. Holst
2
, Peter M. Jensen

3
, Ingrid K. Thomsen

1
 and Bent T. Christensen

1
 

1
 Department of Agroecology, Aarhus University, AU Foulum, P.O. Box 50, 8830 Tjele, Denmark 

2
 Department of Culture and Society, Aarhus University, Moesgård Allé 20, 8270 Højbjerg, 

Denmark 
3
 Department of Environmental Archaeology and Conservation, Moesgård Museum, Moesgård Allé 

20, DK-8270 Højbjerg, Denmark 
4
 AMS 

14
C Dating Centre. Department of Physics and Astronomy, Aarhus University, Ny 

Munkegade 120, 8000 Aarhus C 

 

Corresponding author: Marie Kanstrup. E-mail: maka@phys.au.dk 

 

Keywords: nitrogen isotope, archaeobotanical remains, manuring, radiocarbon dates, agricultural 

regimes 

 

Abstract 

Current concepts of prehistoric manuring are founded on limited and mainly circumstantial 

evidence, giving rise to much ambiguity with respect to the onset of a systematic use of manure to 

enhance cereal production. This paper reports carbon (C) and nitrogen (N) contents and isotopic 

compositions (δ
13

C, δ
15

N) of charred grains of naked barley, emmer and spelt dating to the first four 

millennia of early agriculture in Denmark. δ
15

N values ranged from c. 0.5‰ – 5.5‰, 0.5‰ – 6.0‰ 

and 1.5‰ – 8‰ for spelt, emmer and naked barley respectively. Although preliminary in character, 

this study represents the until now most comprehensive investigation of long term trends in δ
15

N 

values of charred cereal grains, which previous research have proposed as an indicator for 

prehistoric manuring practice. Our study suggests a long-term (3900-500 BC) decrease of manuring 

intensity in emmer cropping. Conversely the long-term (2300 BC – 0) trend for naked barley 

cropping displays a more distinct and significant increase (+2‰) in δ
15

N values reflecting an 

increase in manuring intensity reaching an average δ
15

N value of as high as 6‰. We interpret this 

trend as indicating the initiation of a more intensive and systematic manuring practice centered on 

the cultivation of barley in the Early Iron Age (500 BC- 0). Although the isotopic signal ascribed to 

manuring was somewhat variable, the relative manuring effect was detected in the majority of the 

grain samples from the whole chronological continuum. Further, we observed that the conventional 

sample pre-treatment (acid-base-acid) induced an average δ
15

N offset of 0.7‰ (pre-treated sample > 

non pre-treated sample), which has not previously been reported. Methodological advancements are 

needed to remedy this issue and provide consensus about appropriate pre-treatment of grain samples 

from archaeological sites. We conclude that N-isotope analysis of cereal grains constitutes a new 

and direct source of information about prehistoric manuring practice. 

 

 



1. Introduction 

The introduction of agriculture constitutes a radical change in human subsistence and life. This has 

captured the academic interest of a wide range of disciplines and “Neolithisation” as a subject 

matter continuously generates research projects and publications (Price, 1995; Fischer et al., 2007; 

Hadjikoumis et al., 2011). The domestication process not only resulted in crop husbandry practice, 

but, it has also been suggested that humans themselves were domesticated, which resulted in a state 

of mutual dependence between humans and cultivated crops (Harlan, 1992), as well as societies 

predominantly depending on agricultural production. Focus on the history of agriculture should be 

weighed accordingly, when studying prehistory, since the modes of production within society often 

relate to other societal or structural changes. 

 A predominant opinion concerning the introduction of more intensive and systematic 

management of livestock and animal manure in Scandinavia is that it occurred during the Bronze 

Age (Engelmark, 1992; Gustafsson, 1998; Robinson et al., 2009; Grabowski, 2011). Others have 

argued that the beneficial effect of manuring was acknowledged and utilised in Western Europe at 

an even earlier stage (Bakels, 1997). Still, the issue is debatable, mainly due to ambiguities in the 

interpretations of conventional archaeobotanical evidence (Lagerås and Regnell, 1999; Bogaard, 

2004). 

 Manuring is known to be a critical factor in plant production and is a likely candidate 

for discerning different prehistoric agricultural regimes. Manure has a decisive effect on crop 

productivity and in areas with limited resources it could represent the difference between survival 

and surplus. Thus, the onset of systematic addition of animal manure to permanently cultivated 

fields would constitute a fundamental change in the nature of prehistoric crop husbandry. 

Within the recent decade of archaeobotanical research, attention has been directed 

towards the diverse and more complex nature of crop husbandry (Bogaard, 2005). An overall 

agricultural regime may very well contain several underlying layers of differential modes of plant 

production and manure management. At present, it remains a challenge to discern how a specific 

assemblage of charred grains and weeds relate to different modes of manuring management. 

Studies have shown that the isotopic composition in plants is sensitive to manuring 

with regards to intensity and duration. Recent findings from interdisciplinary isotope projects 

demonstrate that 1) manure application exerts a critical control on grain δ
15

N (Fraser et al. 2011; 

Kanstrup et al., 2011) and 2) charring does not obscure the isotopic composition of cereal grains 

(Bogaard et al., 2007; Kanstrup et al., 2012). This study examines to what extent analysis of 
15

N 



abundance can be applied on archaeobotanical charred cereal remains and utilized as a direct source 

of information about the development of prehistoric plant production. 

 The applicability of the crop isotope approach was evaluated understanding of 

agricultural development in Denmark, according to archaeological evidence and the environmental 

record. The evaluation was mainly explorative and based on the empirical evidence obtained 

through isotope analysis of a large collection of charred archaeobotanical grains. Due to the novelty 

of the approach, the methodological issue of pre-treatment was also addressed. This paper 

represents the first comprehensive, although preliminary; attempt to apply light stable isotope 

analysis (C and N) on a large assemblage of archaeobotanical material from a relatively small and 

well defined area (Denmark), roughly covering 4000 years of agricultural history in order to 

investigate long term manuring practice. 

 

2. Material and methods 

2.1 Archaeobotanical remains and sampling 

The focus in this investigation was on three common early agricultural cereal types: emmer 

(Triticum dicoccum), spelt (Triticum spelta) and naked barley (Hordeum vulgare, var. nudum). The 

response of animal manuring on yield and isotopic composition in these cereals is well-known and 

is not cereal type specific (Kanstrup et al., 2011). Archived charred archaeobotanical cereal remains 

from Denmark were found via available published listings and catalogues, and via the open internet 

index of the Department of Environmental Archaeology and Conservation – Moesgård Museum 

(http://www.arkaeologi.dk/naturvidenskab/) (Robinson et al., 2009; Robinson, 1994, 2003). The 

geographical distribution of the samples included in this study is presented in Fig. 1. Generally, the 

preservation of the grains was very good. Ten grains were optimally (although exceptionally single 

grain analyses were also included) selected in order to execute a bulk isotope analysis. 

 While grains of naked barley have very distinctive appearances, it is well recognized 

that grains of different wheat species including emmer and spelt are very similar and therefore 

difficult to separate with certainty (Hillman et al., 1996). Fortunately, the morphologically very 

distinctive glume bases of emmer and spelt are typically present in archaeobotanical assemblages 

from Denmark because the glume wheat species were generally stored as spikelets (Henriksen, 

1992; Robinson, 2000; Møbjerg et al., 2007). For this reason, great emphasis was put on 1) 

selecting grains from finds that were dominated by one type of glume bases, 2) matching type of 

grains and glume bases, and 3) based on morphology, selecting only the most typical emmer or 



spelt grains. Appendix A provides information about the archaeobotanical samples included in the 

study. 

  

2.2 Radiocarbon dating 

Part of the samples in this study had previously been 
14

C dated and these dates were obtained via 

literature, databases or personal communication. The remaining samples in this study (27) were 
14

C 

dated in collaboration with the AMS 
14

C Dating Centre at Aarhus University following standard 

procedures (Skovhus Thomsen, 1989; Philippsen, 2010). The raw radiocarbon determinations 

(radiocarbon years (BP), see also Appendix were presented in accordance with international 

convention (Stuiver & Polach 1977), and used to test for pre-treatment effect and when searching 

for overall continuous temporal trends in the δ
15

N values. Calibrated dates BC were used in the 

correlation of isotope results with main cultural historical periods and the assignment to overall pre-

defined agricultural regimes. Calibrations were performed using OxCal v4.1.7 (Bronk Ramsey, 

2001) using atmospheric data from Reimer et al. (2009). See Appendix B for further information 

about samples and the calibration of the radiocarbon determinations. 

 

2.3 Pre-treatment 

A comparison between a non- and a pre-treated subsample was conducted on 31 samples. A 

subsample of 10 crushed and homogenized grains was analysed without any prior chemical pre-

treatment and a subsequent subsample was pre-treated with a classic Acid-Base-Acid (ABA) pre-

treatment following the routinely used procedure at the AMS 
14

C Dating Centre at Aarhus 

University (Philippsen, 2010; Kristiansen et al., 2003), which in principle builds on the pre-

treatment procedure suggested by Olsson (1976). In order to try to minimize the loss of material 

especially during the base step, washing with distilled water between each step was avoided. In 

detail, the sample material was exposed to: 1) 1 M HCl for 1 hour at 80 °C, 2) 1 M NaOH at 80 °C 

for 3 hours after discarding the HCl. Very dark samples were treated once more with 1 M NaOH for 

1 hour, 3) 1 M HCl for approx. 16 hours at room temperature (approx. 20 °C), 4) three washings in 

demineralised water, and 5) drying at 80 °C. The difference in isotopic composition, due to 

treatment, was presented as the offset (pre-treated subsample – non pre-treated subsample). 

 

2.4 Isotope analysis 



Each grain sample was crushed into a fine powder by hand in an agate mortar ensuring low 

contaminating grinding. Samples were dried at 60ºC prior to weighing. A subsample of 2.8-3.2 mg 

was weighed into tin capsules, packed and submitted for analyses. For approximately every five 

samples, a double was produced to validate measurement precision and the homogenization of 

samples. Concentrations of total C (Cconc) and total N (Nconc) and δ
 13

C and δ
15

N were analysed by 

combustion using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 

isotope ratio mass spectrometer (Sercon Ltd., Crewe, Cheshire, UK) at the UC Davis Stable Isotope 

Facility, Davis, CA, USA. Laboratory standards (1 SD of the values obtained during the analysis 

are here reported after the reference value given by the laboratory) used for correcting isotope data 

included nylon (-27.81‰ 1 SD of 0.033 and -9.77‰ 1 SD of 0.126), bovine liver (-21.69‰ 1 SD of 

0.092 and 7.72‰ 1 SD of 0.241), glutamic acid (37.63‰ 1 SD of 0.034 and 47.6‰ 1 SD of 0.156) 

and peach leaves (-26.12‰ 1 SD of 0.055 and 1.95‰ 1 SD of 0.128). These were calibrated against 

the IAEA standards USGS-40 (δ
13

C: -26.389‰), USGS-41 (δ
13

C: +37.626‰), IAEA-N1 (δ
15

N: 

0.4‰) and IAEA-N2 (δ
15

N: 20.3‰) for C and N respectively. The analytical precision (1 SD) of 

the check standard was better than 0.2 ‰ for δ
 13

C and 0.3 ‰ for δ
 15

N. The isotope ratios are 

reported as δ
13

C values (‰) referenced to 
13

CVPDB and δ
15

N values (‰) referenced to 
15

NAIR 

following common practice within isotope measurement and notation (Fry, 2006) 

 A total of 130 C- and N-isotope measurements were conducted in the study (Table 1). 

The standard deviations of double measurements (n=16) averaged 0.03 (ranging from 0 to 0.1) for 

δ
13

C and 0.12 (ranging from 0 to 0.3) for δ
15

N respectively. A few obvious outliers were detected, 

of which the Frydenlund sample (FHM5026X4571) was discarded from the following data analysis 

since both δ
13

C, Nconc and C/N diverged. Two additional samples (VMÅ2490X490 and 

ÅHM4473X263) had relatively low Nconc and Cconc but were included in the further analysis and 

interpretation. No outliers based on the δ
13

C - and δ
15

N values (apart from the Frydenlund sample) 

were assessed as necessary to remove from the dataset. 

 

2.5 Statistics 

The effect of pre-treatment was tested by a paired Student’s t-Test (significant if p ≤ 0.05). Simple 

linear regression was performed in order to examine continuous temporal development in δ
 15

N 

(significant if p ≤ 0.05). Correlation coefficient (r) and a corresponding p-value were determined. 

SigmaPlot Statistics was used for these statistical operations. In order to examine the possible 



temporal trend in δ
 15

N values of consecutive agricultural regimes the Kolmogorov-Smirnov test 

(KS-test) was applied when sufficient samples were present (significant if p ≤ 0.05). 

 

3. Interpretative framework 

3.1. 
15

N abundance as tracer of manuring 

Addition of animal manure to soil has been found to significantly increase the abundance of 
15

N in 

the soil and especially in the grain, glume and straw fractions of cereal crops grown on the soil 

(Fraser et al. 2011; Kanstrup et al., 2011; Bogaard et al., 2007; Bol et al., 2005). The impact of 

manure was dependent on the rate, frequency and duration of application. For emmer, spelt and 

naked barley grown in the Askov long-term field experiment, Kanstrup et al. (2011) found that δ
15

N 

in grains from unmanured and intensively manured treatments differed by 8.8‰. Other related 

studies imbedded in modern field experiments have reported positive offsets in grain δ
15

N ranging 

4-9‰ (Fraser et al., 2011; Bol et al., 2005). Thus an intentional and intensive use of animal manure 

will leave a distinct imprint on the N isotopic composition of cereal grains that reflects the 

immediate manuring intensity ahead of cereal grain harvest. 

 Grains from unmanured long term experimental plots serving as reference treatments 

have yielded δ
15

N values below 4‰, with the majority of the references being below 2.5‰ and in 

Danish studies below 2‰ (Fraser et al., 2011; Kanstrup et al., 2011; Bol et al., 2005). Intensively 

and systematically manured cereals have been suggested to be represented by grain δ
15

N values 

above 6‰ (Fraser et al., 2011). Manuring is probably the most obvious anthropogenic reason for 

elevated δ
15

N values, but also clear-felling in forest eco systems has been suggested to result in 

increasing δ
15

N values (Högberg, 1997) 

The effect of initiating intensive and systematic manuring has recently been examined 

showing short-term increases of δ
15

N ranging from approx. 1 to 3.5‰ (Fraser et al., 2011;). The 

conclusions were not unambiguous since site-specific conditions and annual variations were 

confounded. A field situation in which manuring ceased in 1871 provides some information on the 

long term residual effect of previous manuring. In the subsequent 10 years, δ
15

N values of hulled 

barley dropped from 6 to 4‰ (Fraser et al., 2011). 

 Currently there is good evidence that grain δ
15

N values are not distorted by charring 

(Bogaard et al., 2007; Kanstrup et al., 2012; DeNiro and Hastorf, 1985; Aguilera et al., 2008). We 

consequently asserted that the nitrogen isotopic composition of charred grains, retrieved from 

archaeological sites, was a suitable indicator of prehistoric manuring practices. 



 

3.2 Definition of agricultural regimes 

We assessed that the number of samples available for this study may impose some constraints in the 

interpretation of the isotope evidence and in the resolution possible to obtain. For this reason, we 

chose to operate with three major agricultural regimes within the long continuum of agriculture 

being investigated here. The definition of the regimes is based on an evaluation of the general 

archaeological evidence and the environmental record (e.g. archaeobotanical remains). We assumed 

that the isotopic differences due to manuring intensity in such a broad outline would be large 

enough to reveal consistent temporal trends despite a certain degree of variation in general. In this 

way we can study whether isotope evidence aligned with the overall agricultural development. The 

archaeobotanical samples were grouped according to the following agricultural regimes: 

 

Regime I) The first regime dates from 3900 BC to 2800/2300 BC and represents the earliest 

evidence of agricultural activities in Southern Scandinavia beginning with the Funnel Beaker 

Culture. At the beginning of this period, traces of farming are very scarce, and it is not until around 

3500 BC, that a substantial agricultural impact can be recognized based on for instance the pollen 

evidence. From this period onwards, traces of ard tilling are also regularly found beneath megalithic 

monuments, but the character of the fields is uncertain (Thrane, 1991). There are indications of a 

further intensification of agriculture around 3100 BC (Jensen, 1994). There is evidence for 

cultivation mainly of emmer, followed by naked barley. Other, less common crops include einkorn, 

bread wheat, spelt and hulled barley. Spelt is very scarcely represented (Robinson, 2003; Robinson, 

2000). 

 Settlements are concentrated within well-defined areas in a landscape still largely 

characterized by forests. The sites are found on most soil types with a preference for sandy loamy 

soils and very rarely on the nutrient poor sandy outwash plains of Western Jutland. The early 

settlements are small, but during the period we see a development of causewayed enclosures and 

large settlement complexes with intense activity traces covering several hectares (Madsen and 

Jensen, 1982). 

 

Regime II) Around 2800 BC, the Single Grave Culture/Middle Neolithic B (MN B) marks a very 

significant change in settlement and land use patterns, indicating a new agricultural regime. The 

changes occur most dramatically in Jutland, while the East Danish region experiences a more 



gradual transition (Skaarup, 1985; Nielsen, 1993; Sørensen, 1995). Consequently, the beginning of 

MN B in eastern Denmark can be considered as a continuation of the previous land use practices. 

 The pollen evidence indicates a general opening of the landscape with a beginning 

expansion of heath on sandy soils. This expansion continues gradually over the following millennia 

(Odgaard, 1994; Odgaard and Rasmussen, 2000; Andersen, 1998). An increased emphasis on 

animal husbandry has been proposed, but because of the lack of fauna material, the evidence 

remains circumstantial. Indicated by archaeobotanical evidence a dramatic change in the cultivation 

practice seems to take place during this regime. Naked barley is clearly the most common crop in 

the beginning of the period. Gradually emmer, and later spelt, increase in importance and all three 

species appear commonly and often together especially during the Bronze Age (1800-500 B.C.). At 

some sites from the Bronze Age and onwards though, there appears to be a reliance on more 

uncommon grain types like bread wheat and hulled barley. An increase in the number of cultivated 

species on the sites in general is seen at the same time, probably indicating the emergence of a more 

flexible and opportunistic approach to agriculture than earlier. New species that appear during the 

Bronze Age include millet, gold of pleasure, oats, flax and rye. In some cases, these species most 

probably occurred merely as weed components (Robinson, 2000, 2003; Andreasen, 2009; Jensen 

and Andreasen, 2011). 

 The extensive settlements largely disappear and long houses, generally situated 

individually in the landscape, come to dominate the settlement pattern. Some houses reach 

considerable sizes of up to 500 m
2
 in the Late Neolithic and Early Bronze Age (2300-1100 BC). 

Around 1500 BC, stalling of animals is introduced, which has been suggested to indicate a new 

manuring practice (Gaillard et al., 1994; Rasmussen, 1995; Barker, 1999). 

 

Regime III) Around 600/500 BC, another significant change in land use pattern occurs, which we 

use to define the third agricultural regime. The transition is still poorly dated and may be gradually 

occurring over centuries from around 800-500 BC. In the present study, the boundary has been set 

at 500 BC. One of the most distinct changes is the appearance of Celtic Field systems, which 

quickly became widespread and indicate a significant change in landscape organisation and 

agricultural practices (Hatt, 1949). 

 The environmental evidence shows an overall continued expansion of settlement and 

land use and a reduction of forests. Also, in terms of cultivated plants, there are significant changes. 

Concurrent with a continual increase in the number of cultivated species compared to the Bronze 



Age (species like pea and horse bean for instance, now appear for the first time), there is a general 

decline in the importance of wheat. This also means that spelt, as well as emmer, now becomes 

relatively uncommon. Generally, cultivation is no longer focused on naked barley, emmer and spelt. 

The cultivation of numerous species and the tendency of more pronounced and diverse species 

preferences on individual sites indicate the emergence of a certain degree of specialization within 

crop husbandry. Barley remains important throughout the period. The importance of hulled six row 

barley, however, increases relative to the naked variety and becomes the dominant barley type 

around 1 BC/AD 1 (Robinson et al., 2009; Jensen and Andreasen, 2011). 

 Settlements are concentrated and co-existence of several long houses becomes a 

frequent phenomenon, which is often described as the emergence of the village (Becker, 1982; 

Hvass, 1988; Rindel, 1999). The individual long houses are generally small with living quarters of 

approximately 30 m
2
. Architecturally, they are based on a fixed model with living quarters and stall 

situated in each end of the house. This organisation is maintained throughout the time span covered 

in the present paper, i.e. until 1 BC/AD 1. However, over time, the long houses generally tend to 

become larger and accompanied by various auxiliary buildings and fences. 

 An overview of the charred grain samples included in this investigation is provided in 

Table 2, where cereal type and associated prehistoric periods as well as agricultural regimes are also 

accounted for. 

 

4. Results 

4.1 Influence of pre-treatment 

Grain weight loss as a result of the ABA pre-treatment ranged from approx. 30% to 80% with an 

average of 43 % (data not shown). There was no relationship between weight-loss and the 

calculated isotopic offsets. The comparison of corresponding pre-treated and non-treated aliquots 

(n=31) of bulk samples (10 grains) shoved a general tendency of pre-treated samples having higher 

δ
15

N values (Figs. 2 and 3). Although this was not absolute, the difference was statistically 

significant (P =<0.001) according to a Student’s Paired t-Test. The ABA pre-treatment did not have 

any systematic effect on δ
13

C, and apart from a few outliers, δ
13

C offsets were minimal. 

 The δ
15

N offset between non- and pre-treated subsamples did not depend on the age of 

the sample, and sample age was not decisive for weight loss, δ
13

C, Cconc or Nconc either (Fig. 2). No 

systematic relationship between the offsets in concentration and in the isotopic composition was 

seen (Fig. 3). Due to the obvious difference in δ
15

N, it was clear that non- and pre-treated samples 



should be analysed separately when investigating the long term temporal development. One sample 

(SMS731AX390 nb) had relatively high offsets in both δ
13

C and δ
15

N. Nevertheless, δ
13

C and δ
15

N 

values were well within the general range of the remaining data set. The difference could imply 

special diagenetic conditions for this sample. Since it is not possible to establish whether non- or 

pre-treated subsamples represent the best approximation of the in vivo isotopic composition, this 

obvious discrepancy could be due to the non-treated values being anomalous or to an increased 

sensitivity towards the chemical pre-treatment due to poor preservation. 

 

4.2 Chronological and spatial distribution 

An uneven chronological distribution was evident from the sampled archaeobotanical material 

(Table 2 and Appendix B).The uneven spatial distribution of the sample sites reflected mainly 

sample accessibility (Fig. 1). There could also be a real tendency towards a geographical bias due to 

differences in preservation and deposition conditions. The sample sites are concentrated in Jutland 

and Funen, while finds are absent particularly from Zealand and the Southern Danish Isles. This can 

be contributed both to differences in excavation activities performed by different regional museums, 

as well as regional differences in soil types. Well preserved charred grains often tend to concentrate 

on sandier soil types, which are more prevalent in Western Denmark, particularly, in Jutland. 

 In the sampling process, it was prioritized to obtain chronological continuity. Apart 

from a hiatus in the Middle Neolithic B the period being investigated was covered in a satisfactory 

way. Among the analysed samples, the only two dated to the transitional period around 2800 BC 

belonged to the Eastern Danish region. Moreover, they exhibited some rather early dates and were 

consequently, included in the first agricultural regime (I). 

 

4.3 Single site δ
15

N variation 

From three sites (Sarup, Enkehøj and Kongehøj II) multiple samples of the same cereal type was 

obtained (Table 1). These samples shoved a large degree of variation in δ
15

N with ranges of 2.25‰ 

– 5.51‰, 2.57‰ - 4.82‰ and 2.10‰ – 5.09‰, respectively. The demonstrated variation is 

important when interpreting isotope evidence and evaluating whether a single sample is 

representative of a single site. In the case of Kongehøj II, the samples were collected from the same 

house structure but the δ
15

N values fell within two clearly different groups separated spatially 

according to the construction and functional interpretation of the house (Fig. 4). 

 



4.4 General trends in δ
15

N values 

There was a pronounced variability when relating δ
15

N to radiocarbon years (Fig. 5). The majority 

of the samples had values between 2‰ and 6‰. The δ
15

N values for spelt and emmer ranged from 

0.5‰ to 5.5‰ and 6.0‰ respectively. Naked barley δ
15

N values tended to be higher and ranged 

from c. 1.5‰ to 8‰. A linear regression for non pre-treated naked barley samples, which 

constituted the majority of the data (n=36), was performed (r
2
=0.24). This clearly showed that there 

was no simple linear correlation and the time factor was not a decisive factor effecting δ
15

N values 

sufficiently to outcompete a supposed mixture of natural and cultural variation in the sample 

material. Naked barley provided the highest δ
15

N values (8 samples > 6‰), and these were mainly 

constrained to the latter part (Agricultural regime III) of the period under investigation. 

Comparatively, only one emmer sample from the early period (FBC) had a similar high δ
15

N value 

above 6‰. 

 

4.5 Long-term trends of agricultural regimes 

In this part of the investigation the data from samples within each of the defined agricultural 

regimes are pooled excluding situations with less than five samples in total. Grouping together the 

δ
15

N values of samples in this way resulted in two clear tendencies (Fig. 6). First, a tendency 

towards a decrease of c. 2‰ in emmer δ
15

N values from agricultural regime I to II (3900-500 BC) 

could be seen. An increase of 2‰ in δ
15

N values of naked barley from agricultural regime II to III 

(2300 BC – AD) constituted the second tendency. The number of non pre-treated naked barley 

samples was sufficient to examine this tendency statistically with a KS test. The result provided 

statistical support for the bulked samples of naked barley in regime III (500 BC-AD) being 

significantly (p=0.001) higher than the naked barley samples in agricultural regime II (2300 BC-

500 BC). These temporal trends could be seen in both the non- and pre-treated samples. 

 

5. Discussion 

5.1 Methodological issues 

During deposition, charred grains are exposed to soil derived organic compounds, carbonates, and 

other inorganic ions that may contaminate the grains and potentially compromise their original 

isotopic signatures. Charred materials submitted for 
14

C-dating are routinely cleaned by ABA 

(Olsson, 1976; DeNiro and Hastorf, 1985; de Vries and Barendsen, 1954; Hatte et al., 2001). Pre-

treatment procedures draw upon the concept of soil organic matter being composed of fulvic acids, 



humic acids and humin with different ages and chemical compositions (Kristiansen et al., 2003; 

Stevenson, 1994). Within soil organic matter research, however, this concept has long been 

abandoned since the isolated fractions show little bearings on functional and structural properties of 

organic matter (Oades, 1989). 

 The ABA applied in this study caused an average weight-loss of 43%, but had no 

effect on the δ
13

C value of the grains. In contrast, ABA introduced an average increase in δ
15

N of 

0.7‰ (excluding five outliers). DeNiro and Hastorf (1985) analysing prehistoric charred plant parts 

from Peruvian highlands found both increases (+ 0.8‰) and decreases (- 0.6‰) in δ
15

N due to 

chemical pre-treatment while changes in the δ
13

C values were below 0.5‰. In our study the effect 

of ABA on isotope signatures and C- and N concentrations was not related to the age of the grain 

samples, indicating that the contamination level as judged by ABA was unrelated to the length of 

time in which the grains had been deposited in soil. The effect of ABA on δ
15

N values contrasts a 

study of grains from Danebury Hillfort (Lightfoot and Stevens, 2012) in which just carbonates were 

removed with 6 M HCl and showed no systematic effect on grain 
13

C and 
15

N signatures. Our study 

does not reconcile the differential effects of ABA on the δ
13

C and δ
15

N values, but we conclude that 

the use of ABA in cleaning prehistoric charred grains before isotope analyses appears questionable. 

The development of more feasible cleaning procedures should be given priority in future research. 

 

5.2 Sample representativity 

Archaeobotanical analysis of the systematic sampling within the longhouse K1 at Kongehøj II 

delineated three major grain deposits within the house (Andreasen, 2011): 1) a storage of naked 

barley grains, situated in the eastern part of the house, interpreted as the living quarter and/or 

storage facility, 2) a close-by storage of wheat (not included in this investigation), and 3) a third 

large grain deposit in the middle room (Fig. 4). Based on the archaeobotanical report, the two grain 

deposits dominated by naked barley could not be differentiated. Contextually the two assemblages 

differed and especially the function of the middle room was discussed in terms of whether it could 

have been a stable (Andreasen, 2011). The differences in δ
15

N of up to 3‰ implied different 

manuring practice, where cereals were grown in different agrarian contexts, such as imbedded in 

different steps in a given field rotation system or under different scales of intensified agricultural 

production. The possibility that the two naked barley concentrations represented different fractions 

of the same harvest can be ruled out as the isotopic composition has been found to be similar for 

different grain sizes (Kanstrup et al., 2012). 



 Given the discussion about the function of the middle room in house K1 the low δ
15

N 

values could indicate a secondary harvest kept for fodder rather than human consumption. Such 

findings could provide an alternative source of information to the more traditional archaeobotanical 

interpretations relying on weed seed compositions and the presence of weeds indicative of hay 

meadows assessed as an important fodder source and thereby associated with stables (Robinson, 

2000). From the present study it remains clear that the combination of archaeobotanical analysis 

and isotope data can contribute with more qualified inferences about the plant production in 

prehistory and, perhaps also, assist in narrowing down the amount of possible interpretations. 

 The two distinct clusters of δ
15

N values seen at the Kongehøj site can be interpreted as 

a situation where crops from different fields or harvests were not pooled, but more likely kept 

separate according to possible differences in consumption strategies or future uses, e.g. as seed 

material for the next growing season. 

 The large variation seen in δ
15

N values within single sites and even between single 

features belonging to the same structure raises concerns about what the isotopic composition in a 

single sample from a site actually represent. In general, it would be advisable to collect multiple 

samples from sites in future crop isotope projects. 

 

5.3 Agro archaeological perspectives 

Cultural changes through time, in terms of both settlement types and grain storage practices, have 

influenced the spatial and chronological distribution of the samples. The large number of Late 

Neolithic and especially the Early Bronze Age samples are, to a large extent, due to a prevalent 

habit of storing grain in well protected features like sunken house floors and pits (Møbjerg et al., 

2007). The relatively large number of sampled sites from the early Iron Age on the other hand, can 

probably be attributed to a higher settlement density resulting in a larger number of excavated sites 

and archaeobotanical samples. 

 Chronological displacements in the cereal hierarchy also limit the ability to cover the 

early agriculture all the way through by the three selected species. This is seen very clearly in the 

distribution of the spelt finds (Table 2), as the Danish finds of this species concentrate in the Late 

Neolithic and Bronze Age (Robinson et al., 2009; Robinson, 2003; Robinson, 2000, Andreasen, 

2009). A general replacement of naked barley by hulled barley, more or less from 1 BC/AD 1 

(Jensen and Andreasen, 2011) was also of great importance to the investigation. Although the 

change is gradual, to some extent, it eventually leads to a total disappearance of naked barley during 



the 1
st
 millennium AD. The species chosen for this study therefore put some constraints on the 

duration of the long term period possible to investigate. Other species or weed seeds could be 

included to supplement the data generated in this present study. This should be possible since the 

generalisation of “the manuring effect” has been shown to be similar for a wide range of cereal 

types (Bol et al., 2005; Fraser et al., 2011; Kanstrup et al., 2011). 

 The range in δ
15

N values seen in the archaeobotanical remains of this study was, 

although wide and varied, well within isotopic values reported from modern field experiments, still 

existing traditional agrarian production sites and the few isotope investigations being published 

(Fraser et al., 2011; Lightfoot and Stevens, 2012). δ
15

N values of plants have been shown to be 

sensitive to a range of different factors causing mixing and fractionations (Högberg, 1997; 

Robinson, 2001). Temporal developments or differences in δ
15

N values need to be of a magnitude 

or very systematic in order to ascribe it to anthropogenic influences for certain. Interestingly, there 

were some clear tendencies in the results despite the obvious variation. 

Only a few samples were clearly grown without any previous additions of manure 

(δ
15

N < 2‰). The majority of the samples tended to have been manured, although to a clearly 

variable extent with values ranging from 2-6‰. It should also be emphasised that indications of 

some degree of manuring was found throughout the entire prehistoric period being investigated. The 

intermediate δ
15

N values could be associated with being the result of 1) incipient manuring, 2) 

extensive or more sporadic manuring practice and 3) residual effect of preceding manuring 

activities (Fraser et al., 2011). Some samples, predominantly from agricultural regime III, showed 

indication of more systematic and intensive manuring practice. 

 The general tendency of naked barley having higher δ
15

N values compared to emmer, 

which was seen in agricultural regime II and III, agrees well with the recent findings from 

Danebury Hillfort (Lightfoot and Stevens, 2012). The range of δ
15

N values of emmer and spelt was 

comparable, although spelt was only represented by relatively few samples. 

 Spelt samples were clearly confined to a relatively short period (ranging from 

3547±41 BP to 2808±24 BP in this study), while the temporal scale for naked barley and emmer 

was more suitable to the main objective of the study. Looking at the proportional distribution of 

naked barley and emmer samples, the frequency of emmer samples declined up through time, 

whereas the naked barley samples dominated in the latter part of the period under investigation. In 

this way, the samples included in this study agree well with the general archaeobotanical 



interpretation with glume wheat being gradually replaced by naked barley in the prehistoric cereal 

hierarchy (Robinson, 2003; Andreasen, 2009). 

 The nitrogen isotopic composition has been shown to reveal manuring practice (Fraser 

et al., 2011; Kanstrup et al., 2011). The present study therefore independently supported the 

archaeobotanical inferences of cereal hierarchical displacements. Emmer δ
15

N tended to decline and 

naked barley δ
15

N values increased significantly, which indicated matching displacements in crop 

nutritional attention. 

 The fact that naked barley in general yielded higher δ
15

N values than glume wheat 

samples fits well with common archaeobotanical inferences about a linkage between barley and an 

agrarian practice with more focus on plant nutrition issues. Such interpretations have so far been 

based on, for instance, assemblage composition and ecological characteristica of associated weed 

seeds. From the isotope analysis, it was not possible to conclude whether this linkage was mainly 

due to a kind of cereal hierarchy with naked barley becoming more important and receiving more 

“nutritional attention”. Based on the crop isotope approach we find it unlikely that hulled barley in 

particular requires nitrogen-rich soils in order to produce an acceptable yield (Engelmark, 

1992;Gustafsson, 1998). Field experiments have previously shown an opposing trend, since the 

performance and isotopic response of naked barley in relation to the addition of animal manure 

resembled that of emmer and spelt (Kanstrup et al., 2011). Based on this we find it more likely that 

the nutritional demands of the three early agricultural cereal types were similar. 

 Despite the fact that non- and pre-treated samples are problematic to compare directly, 

it was clear (Fig. 6), that the two separate sample series showed the same general tendency in 

relation to agricultural regimes, although the number of pre-treated samples was not sufficient to 

execute sound statistical analysis. The pre-treatment induced δ
15

N discrepancy of c. 0.7‰ did not 

distort the overall pattern emerging from the pooled data of emmer and naked barley showing 

temporal developments from agricultural regime I to II and from II to III respectively. The isotope 

analysis supports a concept of emmer receiving less manure going from agricultural regime I to II 

(3900-500 BC). This could be interpreted as being a result of a crop hierarchical displacement and 

marginalization of emmer, which complement the prevailing opinion among archaeobotanists 

(Robinson, 2003; Andreasen, 2009). The significant increase in δ
15

N values (2‰) seen in the 

pooled naked barley samples representing the sequence of agricultural regime II-III (2300 BC – 

AD) on the other hand could be interpreted as indicating the initiation of a more intensive and 



systematic manuring practice clearly centred on barley cultivation from the beginning of the Iron 

Age (500 BC). 

 

6. Conclusions 

The effect of ABA pre-treatment on δ
15

N found in this study constitutes a challenge for the future 

utilization of isotope analysis in connection with agro archaeological investigations. High δ
15

N 

values have been found to be indicative of the use of animal manure and a tendency towards higher 

δ
15

N values caused by ABA may introduce an over-estimation of manuring in prehistory.  

 From the set of multiple samples retrieved in features from one house structure, it is 

evident that even within the same cereal type large variations in δ
15

N values may occur. At 

Kongehøj II, the isotope analysis contributed with independent evidence about probable differences 

(in the range of up to 3‰ in δ
15

N) in manuring practice, and that the harvested cereals were kept 

separate accordingly perhaps for different end-uses. 

 Based on the present isotope analyses, we propose that the beneficial effect of manure 

was recognized and exploited throughout the whole period of early agriculture, although to varying 

degree. 

 We find that the long-term trends in prehistoric manuring practice reflected in the 

isotopic signature of pooled data from emmer and naked barley samples, from the successive 

agricultural regimes I-II (3900-500 BC) and II-III (2300 BC – AD) respectively, substantiates 

inferences based on archaeobotany. The period of the earliest Iron Age (500 BC) yielded 

proportionally more samples indicating a more intense and systematic manuring practice (>6‰). 

 We conclude that N isotopic analyses remain a promising approach when assessing 

prehistoric manuring practices. The direct detection of a relative manuring signal could consolidate 

archaeobotanical inferences, but also introduce new knowledge in support of a more differentiated 

crop husbandry practice. The novelty of the approach taken into consideration, methodological 

issues, like pre-treatment, needs to be addressed in more detail in order to develop standard 

procedures and facilitate the comparison of results from different projects. Furthermore, 

interpretations at this early stage should be validated by combining and comparing with other 

chemical and micro-morphological studies of, for instance, exposed palaeosols, as well as, 

contextualizing the isotope results to the more general knowledge based on the archaeological 

settlement evidence and the environmental record. 
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Table 1. Results of isotope analysis. Total number of measurements was 130 of which 16 were duplicates. 
Double measurements are reported as the average followed by 1 SD in parentheses. Site numbers refer to 
Fig. 1 and appendix A. Grains originated either as single grains (s) or in bulk samples (b) and were with (Y) 
or without (N) Acid-Base-Acid (ABA) pre-treatment before analysis. 

Site # Sample ID Origin ABA  C (%) N (%) C/N δ
13

C (‰) δ
15

N (‰) 

1 FHM5026X4571 b N 41.8 1.52 27.6 -27.84 4.68 

2 BMR948AC54 s Y 60.6 3.53 17.2 -23.17 5.04 

2 BMR948AC54 b N 45.1 2.26 19.9 -26.23 5.03 

3 FSM50X12676 b Y 60.2 3.27 18.4 -22.91 3.11 

3 FSM50X12676 b N 47.9 2.20 21.8 -24.11 3.29 

3 FSM50X12678 b Y 59.7 3.11 19.2 -24.65 3.79 

3 FSM50X12678 b N 47.5 2.51 18.9 -24.56 3.66 

3 FSM50X39706 b Y 59.4 2.53 23.5 -25.03 3.40 

3 FSM50X39706 b N 46.3 2.21 22.0 -25.07 3.56 

3 FSM50X39708 b Y 59.2 2.93 20.2 -24.80 5.56 

3 FSM50X39708 b N 44.7 (1.3) 2.43 (0.08) 18.4 -24.80 (0.01) 5.51 (0.08) 

3 FSM50X39768 b Y 64.2 3.08 20.8 -24.46 2.38 

3 FSM50X39768 b N 50.3 2.69 18.7 -24.52 2.25 

3 FSM50X30094 s Y 38.1 2.04 18.7 -24.52 3.42 

3 FSM50X30094 b N 47.5 2.44 19.5 -24.59 3.43 

4 HAM1017Pr104 s Y 61.3 3.85 15.9 -21.62 3.18 

4 HAM1017Pr104 b N 47.0 2.30 20.4 -24.01 6.19 

5 FSM3527X4922 b N 42.6 2.74 15.5 -23.97 5.44 

6 ESM1658JP1 b Y 65.7 3.67 17.9 -24.53 3.95 

6 ESM1658JP1 b N 54.7 3.38 16.2 -24.61 3.45 

7 VMÅ2405X490 b Y 60.7 3.31 18.3 -24.78 2.86 

7 VMÅ2405X490 b N 26.9 1.52 17.7 -24.57 1.88 

8 HEM4026X94 nb b Y 64.6 (3.7) 2.98 (0.19) 21.7 -24.79 (0.02) 4.13 (0.18) 

8 HEM4026X94 nb b N 57.1 2.86 20.0 -24.77 2.83 

8 HEM4026X515 nb b Y 67.6 (0.1) 3.24 (0.01) 20.8 -24.05 (0.06) 3.80 (0.06) 

8 HEM4026X515 nb b N 58.1 3.02 19.3 -24.10 3.20 

8 HEM4026X491 b Y 65.1 2.94 22.1 -24.94 3.57 

8 HEM4026X491 b N 56.0 2.70 20.8 -24.86 2.57 

8 HEM4026X343 b Y 64.5 2.96 21.8 -25.27 5.32 

8 HEM4026X343 b N 55.5 2.74 20.3 -25.20 4.44 

8 HEM4026X732 b Y 67.2 3.24 20.7 -25.57 3.44 

8 HEM4026X732 b N 47.5 2.75 17.3 -22.97 4.82 

8 HEM4026X515 e b Y 66.0 3.56 18.5 -24.79 2.21 

8 HEM4026X515 e b N 55.2 3.11 17.7 -24.84 1.82 

8 HEM4026X94A37 e b Y 65.3 3.58 18.3 -23.66 1.86 

8 HEM4026X94A37 e b N 51.2 2.94 17.4 -23.66 0.57 

8 HEM4026X385 b Y 62.4 3.82 16.3 -25.20 2.92 

8 HEM4026X385 b N 57.0 3.71 15.4 -25.14 1.81 

9 HOM1509X30 b Y 64.2 4.43 14.5 -25.42 2.12 

9 HOM1509X30 b N 60.5 4.19 14.4 -24.78 1.50 

9 HOM1509X11 b Y 63.4 (0.5) 4.10 (0.01) 15.5 -23.11 (0.07) 4.84 (0.28) 

9 HOM1509X11 b N 55.5 3.79 14.6 -23.11 4.04 

9 HOM1509X9 b Y 62.4 4.03 15.5 -24.20 3.52 

9 HOM1509X9 b N 59.0 4.08 14.5 -24.26 1.53 

10 SBM1194X10 b Y 62.6 3.12 20.1 -23.3 6.07 

10 SBM1194X10 b N 46.6 3.06 15.2 -23.15 2.28 

11 HEM4086X518 nb b Y 66.2 3.54 18.7 -25.16 3.98 

11 HEM4086X518 nb b N 59.0 3.38 17.5 -25.02 2.68 

11 HEM4086X518 s b Y 64.1 (0.8) 3.27 (0.03) 19.6 -23.70 (0.01) 1.34 0.03) 

11 HEM4086X518 s b N 57.0 3.00 19.0 -23.68 0.49 

12 FSM1701huset nb b Y 62.5 3.29 19.0 -23.19 7.18 

12 FSM1701huset nb b N 52.5 3.10 17.0 -23.29 6.47 

12 FSM1701huset e b Y 60.8 4.02 15.1 -22.78 1.87 

12 FSM1701huset e b N 49.5 3.63 13.7 -22.88 1.51 

13 SIM82008X133 b Y 67.4 4.22 16.0 -24.17 4.65 

13 SIM82008X133 b N 60.3 4.18 14.4 -24.17 3.87 



Site # Sample ID Origin ABA  C (%) N (%) C/N δ
13

C (‰) δ
15

N (‰) 

14 HBV1275X530 b N 46.5 1.98 23.4 -24.49 5.09 

14 HBV1275X532 b N 44.5 2.02 22.1 -25.44 4.08 

14 HBV1275X533 b N 42.2 2.00 21.1 -24.18 4.53 

14 HBV1275X534 b N 49.6 (0.1) 2.33 (0.01) 21.3 -24.64 (0.01) 5.15 (0.03) 

14 HBV1275X539 b N 45.4 (0.7) 1.96 (0.08) 23.2 -24.92 (0.08) 4.41 (0.23) 

14 HBV1275X568 b N 50.2 2.25 22.4 -25.31 2.43 

14 HBV1275X569 b N 49.2 2.31 21.3 -25.35 2.10 

14 HBV1275X570 b N 44.3 (6.1) 2.10 (0.32) 21.2 -25.52 (0.01) 2.74 (0.08) 

15 VSMG771X37 b Y 64.5 3.83 16.8 -24.22 3.64 

15 VSMG771X37 b N 52.3 3.44 15.2 -24.27 2.71 

16 ÅHM6022X6 b N 46.8 2.75 17.0 -24.33 1.86 

17 OBM2815X90 b N 48.1 2.20 21.9 -23.22 2.83 

17 OBM2815X92 b Y 62.8 3.08 20.4 -23.38 2.85 

17 OBM2815X92 b N 51.8 2.80 18.5 -23.18 1.36 

18 SMS731AX390 nb b Y 60.5 (2.7) 3.16 (0.13) 19.2 -22.91 (0.07) 5.47 (0.11) 

18 SMS731AX390 nb b N 60.1 3.14 19.2 -25.51 2.72 

18 SMS731AX390 s b Y 62.0 2.91 21.3 -22.39 7.00 

18 SMS731AX390 s b N 53.6 2.78 19.3 -22.41 5.57 

19 SMS449Aa54 b N 51.0 2.30 22.2 -24.28 3.48 

20 HAM2957X755 s Y 63.1 3.79 16.6 -24.36 2.57 

20 HAM2957X755 b N 49.3 2.60 19.0 -24.90 2.20 

20 HAM2957X1143 s Y 64.4 2.89 22.3 -24.92 4.26 

20 HAM2957X1143 b N 51.7 2.58 20.0 -25.35 4.05 

21 HAM4940X17 b N 46.9 3.10 15.1 -23.65 5.03 

21 HAM4940X42 b N 52.6 2.92 18.0 -25.27 2.88 

22 HEM4357X538 b N 50.4 2.71 18.6 -24.91 2.85 

23 SMS270Aa632 b N 47.8 3.12 15.3 -23.36 6.31 

24 SMS722Ac17 s Y 64.3 3.47 18.5 -24.36 8.87 

24 SMS722Ac17 b N 53.2 (1.4) 2.73 0.10) 19.5 -24.55 (0.04) 6.90 (0.01) 

25 OBM8935X132 b N 41.4 2.19 18.9 -23.00 3.23 

26 THY3750, 202 s N 45.4 2.36 19.3 -22.97 4.30 

26 THY5011X6 nb s N 50.7 2.61 19.5 -24.24 2.99 

26 THY5011X6 e s N 49.8 (0.1) 3.67 (0.08) 13.6 -22.48 (0.03) 5.22 (0.21) 

26 THY3750, 147 s N 40.1 (0.9) 2.16 (0.03) 18.6 -22.60 (0.02) 5.47 (0.08) 

26 THY3750, 85 s N 44.4 3.07 14.5 -21.11 5.39 

27 THY3718, 1549 b N 54.2 (1.5) 3.01 (0.10) 18.0 -24.03 (0.07) 4.04 (0.24) 

28 ÅHM5754X3 b N 47.9 3.14 15.3 -24.07 4.71 

29 FSM1625X1027 b Y 65.2 2.99 21.8 -23.73 1.82 

29 FSM1625X1027 b N 52.3 (0.3) 2.58 (0.01) 20.3 -23.77 (0.02) 1.93 (0.10) 

30 FHM4862X104 b Y 58.3 2.90 20.1 -23.26 6.02 

30 FHM4862X104 b N 36.9 2.20 16.7 -23.26 5.34 

31 HOM1892X555 b N 49.6 3.48 14.2 -22.93 8.04 

32 ÅHM4473X9204 b Y 67.5 3.17 21.3 -23.21 4.44 

32 ÅHM4473X9204 b N 52.9 2.92 18.1 -23.27 4.36 

32 ÅHM4473X8656 b Y 63.4 3.37 18.8 -23.70 6.75 

32 ÅHM4473X8656 b N 48.4 2.70 17.9 -23.54 6.37 

32 ÅHM4473X263 b Y 67.5 2.58 26.2 -23.47 6.29 

32 ÅHM4473X263 b N 17.7 0.80 22.1 -23.57 5.74 

33 SBM 983P10 s Y 62.6 3.12 20.1 -23.32 6.07 

33 SBM 983P10 s N 50.9 2.72 18.7 -23.63 5.01 

34 FHM1790CBS b N 57.6 2.69 21.5 -23.47 6.71 

35 ÅHM3844X3985 s Y 60.5 3.43 17.6 -22.43 6.31 

35 ÅHM3844X3985 b N 50.4 3.02 16.7 -23.92 5.29 

36 THY2960X895 b N 46.1 2.02 22.9 -24.45 8.13 

37 BMR1639 nb b N 48.8 (0.4) 2.14 (0.01) 22.9 -24.12 (0.04) 6.63 (0.01) 

37 BMR1639 e s Y 57.3 3.89 14.7 -22.89 2.07 

37 BMR1639 e b N 47.7 2.61 18.3 -23.39 1.93 

38 VHM151/1982 b N 52.9 (0.1) 3.30 (0.02) 16.1 -21.97 (0.01) 5.24 (0.22) 

Table 1 continued 



Table 2. Number of samples (total of 72) included in this investigation divided on cereal type, associated 
prehistoric periods

a
 and defined agricultural regimes (see text). Number in parenthesis denotes the number 

of sites providing the samples. More sample information is provided in appendix 1. 

Prehistoric period 
Agricultural 

regime 
Naked barley Emmer Spelt 

 
FBC 

 
3900-2800 BC I 1 (1) 7 (2) - 

MN B 2800-2400 BC I 1 (1)
b
 1 (1)

c
 - 

LN 2300-1700 BC II 9 (5) 5 (3) 1 (1) 
EBA 1700-1000 BC II 23 (15)

d
 2 (2) 4 (4) 

LBA 1100-500   BC II 4 (4) - 2 (2) 
EIA 500 BC- 0  AD III 10 (8) 2 (2) - 
 

a 
The prehistoric periods were aligned with the Danish chronological framework commonly used when field excavation results  

   are being reported. FBC: Funnel Beaker Culture, MN B: Middle Neolithic, LN: Late Neolithic, EBA: Early Bronze Age, LBA: Late 

   Bronze Age, EIA: Early Iron Age (pre-roman Iron Age). 

b
 This sample is archaeologically associated with early Battle Axe Culture 

c 
This sample is archaeologically associated with early East Danish Single Grave Culture 

d
 Kongehøj II alone provided eight of the EBA naked barley samples 



Table 3. Number of samples providing  
the pooled δ

15
N values presented in Fig. 6 

Agricultural 
regime 

Emmer  Naked barley 

no ABA ABA  no ABA ABA 

I 8 7  - - 
II 7 5  36 16 
III - -  11 6 

 
 



Figure captions 

Figure 1. Spatial distribution of the sites (n=38) providing archaeobotanical samples for stable 

isotope analysis in this study. The number denotes site number which is the entry in appendix A. 

Main geological landscape characteristics are shown on the background map. 

 

Figure 2. The result of Acid Base Acid (ABA) pre-treatment. Relationship between sample age 

(radiocarbon years) and offsets in concentration of C and N (top) and δ
13

C and δ
15

N (bottom). 

Offset = pre-treated – non pre-treated. 

 

Figure 3. Influence of Acid Base Acid (ABA) pre-treatment. Relationship between concentration 

offset (C and N) and offset in isotopic composition (δ
13

C and δ
15

N). Offset = pre-treated – non pre-

treated. 

 

Figure 4. Spatial distribution of the eight naked barley samples from Kongehøj II (site # 14), house 

K1 and the respective δ
15

N values of eight (non pre-treated) separate archaeobotanical samples. 

 

Figure 5. δ
15

N values of non pre-treated archaeobotanical samples of naked barley (n=47), emmer 

(n=17) and spelt (n=7) in separate series in relation to sample age (radiocarbon years). The 

regression is for naked barley only. Vertical error bars denote 1 SD of double measurements. 

Horizontal error bars denote the uncertainty of the radiocarbon determination. 

 

Figure 6. Pooled δ
15

N values in relation to agricultural regime (marked on the X-axis). The trend of 

non pre-treated (open symbols) samples and in pre-treated samples (solid symbols) was compared. 

Vertical bars denote standard error within the pooled data (n=5-36, see also Table 3). 
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Appendix A. Sample information. Overview of the essential data for each archaeobotanical sample included in the long term development study. Data was compiled from 
available literature, archaeobotanical reports, the open internet index of the Department of Environmental Archaeology and Conservation – Moesgård Museum and 
personal communications. Samples radiocarbon dated in connection with this study are highlighted with bold numbers. 

Site 
# 

Sample site 
name 

Administrative data                                                                                                                                                                                            
(Museum abbreviation, 

file and find #) 

National 
place # 

Administrative data of the 
radiocarbon determination 

Radiocarbon 
age (BP) 

no. of 
grains 

available 
for 

analysis 

Cereal type Short qualitative assemblage description Feature type/assemblage context 
Associated 
prehistoric 

period
1
 

1 Frydenlund FHM 5026, X4571 080209-70 C14 (AAR-15359-60 combined) 4774 ± 17 5 naked barley Excavations are on going. Archaeobotanical material has not been analyzed yet Cultural layer underneath eathern long barrow FBC 

2 Ndr. Grødbygård BMR 948, AC 54 060205-205 C14 (AAR-15370) 4117 ± 24 10 naked barley NNU j.nr. A6926 unpublished report  Posthole in house MN B 

3 Sarup FSM 50,  X12676  080209-19 C14 (AAR-15368) 4476 ± 23 10 emmer await archaeobotanical analysis Pit FBC 

3 Sarup FSM 50,  X12678, A1035  080209-19 C14  (AAR-15771) 4500 ± 30 11 emmer await archaeobotanical analysis Pit,  phase 21 FBC 

3 Sarup FSM 50, X39706, A212 080209-19 C14 (K-2628) 4580 ± 70 10 emmer await archaeobotanical analysis Pit, phase11 FBC 

3 Sarup FSM 50, X39708, A856 080209-19 C14 (AAR-15772) 4471 ± 60 11 emmer await archaeobotanical analysis Pit, phase 22 FBC 

3 Sarup FSM 50,  X39768, A2005 080209-19 C14 (AAR-15773) 4548 ± 30 11 emmer await archaeobotanical analysis Pit, phase 30 FBC 

3 Sarup FSM 50, X30094, A2749 080209-19 C14 (AAR-15367) 4543 ± 30 10 emmer await archaeobotanical analysis Pit FBC 

4 Lønt HAM 1017, sample 104  200308-37 C14 (AAR-15369) 4498 ± 23 5 emmer Emmer cf - einkorn was also registrered in the assemblage Dark cultural layer FBC 

5 Damsbo Mark FSM 3527, X4922, A30 090415-41 C14 (AAR-9160) 4058 ± 40 10 emmer Probably almost pure emmer (not fully analysed yet) Pit MN B 

6 Uglviggård ESM 1658, Jp 1 190503-270 C14 (AAR-15774) 3556 ± 40 11 naked barley Pure naked barley grains Inside pot in a roof bearing posthole in longhouse LN 

7 Tandrupgård VMÅ 2405 , X490 120814-297 C14 (AAR-9774) 3865 ± 44 10 naked barley Naked barley grains and  wheat glumes Roof bearing posthole in longhouse LN 

8 Enkehøj HEM 4026, X515/A25 170802-303 C14 (AAR-15775) 3608 ± 40 11 naked barley Almost pure cereals. Mixture of naked barley (mainly grains) and emmer (grains and glume bases) Pit outside of house LN 

8 Enkehøj HEM 4026, X491/A480 170802-303 C14 (AAR-10263) 3640 ± 55 10 naked barley Almost pure cereals. Mainly naked barley (grains) and few emmer (grains and glume bases) Roof bearing posthole in longhouse LN 

8 Enkehøj HEM 4026, X343/A327 170802-303 C14 (AAR-10264) 3504 ± 46 10 naked barley Almost pure cereals. Mainly naked barley (grains) and few emmer (grains and glume bases) Pit in/at? House LN 

8 Enkehøj HEM 4026, X732/A708 170802-303 C14 (AAR-10267) 3521 ± 45 10 naked barley Almost pure cereals. Mainly naked barley (grains) and few emmer (grains and glume bases) Inside small pot in a pit outside of house LN 

8 Enkehøj HEM 4026, X94/A37 170802-303 C14 (AAR-10266) 3444 ± 45 10 naked barley Almost pure emmer (grains and glume bases) with a little naked barley (grains) Pit outside of house LN 

8 Enkehøj HEM 4026, X515/A25 170802-303 indirectly C14 (AAR-15775) 3608 ± 40 10 emmer Almost pure cereals. Mixture of naked barley (mainly grains) and emmer (grains and glume bases) Pit outside of house LN 

8 Enkehøj HEM 4026, X385/A240 170802-303 C14 (AAR-10265)  3522 ± 45 10 emmer Almost pure cereals. Mixture of naked barley (mainly grains) and emmer (grains and glume bases) Pit in house LN 

8 Enkehøj HEM 4026, X94/A37 170802-303 indirectly C14 (AAR-10266) 3444 ± 45 10 emmer Almost pure emmer (grains and glume bases) with a little naked barley (grains).  Pit outside of house LN 

9 Petersborg Vest HOM 1509, X30, A3 160515-183 indirectly C14 (AAR-10354) 3547 ± 41  10 naked barley Almost pure naked barley (grains) Pit in house LN 

9 Petersborg Vest HOM 1509, X11, A1 160515-183 C14 (AAR-10354) 3547 ± 41  10 emmer Almost pure emmer (grains and glume bases)  Pit in house LN 

9 Petersborg Vest HOM 1509, X9, A2 160515-183 indirectly C14 (AAR-10354) 3547 ± 41  10 spelt Almost pure spelt (grains and glume bases)  Pit in house LN 

10 Vrold SBM 1194, X10 160208-145 C14 (AAR-13156-57 combined) 3596 ± 17 10 emmer Almost pure cereals. Emmer and Spelt (grains and glumes). Few naked barley grains. Awaits full analysis Pit (A584) LN 

11 Gilmosevej HEM 4086, X518 180318-57 C14 (AAR-11709-10 combined) 3361 ± 24 10 naked barley Mixture of acorn, naked barley (grains) and spelt (grains and glume bases). Almost pure cereals Lowermost layer in pit outside of house EBA 

11 Gilmosevej HEM 4086, X518 180318-57 C14 (AAR-11709-10 combined) 3361 ± 24 10 spelt Mixture of acorn, naked barley (grains) and spelt (grains and glume bases). Almost pure cereals Lowermost layer in pit outside of house EBA 

12 Lindebjerg FSM 1701, "Huset" 080608-53 C14 (AAR-15777) 3269 ± 35 11 naked barley Pure Cereals. Naked barley grains and some emmer grains Sunken floor in house EBA 

12 Lindebjerg FSM 1701, "Huset" 080608-53 indirectly C14 (AAR-15777) 3269 ± 35 10 emmer Pure Cereals. Naked barley grains and some emmer grains Sunken floor in house EBA 

13 Voel Boldbaner SIM 8/2008, X133 160115-241 C14 (AAR-15776) 3077 ± 26 11 naked barley Almost pure naked barley grain Pit in house EBA 

14 Kongehøj II HBV 1275, X530 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Mainly naked barley grains with few hulled barley. A litlle weed seeds including hazel nut shells Wall post in longhouse EBA 

14 Kongehøj II HBV 1275, X532 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Almost pure cereals. Mainly naked barley grains and a little wheat Wall post in longhouse EBA 

14 Kongehøj II HBV 1275, X533 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Almost pure cereals. Mainly naked barley grains Roof bearing posthole in longhouse, storage association EBA 

14 Kongehøj II HBV 1275, X534 190307-208 C14 (AAR-14745) 3077 ± 25 10 naked barley Almost pure cereals. Mainly naked barley grains and a little wheat Roof bearing posthole in longhouse, storage association EBA 

14 Kongehøj II HBV 1275, X539 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Almost pure cereals. Mainly naked barley grains and some wheat, few hazel nut shells Wall post in longhouse EBA 

14 Kongehøj II HBV 1275, X568 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Naked barley grains, wheat. Few hazel nut fragments and a lot of charcoal Roof bearing posthole in longhouse, storage association EBA 

14 Kongehøj II HBV 1275, X569 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Almost pure cereals. Naked barley grains and some wheat (grains and chaff/glumes) Wall post in longhouse EBA 

14 Kongehøj II HBV 1275, X570 190307-208 indirectly C14 (AAR-14745) 3077 ± 25 10 naked barley Naked barley grains and some wheat and oats.  1 false oat-grass Wall post in longhouse EBA 

15 Teglværksvej 31 VSM G771 , X37 130917-169 C14 (AAR-12804) 3013 ± 37 10 naked barley Almost pure naked barley grains with little wheat, hulled barley and weed seeds Wall post in longhouse EBA 

16 Kongsdal Huse ÅHM 6022, X6 140701-62 C14 (AAR-14799-01 combined) 2924 ± 15 10 naked barley almost pure naked barley grains. Awaits full analysis  Pit EBA 

17 Energivej OBM 2815, X90 080410-41 C14 (Polen) 2855 ± 30 10 naked barley Almost pure naked barley grains Pit outside of house, storage association EBA 

17 Energivej OBM 2815, X92 080410-41 indirectly C14 (Polen) 2855 ± 30 10 naked barley Almost pure naked barley grains Pit outside of house, storage association EBA 

18 Rosgårde SMS 731A, X390 130110-111 indirectly C14 (AAR-15778) 3041 ± 26 10 naked barley Mixture of mainly naked barley grains and spelt (grains and glume bases) Pit associated with house EBA 

18 Rosgårde SMS 731A, X390 130110-111 C14 (AAR-15778) 3041 ± 26 11 spelt Mixture of mainly naked barley grains and spelt (grains and glume bases) Pit associated with house EBA 

19 Resengaard SMS 449A, House 1, a54 130408-69 C14 (K-5732-34 combined) 3300 ± 45 10 naked barley Mainly naked barley with some emmer/spelt Longhouse with sunken floor EBA 

20 Bdr. Gram hus V HAM 2957, X755, area 9 200208-18 C14 (K-6624) 3870 ± 65 5 naked barley Mainly naked barley mixed with emmer/spelt and few glumes Longhouse with sunken floor, storage association LN 
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20 Bdr. Gram hus IV HAM 2957, X1143 200208-18 C14 (approximated 14C age) 3130 ± 50 10 naked barley Mainly naked barley mixed with few wheat grains, glumes and weed seeds Wall post in longhouse EBA 

21 
Over Jernhyt HAM 4940, X17 200202-147 C14 (AAR-13742-44 combined) 3022 ± 20 5 naked barley Almost pure naked barley grain. Awaits final analysis Longhouse EBA 

21 Over Jernhyt HAM 4940, X42 200202-147 C14 (AAR-13745-47 combined) 2522 ± 18 5 naked barley Wheat (bread- and emmer/spelt). Naked and hulled barley grains. Few weed seeds. Await final analysis  Longhouse LBA 

22 Sjællandsvej V HEM 4357, X538 170802-336 C14 (AAR-14608) 3413 ± 27 10 naked barley Almost pure naked barley grains Sunken floor in house EBA 

23 Glattrup I SMS 270A, House 1, a632 130410-134 C14 (AAR-15376) 2893 ± 40 10 naked barley Almost pure naked barley with only very little spelt and some false oat-grass  Pit associated with longhouse EBA 

24 Kluborg II SMS 722A, sample c17 130410-146 C14 (AAR-15377) 2941 ± 23 10 naked barley A very large assemblage of naked barley only few weed seeds (of ordinary field type) Posthole in economy building, storage association EBA 

25 Hjulby OBM 8935, X132 090611-80 C14 (AAR-12540) 2977 ± 27 10 spelt Almost pure cereals. Mainly spelt (grains and very few glume bases) and some hulled barley grains Pit/Grain storage EBA 

26 Fårtoft THY 3750, Flot 202 110309-71 C14 (AAR-13844) 2922 ± 48 1 spelt cf Not yet archaeobotanical analysed (a little cereal grains and quite some weed seeds)) Pit associated with house EBA 

26 Fårtoft THY 5011, X6 110309-83 C14 (AAR-10848) 2890 ± 36 10 naked barley A large quantity of almost pure cereal grains (1½ liter) Pit associated with house, possible storage EBA 

26 Fårtoft THY 5011, X6 110309-83 indirectly C14 (AAR-10848) 2890 ± 36 1 emmer cf A large quantity of almost pure cereal grains (1½ liter) Pit associated with house, possible storage EBA 

26 Fårtoft THY 3750, Flot 147 110309-71 C14 (AAR-13830-31 combined) 2808 ± 24 1 spelt Not yet archaeobotanical analysed. Few cereal grains and some weed seeds Roof bearing posthole in house LBA 

26 Fårtoft THY 3750, Flot 85 N49D 110309-71 indirectly C14 (AAR-13830-31 comb.) 2808 ± 24 1 spelt cf Not yet archaeobotanical analysed. Few cereal grains and some weed seeds Associated with building LBA 

27 Bjerre 7 THY 3718, House 1, 1549 110211-32 C14 (K- and AAR- combined) 2695 ± 18 5 naked barley A mixture of wheat (grains and chaffs), naked barley and emmer/spelt glumes. Weed seeds Eastern part of cultural layer within house LBA 

28 Bavnehøje ÅHM 5754, X3 120411-122 C14 (AAR-12574) 2785 ± 30 10 naked barley Large assemblage of naked barley with som emmer cf Refuse layer in pit (oven or fireplace refuse)  LBA 

29 Voldtofte FSM 1625, X1027 080205-38 C14 (AAR-15779) 2675 ± 31 12 naked barley Almost pure naked barley grain. A few grains of millet and grains/glumebases of emmer Cultural layer or refuse layer LBA 

30 Grenåvej FHM 4862, X104 141108-93 C14 (AAR-15780) 2190 ± 45 11 naked barley Mixture of naked and hulled barley some weed seeds (common lambsquarters) Pit outside house EIA 

31 Galgehøj HOM 1892, X555 160404-55 C14 (AAR-13585) 2225 ± 50 10 naked barley Large assemblage of carred grains (>0,5 liter) mainly naked barley with some hulled barley  Pit with refuse layers EIA 

32 Nørretranders ÅHM 4473, X9204 120108-25 C14 (AAR-15781) 2256 ± 25 11 naked barley Gold of pleasure, barley grain (mainly naked) and many weed seeds Conflagration layer in burnt house EIA 

32 Nørretranders ÅHM 4473, X8656 120108-25 C14 (AAR-15782) 2261 ± 34 12 naked barley Almost pure grain. Naked barley grains and few bread wheat Pit in burnt house EIA 

32 Nørretranders ÅHM 4473, X263 120108-25 C14 (AAR-15783) 2074 ± 35 11 naked barley Almost pure crops. Naked barley grain and horse bean Fireplace in house EIA 

33 Kildebjerg I SBM 983, P10 160203-263 C14 (AAR-15383) 2211 ± 22 5 naked barley Naked barley grain many twigs of heather and some weed seeds Oven  EIA 

34 Overbygård FHM 1790, CBS 120613-58 C14 (AAR-15384) 2111 ± 45 10 naked barley Naked barley mixed with bread wheat with some  chaff/glumes Grain storage EIA 

35 Nr. Hedegård ÅHM 3844, X3985 120113-24 C14 (AAR-15385) 2490 ± 24 10 naked barley Almost pure cereal grains with little weed seeds Associated with building EIA 

36 Smedegård THY 2960, X895 110209-29 C14 (AAR-15386) 2261 ± 30 10 naked barley Mainly naked barley with some hulled barley and few rye and emmer. Some weed seeds Chalk floor within economy building EIA 

37 Dalshøj BMR 1639 060403-135 C14 (AAR-15387) 2009 ± 40 4 naked barley Large assemblage of carred grains; naked barley, hulled barley and emmer  Fireplace in burnt house, storage association EIA 

37 Dalshøj BMR 1639 060403-135 C14 (AAR-15389) 2038 ± 22 10 emmer cf Large assemblage of carred grains; naked barley, hulled barley and emmer  Fireplace in burnt house, storage association EIA 

38 Blæshøj VHM 151/1982, X9 100406-81 C14 (AAR-15390) 2096 ± 35 10 emmer Almost pure emmer, only few weed seeds Possible grain storage EIA 

 
1
 FBC: Funnel Beaker Culture, MN B: Middle Neolithic B, LN: Late Neolithic, EBA: Early Bronze Age, LBA: Late Bronze Age, EIA: Early Iron Age 

Appendix A continued 



Appendix B. The calibrated dates of all the radiocarbon determinations referred to in this investigation. 
Numbers after R-Date refers to site # in Appendix A and Fig. 1. For sites with multiple radiocarbon samples, 
site number was followed by find number or an alternative unique identifier. The ordering of the dates was 
prioritized chronologically except in cases where multiple dates from one site occurred. In these cases the 
dates where grouped together. Two cases (site 20: Brd. Gram and site 21: Over Jernhyt) exhibited 
chronological differences of a magnitude that justified exemptions for this general rule. The 
highlighted/underscored (grey) samples were radiocarbon dated in connection with this study (n=27). See 
also Appendix A for more administrative and contextual information about each individual archaeobotanical 
sample. The three defined agricultural regimes is also highlighted in the calibration plot. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B continued 
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