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Abstract
Sedgeford’s multi-feature malting complex, dated to the 8th to 9th century ad, is the earliest known of the early medieval 
era in England (the approximately contemporaneous, sizeable malting kiln at Higham Ferrers not being part of a larger 
complex). Three complementary approaches are here used to reveal cultivation practices for cereal grains (predominantly 
rye and free-threshing wheat) malted at Sedgeford. Specifically, these are used to determine evidence for the three ele-
ments of the medieval ‘mouldboard plough package’: namely, ‘extensive’ cultivation, the use of a mouldboard plough and 
crop rotation. In terms of cultivation intensity, functional weed ecology (FWE) reveals an extensive crop husbandry regime 
(i.e. maintaining low levels of fertility), whilst stable nitrogen isotope analyses indicate low levels of manuring. FWE 
also reveals high levels of disturbance, consistent with mouldboard plough use. Finally, all three approaches are used to 
assess evidence for crop rotation. First, correspondence analyses of the assemblage are used to explore seasonality in crop 
cultivation. Results of correspondence analyses, together with those from FWE and carbon and nitrogen stable isotope 
analyses all provide evidence for early crop rotation in fields supplying the malting complex. In sum, evidence suggests 
that all three elements of the medieval ‘mouldboard plough package’ were present at 8th and 9th century ad Sedgeford.
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Archaeobotanical evidence reveals the nature of cereal agriculture at 
8th- and 9th-century ad Sedgeford, East Anglia, UK

Hannah Caroe1  · Amy Bogaard1,2  · Elizabeth Stroud1

for beer production and consumption in the period has 
been conspicuously lacking. Also lacking has been thor-
ough archaeobotanical characterisation of the agricultural 
regimes used to produce grain for beer in the era: a vital part 
of beer-making and of the wider story of agriculture in early 
medieval England.

This paper’s specific focus is on understanding how 
crops supplying a securely-identified malting complex 
dated to the 8th to 9th centuries (c.) ad were cultivated, in 
the context of questions about theorised transformation in 
agricultural practice during the 7th to 9th c. ad (so-called 
mid Anglo-Saxon period) in England (cf. McKerracher 
2018). The study assemblage derives from the unique, 
large-scale malting complex at Sedgeford, East Anglia, UK. 
Malting, the first stage of beer production, is conventionally 
evidenced archaeobotanically by abundant and widespread 
germinated cereal grains (e.g. Lodwick 2017). An earlier 
paper (Caroe 2022a) gave an overview of the assemblage, 
detailing evidence of grain germination and other factors 
confirming that Sedgeford’s is indeed a malting complex, 
as well as emphasising the wider context in terms of beer 
production and consumption.

Abbreviations
FWE	� functional weed ecology

Introduction

Peoples of early medieval England drank beer on an ‘oce-
anic’ scale (Finberg 1972, p 422). Whilst high levels of beer 
consumption were the norm across much of early medi-
eval Europe, the English in particular were known for their 
heavy drinking (Knowles 1963, p 465; Thomas 2003, p 
301). However, as noted by Carruthers and Hunter Dowse 
(2019, p 107), corresponding archaeobotanical evidence 
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The so-called medieval agricultural ‘revolution’ in Eng-
land (e.g. White 1940; Williamson 2018) has recently been 
investigated by an extensive multi-proxy interrogation of 
bioarchaeological remains by the University of Oxford’s 
FeedSax project (Hamerow et al. 2019, 2025; McKerracher 
and Hamerow 2022). Rather than identifying a single period 
of ‘revolutionary’ change, changes in agricultural practice 
in England between ca. ad 700–1300 were piece-meal and 
regionally varied, over several centuries, ‘punctuated by 
periods of innovation and rapid change’ (Hamerow 2022, p 
24), including the late 7th to 9th c. ad (Hamerow 2007; Rip-
pon 2010; McKerracher 2018; Williamson 2018).

FeedSax’s research has identified three features com-
monly associated with changes in early medieval agricul-
ture – extensification, use of the mouldboard plough and 
crop rotation – dubbing this the ‘mouldboard plough pack-
age’ (Hamerow 2022). Extensification is defined as increase 
in crop productivity achieved through expanding the land 
area under cultivation, associated with a decline in inputs 
of manure and labour (weeding and tillage) per areal unit 
of land (Bogaard et al. 2016; Hamerow 2022). Research 
using FWE (see below) implies a shift from relatively high 
(intensive) to relatively low input (extensive) arable farm-
ing across England from the 8th until the 14th c. ad (Ham-
erow et al. 2025, pp 102–103), continuing a trend already 
apparent in the Romano–British era (e.g. Lodwick 2022).

The mouldboard plough permitted expansion of culti-
vated land onto heavy clay soils. A distinctive mouldboard 
plough coulter dated to the 7th c. ad has been recovered 

at the royal monastic site of Lyminge, Kent (Thomas et al. 
2016). This evidences early use at isolated locations, but is 
(so far) by some margin the earliest known in England, and 
zooarchaeological evidence for pathologies in cattle foot-
bones indicating heavy traction suggest that mouldboard 
plough use was itself rare until the mid-9th c. ad (Holmes 
2022). Further, there is minimal pre-10th c. ad documentary 
evidence for the mouldboard plough (Holmes 2022). How-
ever, the lack of earlier documentary records may be due to 
the dearth of textual evidence from the era (Holmes 2022).

‘Classic’ crop rotation involved two or three fields, with 
one remaining fallow while the other(s) were cultivated. 
In three-field rotation, one field is sown with an autumn-
sown crop (generally wheat, sometimes rye or barley), and 
one with a spring-sown (often barley or oats, occasionally 
wheat). In subsequent years, use rotated (Hall 2014, p 36). 
FeedSax research does not evidence the country-wide 7th to 
9th c. ad shift to this field system that some have advocated 
(e.g. White 1940).

We here use three methodologies to examine evidence 
for crop rotation and other elements of the ‘mouldboard 
plough package’ in the fields supplying Sedgeford’s 8th and 
9th c. ad malting complex. Combining evidence from FWE, 
carbon and nitrogen stable isotope analyses and correspon-
dence analysis, we find evidence for all three elements of 
the mouldboard plough package in use at Sedgeford in this 
era.

The study site

The archaeological site of Sedgeford lies about six km 
inland from the coast of northwest Norfolk, in East Anglia, 
UK (Fig.  1). The regional bedrock is Upper Cretaceous 
Middle Chalk, and the soil type is ‘shallow, lime-rich’ 
(Chatwin 1961, p 32). Excavation at Sedgeford since 1996 
has revealed an extensive early medieval cemetery and a 
likely settlement area, the latter apparently occupied from 
the 7th to 11th c. ad; two recent radiocarbon dates here 
derive from late 8th to late 9th c. ad deposits (Faulkner and 
Blakelock 2020; McKerracher 2023a). Excavation of an 
area to the south of the original site (trench 23) revealed a 
set of features including ovens/kilns and floors, with abun-
dant charred plant material, surmised to represent together 
a cereal-processing complex. Archaeobotanical assay 
revealed that many charred grains in this part of the site had 
germinated prior to charring, fostering the hypothesis that 
the features denote a malting complex (Wolff 2017). At least 
three kilns have been clearly identified at the site (several 
potential kilns remain to be fully excavated), along with a 
purported steeping tank and a set of clay floors (Fig. 2), fea-
tures arguably associated with the three stages of malting 

Fig. 1  Sedgeford and significant local sites. The map includes ‘produc-
tive sites’ of NW Norfolk, as identified by Rogerson (2003). These 
are locations which have produced abundant metal-detector finds, 
sometimes thought to represent rural market sites (e.g. Ulmschneider 
2000). Contains Ordnance Survey Open Data © Crown copyright and 
database right 2017, under the Open Government licence. Map created 
with QGIS (www.qgis.org)
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(steeping, germination and kilning) and thus consistent with 
a ‘malting complex’ designation. 

Rye grains from each of kilns 1, 2 and 3 were radiocar-
bon dated in 2019. Dates obtained using Bayesian mod-
elling are, respectively, cal ad 748–770, 734–775 and 
772–819 (McKerracher 2023b). Significantly, these reveal 
that Sedgeford’s is the earliest known malting complex in 
early medieval Britain and Ireland. Approximately con-
temporaneous finds including the sizeable malting kiln at 
Higham Ferrers (Northamptonshire), and potential malting 
pits at South Hook (Pembrokeshire), are, in each case, not 
part of a multi-feature complex including steeping tank(s) 
and germination floor(s) (Hardy et al. 2007; Crane and Mur-
phy 2010). A review of malting buildings in England reveals 
that excavated malting kilns dating from prehistory until the 
later medieval era are very rarely accompanied by recog-
nised malting floors or steeping cisterns (Patrick 2023, p 5).

Materials and methods

Sediment samples for extraction of archaeobotanical 
material from trench 23 were initially selected according 
to ‘judgment’ sampling (M. Jones 1991) i.e. where dark 
organic remains were visible, or charred plant remains were 
expected. From 2019, additionally, an ‘interval’ (M. Jones 
1991) sampling grid-system was implemented in an area 
surrounding kiln 3. Sample volume varied from 5 to 70 L.

Plant material was recovered using an Ankara-style flota-
tion device (French 1971). Estimated richness, plant taxa 
diversity and context information for the samples were 

used to select samples to analyse. Altogether, including 15 
samples from the gridded area, 55 samples from the malting 
complex have been analysed.

Samples were sorted using a stereomicroscope in the 
School of Archaeology, University of Oxford, with plant 
material identified using the lab’s reference collection and 
relevant literature (Jacomet 2006; Stace 2010; Cappers et al. 
2013). Latin nomenclature follows Stace (2010). All plant 
material in the assemblage is charred.

The minimum number of individual plant items (MNI) 
was determined by counting specific diagnostic zones (G. 
Jones 1991). For cereal grains the frequency of both apical 
and embryo ends per sample was counted, and the higher fig-
ure recorded. Most weed seed taxa occurred infrequently in 
each sample and were scored even when fragmented. Where 
several fragments co-occurred, the MNI was estimated.

Functional weed ecology

Two sets of FWE analyses were conducted. The first per-
tains to intensity of agricultural regime, where intensity 
relates to both fertility (which may be associated with 
the level of manuring) and, to a lesser extent, disturbance 
caused by weeding/tillage. The second analysis relates to 
disturbance (level of weeding/tillage) alone. First, the weed 
spectrum from Sedgeford was classified by a discriminant 
analysis function using an existing ‘extensive/intensive’ 
FWE model. The model contrasts two sets of weed flora 
from modern surveys in known extensive and intensive agri-
cultural regimes from Haute Provence, France and Asturias 
in Spain, respectively (Charles et al. 2002; Bogaard et al. 

Fig. 2  Aerial photograph of the malting complex, with primary features highlighted, and inset photographs of kilns (Image: Ian Drummond/
SHARP 2019. Shared with kind permission)
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2016). Secondly, the Sedgeford weed set was classified by 
a different discriminant analysis function within a model 
contrasting floras from high- and low-disturbance modern 
regimes, based on modern weed surveys at Laxton, (Not-
tinghamshire, UK) and Highgrove Home Farm (Gloucester-
shire, UK) (Hamerow et al. 2020; Bogaard et al. 2022). The 
disturbance model contrasts low disturbance unploughed 
‘sykes’ at Laxton with high disturbance regimes: fallow 
fields in use as part of a rotation scheme at Laxton and ara-
ble fields at both Laxton and Highgrove (Hamerow et al. 
2020; Bogaard et al. 2022). ‘Syke’ is the name given to an 
occasionally grazed, cut once-yearly, untilled patch of hay 
meadow between or on the edges of other (‘open’) fields at 
Laxton, which is not treated with herbicide (Hamerow et al. 
2020 p.13).

The analysis is based on recording functional traits in 
modern weed plants which correlate with species’ poten-
tial under variable growing conditions (Charles et al. 1997; 
Bogaard et al. 2001; Jones 2002). The two FWE models 
applied here use different sets of functional traits to achieve 
the best separation of the modern regimes. Traits which best 
distinguish more- and less-fertile regimes (included in the 
intensity model) are plant canopy height, canopy diameter, 
specific leaf area and the ratio of leaf area per node to fresh 
leaf thickness (Bogaard et al. 2016) (Fig. 3e). The length of 
the flowering period and – for perennial plants – capacity 
for vegetative regeneration best distinguish between high- 
and low-disturbance regimes (Bogaard et al. 2022) (Fig. 4f). 
In each case, in the ‘discrimination phase’, a discriminant 
analysis model was created, using a linear equation which 
optimally separated the two sets of known regime attribute 
data. In the subsequent ‘classification phase’, functional 
trait data based on modern plant analogues of weed species 
represented as seeds in the Sedgeford samples were used to 
classify each sample into one of the two contrasting known 
groups, according to the linear discriminant equation pre-
viously extracted to maximise separation between the con-
trasting modern regimes.

With reference to the disturbance model, a reconstructed 
ox-drawn mouldboard plough has recently been used as part 
of a three-field rotation system at the Lauresham Open-Air 
Laboratory for Experimental Archaeology in Lorsch, Ger-
many (Bogaard et al. 2022; Kropp 2022; Stroud et al. 2024). 
FWE was conducted on the weed flora from this field study. 
Bogaard et al. (2022) devised a ‘Lorsch baseline’ represent-
ing the lowest expected discriminant score for fields tilled 
with a mouldboard plough (Fig. 4c), and this is compared to 
Sedgeford data here.

Only Sedgeford samples with at least 10 weed seeds 
identified to species level were included in the analyses (on 
this basis, sample 17018 was excluded). Further, spatially 
proximate samples with similar composition were grouped, 

to give 26 distinct ‘behavioural episode’ units. Grouping 
samples into ‘behavioural episodes’ was undertaken for the 
purposes of FWE alone. Stable isotope and correspondence 
analyses were conducted using ungrouped samples. This 
analysis is equivalent to the workflow now formalised in 
the ‘R’ package, WeedEco (Models 1 and 3) (Stroud et al. 
2024) but was conducted before this package was available. 
Analysis was conducted using IBM SPSS version 27.

Stable isotope analysis

FWE results are complemented by additional independent 
lines of evidence for revealing crop husbandry methods, 
e.g. stable isotopic analysis (Bogaard et al. 2016; Stroud et 
al. 2021). Both stable carbon and nitrogen isotope analyses 
were conducted. The ratio of stable carbon isotopes, 13C to 
12C (δ13C), in preserved grains can indicate levels of soil 
water availability for crops (e.g. Wallace et al. 2013; Styring 
et al. 2017; Stroud 2022), whilst archaeological grains’ ratio 
of stable nitrogen isotopes, 15N to 14N (δ15N), can be used 
to investigate soil nitrogen isotopic ratio, and thus the pos-
sibility of manuring (e.g. Bogaard et al. 2007; Styring et al. 
2017; Stroud 2022).

Reduced enzymatic discrimination against the heavier 
13C isotope during plant photosynthesis when stomatal 
pores are closed at times of water stress, means a plant’s 
carbon stable isotope ratio correlates with its water status 
(e.g. Farquhar et al. 1989; O’Leary 1993). δ13C values can 
aid elucidation of cultivation methods even in temperate cli-
mates such as the UK’s, where plant water stress is rare, 
e.g. by revealing whether sets of crops were grown in simi-
lar water availability conditions, potentially consistent with 
crop rotation (Hamerow et al. 2025, p 129). Where crop 
δ13C values differ significantly and consistently between 
species, indicating different water availability conditions, 
crop rotation is unlikely to have been in use. There are vari-
ous possible explanations for crops having been cultivated 
in similar water availability conditions – one amongst these 
is crop rotation.

Barley grains have a δ13C value of ~ 1–2‰ lower (six-row 
barley grains ~ 2‰ lower) than free-threshing wheat grains 
from crops grown with equal water availability (Anyia et al. 
2007; Wallace et al. 2013). δ13C values are also influenced, 
inter alia, by soil type, canopy cover, light, temperature, and 
topography (Heaton 1999; Bogaard et al. 2016).

Turning to stable nitrogen isotopic analysis, factors 
influencing soil and thus plant tissue δ13N values include 
aridity, salinity, waterlogging and crop manuring (Heaton 
1987; Bogaard et al. 2007; Larsson et al. 2019). Preferential 
volatisation of the lighter 14N isotope in manure means that 
plants grown in manured soil themselves become enriched 
in 15N (Bol et al. 2005; Bogaard et al. 2007). Detecting 
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manuring of fields requires knowledge of the δ13N values 
of plants grown on local unenriched soils (e.g. Stroud et 
al. 2021); this may be estimated based on δ13N values of 
archaeological wild herbivore bone collagen (Hedges and 
Reynard 2007; Bogaard et al. 2013) assuming herbivores 
were foraging on wild rather than crop plants. Nitrogen sta-
ble isotope values are available for collagen from two wild 
herbivores from Anglo-Saxon era East Anglia (two deer, 
both in Suffolk) (ESM 1 Table S1) (Leggett 2021, p 93). 
The mean δ15N value for the herbivore collagen is 5.9‰. 
To compare these with cereal grain δ15N values, 4‰ was 

subtracted to compensate approximately for the trophic 
shift between vegetation and herbivore, and 2.4‰ added to 
account for the offset between grains (equivalent to seeds or 
fruits) and rachis (equivalent to leaves or stems), the plant 
parts generally consumed by herbivores (Fraser et al. 2011; 
Bogaard et al. 2013). The mean calculated ‘wild herbivore 
baseline’ thus derived for unmanured grains is 4.3‰. These 
wild herbivore-baseline derived δ15N values should be 
applied with some caution: the samples originate > 34 miles 
from Sedgeford; further, red deer can browse in woodlands, 

Fig. 3  ‘Intensity’ discriminant 
analysis plots. a Scores of modern 
arable plots along the discriminant 
function extracted to separate low- 
(white) and high-intensity (black) 
crop cultivation regimes. Larger 
symbols indicate group centroids 
(average scores). b Relationship 
between units from the Sedgeford 
assemblage and the discriminant 
function used to distinguish high- 
and low-intensity modern regimes 
(centroids as before). c Replica 
of plot b) with episodes coded by 
malting complex feature. d Replica 
of plot b) with episodes coded by 
date range. e Correlations between 
functional trait scores used as 
discriminating variables and the 
discriminant function. Both plots 
(a) and (e) are reproduced with per-
mission from Bogaard et al. (2016, 
p 66, Figs. 6b and 7b)
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(i.e. are not always grazers), potentially reducing their bone 
collagen δ15N values (Sykut et al. 2021).

Other instances where a wild herbivore baseline has been 
applied to assess δ15N values include at the medieval site 
of Lyminge in Kent (Hamerow et al. 2025, p 88, Fig. 3.31). 
A particularly robust use of such baselines is Styring et al. 
2017 (see especially p 366 Fig. 3).

Single-grain samples of rye, free-threshing wheat and 
hulled barley were selected from kilns 1, 2, 3 and the steep-
ing cistern. Additional criteria informing grain selection 
strategy were as follows. First, visibly germinated grains 
were excluded, to limit potential confounding effects. Sec-
ondly, charring can affect δ13C and δ15N values (Styring 
et al. 2013; Nitsch et al. 2015; Stroud et al. 2023a). Grain 
interiors give the best indication of charring temperature 
(Stroud et al. 2023a; Vaiglova et al. 2023); grains were 

halved and those judged to fall outside an optimum char-
ring window (215–300 °C) (Stroud et al. 2023a) excluded. 
In total 112 single-grain samples were analysed; numbers 
of grains belonging to each species selected, and their con-
texts, are listed in ESM 1 Table S2.

Fifteen representative single-grain samples were screened 
using Attenuated Total Reflection Fourier Transform Infra-
red Spectroscopy (ATR-FTIR) to identify possible con-
tamination post-deposition. No evidence of contamination 
with carbonates, nitrates or humic acids was found (ESM 1 
Fig.S1), thus pre-treatment was deemed unnecessary.

The samples were analysed using a Sercon 20–22 EA-
GSL isotope mass spectrometer at the Oxford University 
Research Laboratory for Archaeology and the History of 
Art. In-house standards of cow collagen (COW), seal col-
lagen (SEAL) and Alanine were used to calibrate the data 

Fig. 4  Disturbance discriminant 
analysis plots. a Relationship of 
low-disturbance regime (white 
squares) and of high-disturbance 
regimes (other symbols) with the 
discriminant function. Larger sym-
bols are group centroids (average 
scores). b Relationship between 
units from the Sedgeford assem-
blage and the discriminant function 
extracted to distinguish low-
disturbance from high-disturbance 
regimes. Larger symbols are group 
centroids. c Relationship of experi-
mental mouldboard-ploughed fields 
from Lorsch with the extracted 
discriminant function, centroids 
as before (shared with permis-
sion from Bogaard et al. (2022) 
Figs. 13, 14, 15). d Same plot as 
b) with units coded by malting 
complex feature. e Same plot as 
b) with units coded by date range. 
In plots b) and c), the ‘Lorsch 
baseline’ is shown as a dashed line. 
f Correlations between functional 
trait scores used as discriminat-
ing variables and the discriminant 
function. Both plots (a) and (f) are 
reproduced with kind permission 
from Hamerow et al. (2020, p 599, 
Fig. 8a and f).
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according to the internationally determined scales: VPDB 
(Vienna Pee Dee Belemnite) for carbon and AIR (Atmo-
spheric nitrogen) for nitrogen (Hoefs 2018, p 34). All stan-
dards used have well-characterised isotopic compositions; 
their means and standard deviations (SDs) are listed in ESM 
1 Table S3. 

To understand accuracy, precision and uncertainty, an 
internal leucine standard and EMA P2 were used as check 
standards, and every 10th sample was duplicated. Follow-
ing Szpak et al. (2017), the accuracy (u(bias) of the carbon 
runs was calculated as ± 0.28‰, and the precision (u(Rw) 
as ± 0.08‰. Combined total analytical uncertainty for δ13C 
values was ± 0.29‰. For nitrogen, accuracy was ± 0.40‰ 
and precision ± 0.20‰. Overall uncertainty for δ15N values 
was calculated as ± 0.45‰ (Szpak et al. 2017). Data were 
calibrated using the statistical programme R (version 4.1.2), 
and accuracy, precision and uncertainty calculated using 
Excel, version 16.58.

Following Stroud et al. (2023b), ‘charring’ offsets were 
applied to the calibrated values: +0.33‰ for δ15N values, 
and + 0.12‰ for δ13C values. Following FeedSax practice 
(e.g. Stroud 2022), calibrated δ13C values were not con-
verted to Δ13C, since δ13C values for archaeological grains 
are not here compared with those for modern grains (see e.g. 
Farquhar et al. 1989).

Correspondence analysis and seasonality

Correspondence analysis is a means of exploring variability 
in the composition of samples from an assemblage, by rep-
resenting these graphically. Correspondence analysis was 
used to investigate trends in the sowing season of crops sup-
plying the malting complex. Species occurring frequently 
in the assemblage are represented in the correspondence 
analysis scatterplots featured here. Those whose datapoints 
fall close to the graph’s origin are common or ubiquitous in 
samples from the assemblage. Where species are clustered 
(spatially proximate) in the plot, this indicates that these reg-
ularly co-occur in the samples, consistent with a tendency to 
grow together. Where species are spatially dispersed in the 
plot, the reverse is true (Bogaard 2004, pp 92–94).

Correspondence analysis plots were created using 
CANOCO version 5.0 (ter Braak and Smilauer 2012). 
CANOCO generates for each analysis four axes, with axis 1 
accounting for the greatest variation. In all plots shown here 
the horizontal axis is axis 1, and the vertical, axis 2. It is 
possible, using CANOCO, to apply mathematical ‘transfor-
mations’ to the correspondence analysis values. A square-
root transformation, applied in one plot here, can help data 
to fit the assumptions of correspondence analysis better by 
reducing skew and ‘stabilising’ variance in the data (Bartlett 
1936; Greenacre 2009). Table 1 summarises the short names 
allotted to each taxon included in the correspondence analy-
ses, as displayed in the scatterplots.

Data in the correspondence analyses conducted here are 
additionally coded by seasonality. We here use correspon-
dence analysis to infer the season of sowing for crops based 
on associations with weeds whose ecological traits make 
them more likely to co-occur with spring or autumn-sown 
cereals (cf. McKerracher 2019, pp 96–127). Weed ecological 
traits which best reveal crop seasonality are timing of flow-
ering onset and flowering duration (Bogaard et al. 2001). 
Annual weed species whose germination and flowering 
time is late in the year or of long duration (setting seed after 
ploughing for spring sowing) are advantaged among spring 
sown crops. Species which germinate and flower early and 
for a short time flourish (being undisturbed) among autumn-
sown fields (Bogaard et al. 2001; McKerracher 2019, p 97).

Our assumption that weed species featured in the corre-
spondence analyses grew amongst the crops as genuine crop 
weeds is based on these surmises: firstly, featured samples 
were grain-rich and relatively-speaking weed-species poor. 
Secondly, these were recovered from in situ contexts (rich 
concentrations of charred grains surrounding malting kilns) 
not suggestive of secondary mixing. Finally, only weed spe-
cies occurring above a threshold frequency were incorpo-
rated into the analyses.

Samples with < 10 weed seeds were excluded, as were 
weed species occurring in fewer than 10% of samples. 
Weed taxa identified only to the family or genus level were 
also excluded. Eligible Sedgeford weed seeds included two 
perennials: Plantago lanceolata and Phleum pratense. Each 
of these regularly regenerates by seed (as well as through 
vegetative propagation) hence these were treated as annuals 
(cf. Bogaard et al. 2001). A total of 53 samples, and 12 weed 
species (in addition to the cereal taxa) were included in the 
analyses. The seasonality category assigned to each species 
is shown in Table 2.

Table 1  Annual weed species types based on flowering onset and dura-
tion, with associated crop sowing regime, (after Bogaard et al. 2001 
Table 3 and McKerracher 2019 Table 27)
Type Flowering 

onset
Flowering 
duration 
(months)

Competitive advan-
tage in…

Early/short Jan.–Jun. 1–3 Autumn-sown fields
Late Jul.–Dec. 1–5 Spring-sown fields
Long Jan.–Jun. > 5 Spring-sown fields
Intermediate Apr.–Jun. 4–5 Autumn and spring-

sown fields
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Results

Examination of the 55 malting complex samples revealed 
a cereal-rich assemblage, dominated (unusually for Anglo-
Saxon England) by rye grains (Secale cereale L.) (64%, 
n = 21,814), and secondarily bread wheat (Triticum aestivum 
L.) (28%, n = 9,518). Seven per cent (n = 2,363) of grains 
from the assemblage are hulled barley, likely 6-row (Hor-
deum vulgare ssp. vulgare) (Caroe 2022a). All three crops 
occur near ubiquitously in each sample. In total, 61,062 

plant items were identified, belonging to 99 taxa/types. 
Abundances and ubiquity of key taxa are summarised in 
Table 3.

The overall proportion of malting complex grains clearly 
showing signs of germination under standard light micros-
copy is 17% (n = 1,602 of 9,662 assessed); this increases to 
46% (n = 4,450 of 9,662) following proportional reassign-
ment of grains whose germination status cannot be deter-
mined (Caroe 2022a). Only one sample from the malting 
complex lacked germinated grains. A comparison by way of 
a ‘control’ with four similarly examined samples from the 
settlement part of the site, where malting is not believed to 
have been practiced, revealed that no grains from the settle-
ment show clear evidence for germination (44% had inde-
terminate germination status).

Functional weed ecology

Intensity of cultivation

Figure  3a displays the weed ecology intensity model 
(Bogaard et al. 2016). Each smaller symbol represents a 
single modern arable plot (from either Haute Provence or 
Asturias), coded according to the type of agricultural regime 
it represents and plotted along the discriminant function 
extracted to distinguish between the two groups of high- and 
low-intensity farming systems (centroids – average scores 
for each group – are shown). Discriminant function values 
are calculated using the functional weed trait values per ara-
ble plot, entered as discriminating variables in the model, as 
shown in Fig. 3e. Figure 3b plots the scores of the 26 Sedg-
eford units, along the same discriminant function. All units 
cluster at the negative end of the axis and each is classed by 
discriminant analysis as low intensity. These observations 
clearly attest that the agricultural regime(s) from which 
Sedgeford’s assemblage originates was one of low fertility, 
implying low labour inputs per unit area.

Figure 3c shows no apparent trend when the datapoints 
are coded by feature within the malting complex. Similarly, 
there does not seem to be any relationship between the date 
of the episodes and the discriminant function when data-
points are coded by approximate date range; in other words, 
there is no evidence for change in level of labour input over 
time (Fig. 3d).

Soil disturbance levels

Figure  4a displays the disturbance model (Bogaard et al. 
2022). Each smaller symbol represents a single modern 
arable plot (at either Laxton or Highgrove), coded accord-
ing to the type of agricultural regime it represents and plot-
ted along the discriminant function extracted to distinguish 

Table 2  Weed species from Sedgeford’s malting complex assemblage 
included in ‘seasonality’ correspondence analysis, with flowering 
onset/duration class, associated seasonality and short name used in 
scatterplots
Species Class Resultant 

seasonality
Short 
name

Agrostemma githago L. Early/short Autumn A_gith
Anthemis cotula L. Late Spring A_cot
Atriplex hastata L. / 
patula L. / prostrata 
Boucher ex. D.C.

Intermediate N/a Atri_p

Bromus arvensis L. / 
hordeaceus L. / secali-
nus L.

Early/short Autumn Bro

Chenopodium album L. Late Spring C_alb
Fallopia convolvulus 
(L.) Á.Löve

Late Spring F_conv

Phleum pratense L. Early/short Autumn P_prat
Plantago lanceolata L. Long Spring P_lanc
Raphanus raphanistrum 
L.

Intermediate N/a R_raph

Urtica urens L. Intermediate N/a U_uren
Vicia hirsuta L. (Gray) / 
tetrasperma L. (Schreb.)

Intermediate N/a V_h_l

Table 3  Summarising ubiquity and abundance of crop and weed 
remains in all 55 samples from the malting complex
Plant item Samples where 

present
Max. items 
per sample

Sum 
of 
itemsno. %

Cereal grains
Rye 55 100 1,391 21,814
Free-threshing wheat 55 100 997 9,518
Hulled barley 53 96.4 267 2,363
Oat 25 46 40 321
Chaff
Rye rachis 22 40 125 699
Bread wheat rachis 12 22 32 124
Hulled barley rachis 15 27 48 204
Weedy/wild oat floret 
base

2 3.6 8 12

Weedy/wild seeds
Weedy/wild taxa total 55 100 544 9,446
Brome grass 54 98 237 2,766
Corncockle 42 76.4 120 1,183
Black bindweed 36 65.5 480 1,791
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between high- and low-disturbance growing conditions 
(centroids are shown). Figure  4f displays the weed func-
tional trait data used as discriminating variables and their 
relationship to the discriminant function. Figure  4b clas-
sifies the Sedgeford data based on the above model (Fig. 
4a). Datapoints are clustered at the positive end of the axis, 
with discriminant analysis classifying all episodes as rela-
tively high disturbance. Almost 90% of discriminant scores 
generated by our disturbance discriminant analysis exceed 
the ‘Lorsch baseline’, i.e. the lowest level of disturbance 
expected with use of a mouldboard plough (Fig. 4b).

According to Fig. 4d, there is little indication of a rela-
tionship between disturbance and area of the malting com-
plex from which units derive. There is some suggestion 
(Fig. 4e) of a shift from a more to less soil-disturbed agri-
cultural regime over time at Sedgeford, but the number of 
later-dated units is minimal.

Stable isotope analysis

The δ13CVPBD and δ15NAIR values for each sample are pre-
sented in ESM 2. Associated %C, %N values and C:N ratios 
are also there detailed.

Carbon stable isotope values

Figure 5 displays δ13C values for all samples, grouped by 
cereal taxon. The mean δ13C value for Sedgeford’s (six-
row) barley of − 22.84 ± 1.11‰ is ~ 2‰ lower than that for 
both rye and wheat (Fig.  6; Table  4), a significant differ-
ence (F (2, 108) = 41.62, p = < 0.001) (ESM 1 Table S4). 
The expected − 2‰ offset in δ13C values for six-row barley 
if all taxa are cultivated in equal water conditions is thus 
observed. Adding 2‰ to the δ13C value for barley grains 
results in no significant difference between means (F (2, 
108) = 0.20, p = 0.82) (ESM 1 Table S4).

δ13C values for rye and wheat have similar ranges (3.97‰ 
and 3.47‰ respectively) (Fig. 5). Excluding one outlier (a 
grain from context 19061: value − 18.66‰), the range for 
barley is 3.02‰. Stroud’s (2023) research found that the 
δ13C value SD for single grains from one modern field was 
± 0.33‰, with a maximum range of 1.24‰: figures indicat-
ing expected variability in water availability within a single 
agricultural regime. SDs and ranges for all taxa exceed these 
thresholds, i.e. data are consistent with each crop deriving 
from a range of water availabilities (Figs. 5 and 6; Table 4). 
However, heterogeneity in other environmental conditions 
(e.g. soil type, canopy cover, light or topography) may also 
contribute to this variability.

Statistical comparison of crop means within each feature 
reveal, once 2‰ is added to δ13C values for barleys to com-
pensate for the physiological difference, no significant dis-
parities between taxa (ESM 1 Table S4). All SDs for grains 

Fig. 6  Mean δ13C values with associated SDs for all samples by cereal 
taxon. The mean for barley after compensating for expected 2‰ offset 
is shown

 

Fig. 5  δ13C values for all samples, grouped by cereal taxon and coded 
by feature within the malting complex
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of each cereal within each feature exceed the ± 0.33‰ 
threshold, i.e. variability in values for grains within each 
feature are consistent with cultivation in different water 
availability conditions (Nitsch et al. 2015; Stroud 2023).

No clear trends are apparent in the distribution of data-
points by feature within the malting complex (Fig. 5). This 
is also evident in Table 4 and Fig. 7, which show minimal 
difference in mean δ13C values between the features (where 
all taxa are combined), and this is confirmed statistically (F 
(3, 107) = 0.63, p = 0.60) (ESM 1 Table S5). After compen-
sating for the barley offset, SDs for each feature exceed the 
± 0.33‰ threshold, suggesting that grains between the fea-
tures were cultivated in varying water conditions.

Nitrogen stable isotope values

Figure 8 displays δ15N values for all samples, grouped by 
cereal taxon. The data exhibit considerable variability, with 

Table 4  Number of samples, and mean δ13C values with SD for each 
cereal taxon analysed across all features, for all grains within each fea-
ture, and for each taxon by feature within the malting complex
Feature Taxon Number of 

(single grain) 
samples

Mean 
(‰)

Stan-
dard 
devia-
tion (‰)

All Rye 39 − 21.03 1.00
Free threshing 
wheat

39 − 20.99 0.85

Barley 33 − 22.84 1.11
Kiln 1a All 23 − 21.07 0.69
Kiln 2 30 − 20.62 1.12
Kiln 3 29 − 21.08 1.04
Steeping 
tank

30 − 21.06 0.94

Kiln 1 Rye 9 − 20.92 0.82
Free threshing 
wheat

9 − 20.94 0.52

Barley 5 − 23.56 0.56
Kiln 2 Rye 10 − 20.93 1.01

Free threshing 
wheat

10 − 20.56 0.84

Barley 10 − 22.38 1.47
Kiln 3 Rye 10 − 20.97 1.23

Free threshing 
wheat

10 − 21.24 0.94

Barley 9 − 23.03 1.02
Steeping 
tank

Rye 10 − 21.19 1.03
Free threshing 
wheat

10 − 21.12 0.96

Barley 9 − 22.84 0.88
a Considering the barley offset, single-grain samples from kiln 1, with 
only five barley grains, might be expected to have a lower mean δ13C 
value. However, ANOVA reveals no significant difference between 
mean δ13C values for each feature either with or without compensa-
tion for the barley offset. Mean values given here are those without 
compensation for an offset

Fig. 8  δ15N values for all samples, grouped by cereal taxon and coded 
by feature within the malting complex. The mean δ15N value for deer, 
minus 4‰ for the trophic shift (i.e. the wild herbivore baseline) is 
shown as a dashed line, with the expected grain/rachis offset shaded

 

Fig. 7  Mean δ13C values with associated SDs for all samples by feature 
within the malting complex. SDs are calculated after compensating 
2‰ for the barley offset
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δ15N values between 0.06 and 12.66‰; SDs are ± 2.46‰ 
(rye), ± 1.79‰ (wheat), and ± 2.07‰ (barley).

Heterogeneity in manuring conditions can exist within 
a single field. However, modern crop studies using single 
grain samples suggest, for grains from a single arable exper-
imental plot receiving ~ 25 tonnes of manure per hectare, a 
maximum expected range in δ15N of ~ 5.40‰, and maxi-
mum SD ~ ± 1.64‰ (Larsson et al. 2019). A comparable, 
unmanured plot had a maximum range of ~ 2.10‰, and 
maximum SD of ~ ± 0.56‰ (Larsson et al. 2019). These 
figures indicate the maximum expected variability within a 
single manuring regime. The implication is that each Sedg-
eford cereal taxon was cultivated under variable conditions 
in terms of manuring levels and/or in other environmental 
factors e.g. soil type, soil moisture level, or water table 
depth (cf. Hamerow et al. 2025, p 129). Most Sedgeford 
samples have low δ15N values compared to the calculated 
wild herbivore baseline (Fig.  8). 65% have values below 
the herbivore baseline. The low water content (21.07%) of 
Sedgeford’s free-draining soils (Sourced from the UK Soil 
Observatory CS Topsoil-Soil moisture map, ​h​t​t​​p​s​:​/​​/​m​a​​p​a​p​​p​
s​2​.​b​g​s​.​a​c​.​u​k​/​u​k​s​o​/​h​o​m​e​.​h​t​m​l​​​​​. Accessed 3 April 2025) may 
influence δ15N values; heavy, water-retaining soils are asso-
ciated with increased δ15N values, likely due to the activity 
of denitrifying bacteria under anaerobic conditions (Ham-
erow et al. 2025, p 91). Figures 8 and 9 shows broad over-
lap in δ15N values for all taxa. Inter-crop differences are not 
statistically significant (F (2, 108) = 2.43, p = 0.09) (ESM 1 
Table S6). Means for both rye and free-threshing wheat are 
both less than the wild herbivore baseline, with barley only 
slightly above (Fig.  9; Table  5). The averaged (‘bulked’) 
single grain values in Fig. 9 may viably be compared with 
Bogaard et al.’s (2013) manuring bands for expected δ15N 
values based on bulk samples of modern grains from plants 
experimentally cultivated in differing manuring regimes. 
Figure 9 shows that the wild herbivore baseline calculated 
for Sedgeford falls in the middle of the ‘medium’ manuring 
band as calculated by Bogaard et al.: clearly, these bands 
assume a different (lower) baseline value, and hence some 
caution is required in their interpretation with reference to 
Sedgeford data. Mean values for each Sedgeford crop taxon 
fall within the lower part of the ‘medium’ Bogaard et al. 
manuring band (2013, Fig. 1).

Statistical comparison of mean δ15N values for crop taxa 
within each feature also suggests no significant differences 
(ESM 1 Table S6). Table 5 shows SDs for each taxon within 
each feature. Most sets of grain taxa within each feature 
(8/12) have a SD > ± 1.64‰ (Larsson et al.’s (2019) thresh-
old for heavily manured fields), suggesting origins in more 
than one condition of manuring.

Significantly, SDs for each grain taxon within each fea-
ture (the mean for these being ± 1.96‰, n = 12) suggest 

Table 5  Number of samples, and mean δ15N values with associated 
SD, for each cereal taxon across all features, for all grains within each 
feature, and for each taxon by feature within the malting complex
Feature Taxon Number of 

(single grain) 
samples

Mean 
δ15N 
(‰)

Stan-
dard 
devia-
tion (‰)

All Rye 39 4.06 2.46
Free threshing 
wheat

39 3.34 1.79

Barley 33 4.41 2.07
Kiln 1 All 23 3.09 1.78
Kiln 2 30 4.16 2.08
Kiln 3 29 4.59 2.13
Steeping tank 29 3.63 2.35
Kiln 1 Rye 9 2.96 1.53

Free threshing 
wheat

9 2.80 1.72

Barley 5 3.84 2.41
Kiln 2 Rye 10 3.84 1.23

Free threshing 
wheat

10 4.08 1.76

Barley 10 4.56 3.01
Kiln 3 Rye 10 5.01 2.94

Free threshing 
wheat

10 3.58 1.45

Barley 9 5.23 1.36
Steeping tank Rye 10 4.32 3.30

Free threshing 
wheat

10 2.83 1.97

Barley 9 3.75 0.82

Fig. 9  Mean δ15N values with associated SD for all samples by cereal 
taxon Bogaard et al. (2013) manuring bands (dotted lines) and the wild 
herbivore baseline (dashed) with grain/rachis offset shaded, are shown

 

https://mapapps2.bgs.ac.uk/ukso/home.html
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almost as much variability in grain δ15N values as equiva-
lent SDs for each crop across all features (mean for these 
SDs being ± 2.10‰, n = 3) (Table 5). The likely chronologi-
cal separation of kiln 3 (later) from kilns 1 and 2 has been 
observed. Grains from different features were probably dis-
tinct not only in date but also in field-of-origin. Evidence for 
comparable variability within and between features implies 
significant heterogeneity in cultivation conditions within 
each field supplying the malting complex.

No trends are evident in the distribution of samples 
by feature type (Fig. 8). Differences in mean δ15N values 
between the features are not significant (F (3, 107) = 2.47, 
p = 0.07) (Fig. 10; Table 5; ESM 1 Table S7). SDs for sam-
ples (of all taxa) grouped by feature all exceed the ± 1.64‰ 
upper limit for grains from a single source (Table 5), imply-
ing grains recovered across features grew in more than one 
manuring condition.2021

One might imagine, being close to the coast, that seaweed 
(macroalgae) or fish remains were used to fertilise crops 
malted at Sedgeford. This is unlikely. Modern research 
(Gröcke et al 2021) suggests use of both seaweed and fish 
remains as fertiliser i.e. ‘marine biofertilisation’ cause ele-
vated nitrogen stable isotopic values in soils and associated 
crop plants. The low stable nitrogen isotope values at Sedg-
eford suggest marine biofertilisation was not in use. 

Comparing carbon and nitrogen stable isotope values

Figure 11 displays δ15N values plotted against δ13C values 
for all grains, coded by taxon and area of the malting com-
plex. Datapoints of each type show considerable overlap 
and there is no significant relationship between δ15N and 
δ13C values (Pearson’s product-moment correlation co-effi-
cient = 0.15, p-value = 0.12).

Five clear outlier datapoints (representing different taxa 
and malting complex features) have elevated values for both 
δ13C (>–21‰) and δ15N (> 7‰), seemingly attributable 
neither to measurement or machine error, nor to post-dep-
ositional contamination. These may relate to salinity (Sedg-
eford approximating the coastal zone); research suggests 
that salinity may elevate both plant δ15N and δ13C values 
(Heaton 1987; van Groenigen and van Kessel 2002; Yousfi 
et al. 2010; Hussain and Al-Dakheel 2018). Elevated δ13C 
values in saline environments likely relate to partial stoma-
tal closure in plants under salt stress, whilst elevated δ15N 
may be due to raised pH acting to increase discriminating 
volatisation of lighter N14 isotopes in soil (van Groenigen 
and van Kessel 2002).

Fig. 11  δ15N values plotted against 
δ13C values for all samples, coded 
by cereal taxon and feature within 
the malting complex. The wild 
herbivore baseline is shown as a 
dashed line and expected grain/
rachis offset shaded

 

Fig. 10  Mean δ15N values with associated SD for all samples by fea-
ture within the malting complex. Manuring bands (dotted lines) and 
the wild herbivore baseline (dashed line) are shown, with the grain/
rachis offset shaded
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It has been argued (e.g. Caroe 2022b, p 340; Faulkner 
2022) that Sedgeford is an example of an early medieval 
ecclesiastical or lordly estate centre. Supportive evidence 
for Sedgeford’s representing an estate centre under eccle-
siastical control includes the recovery of two metal writ-
ing styli from the cemetery part of the site (Jolleys et al. 
2019, p 76). Styli at other early medieval sites, including 
Flixborough, have been associated with elite ecclesiastical 
oversight, although this is somewhat contentious (Loveluck 
2001). Were this the case, it is to be expected that the site 
would receive imported crops cultivated on an agricultural 
‘hinterland’, extending some distance away, for processing 
in the malting complex: an alternative possible explanation 
for outlier δ13C and δ15N values.

Seasonality

‘Seasonality’ scatterplots – the output of correspon-
dence analysis – are displayed in Figs. 12 and 13. In each 
case, weed species are coded by sowing time association 
(Table 2). Figure 13 shows the same data following square 
root transformation. Seven weed species (out of 11 eligible) 
from the assemblage are clearly associated with a sowing 
season (i.e. are either autumn or spring-germinating).

All three autumn-germinating weed taxa strongly clus-
ter together towards the negative (left) end of the x-axis 
together with rye. In Fig. 13, this cluster also includes bar-
ley. Wheat occurs at the positive (right) end of the x-axis, 
the only nearby seasonality-associated weed being (spring-
germinating) Fallopia convolvulus. Oat also falls towards 
the positive end of the x-axis. Of the most abundant weed 

species in the assemblage (Table 3), two are clearly asso-
ciated with a particular crop taxon: spring-germinating 
Fallopia convolvulus with wheat and autumn-germinating 
Agrostemma githago with rye.

Occurrence in both plots of (spring-germinating) Plan-
tago lanceolata, Anthemis cotula and Chenopodium album 
in a cluster with autumn-sown rye and all three autumn-
associated species at the negative end of the x-axis likely 
reflects the recognised capacity for spring-germinating 
species to persist among autumn-sown crops (Bogaard et 
al. 2001). Some mixing is expected among autumn-sown 
crops since autumn ploughing advantages autumn-germi-
nating weeds but does not exclude spring-germinating taxa 

Fig. 13  Correspondence analysis as in Fig. 12, with square root trans-
formation applied to data

 

Fig. 12  Correspondence analysis plot showing cereal taxa and weed 
species distributed according to associations in samples from the 
assemblage. Weeds are coded according to seasonality class
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(by contrast, spring sowing destroys autumn-germinating 
weeds). This means that autumn-germinating weeds are a 
stronger indicator of autumn sowing than spring-germinat-
ing are of spring sowing.

To summarise, the correspondence analysis scatterplots 
are compatible with consistent and complementary sowing 
seasons for different cereals and by implication, crop rota-
tion. The implication is that rye was an autumn-sown crop, 
with barley perhaps also autumn-sown. Wheat and oat were 
probably spring-sown. Given that rye dominates the assem-
blage, it is not surprising that, of the four cereals, rye shows 
the clearest seasonality pattern.

Discussion

The ‘mouldboard plough package’ at Sedgeford?

Results presented above are here synthesised and contex-
tualised as part of the story of agriculture in 8th and 9th c. 
ad England. We consider each element of the mouldboard 
plough package in turn.

Extensification

As noted above, across England and beyond, there was a 
marked tendency in the 7th to 9th c. ad for farmers to expand 
cereal production. The FWE ‘intensity’ model reveals that 
crops from the Sedgeford malting complex were cultivated 
extensively. This accords with evidence from isotopic analy-
sis for low δ15N values, indicating crops were grown in low 
manuring regimes. As noted above, both the wild herbivore 
baseline and Bogaard et al. (2013) manuring ‘bands’ used 
here as reference points to assess the level of soil manuring 
indicated by results from stable nitrogen isotope analyses 
must, for differing reasons, be treated with some caution. 
However, the low soil fertility indicated by the evidence 
from FWE supports our conclusion that Sedgeford’s was a 
low manuring regime.

Mouldboard plough

The disturbance discriminant analysis suggests high levels 
of disturbance at Sedgeford, consistent with use of a mould-
board plough (Hamerow et al. 2020; Bogaard et al. 2022). 
Mouldboard ploughing of the soil around Sedgeford (bring-
ing nutrients for plant growth to the surface) may have been 
a strategy used by local farmers to compensate for the soil’s 
low fertility. Faulkner (2022) presents additional evidence 
for mouldboard plough use at Sedgeford, including plough 
marks on malting complex features. By the ad 1086 Domes-
day survey, the settlement at Sedgeford is associated with 

five plough teams (Faulkner 2022). Evidence for high lev-
els of disturbance, consistent with mouldboard plough use, 
at 8th and 9th c. ad Sedgeford reflects a trend revealed at 
several early medieval sites, including Stafford (West Mid-
lands) and Lyminge (Kent) (Bogaard et al. 2022).

Crop rotation

Evidence in an archaeobotanical assemblage for different 
crops being cultivated in similar environmental conditions 
is consistent with crop rotation (Hamerow et al. 2025, pp 
104–138). Hamerow et al. (2025, pp 106–108) have out-
lined a set of criteria for distinguishing between samples 
comprising crops cultivated separately (as a single, unmixed 
crop without rotation), together as a mixed crop (such as a 
maslin) without rotation, or in (two or three-course) rota-
tion, respectively (Table 6). We address these in turn.

First, results reveal that malting complex crops have 
compatible carbon and nitrogen stable isotope values (i.e. 

Table 6  (a) Criteria for determining whether remains of different crops 
in archaeobotanical samples were cultivated as a mixed crop, in rota-
tion or separately, after Hamerow et al. (2025 Table 4.1 p.107); (b) An 
assessment of how crops in samples from the Sedgeford assemblage 
meet these criteria
Category Mixed crop 2-course 

rotation
3-course 
rotation

Separate 
cultivation

(a)
Crop 
carbon and 
nitrogen 
stable 
isotope 
values

Compatible Compatible Compatible Incompat-
ible

Distur-
bance 
levels

Unclear High High Unclear

Crop sow-
ing times

Compatible Compat-
ible or 
contrasting

Contrasting Compat-
ible or 
contrasting

Cereal 
composi-
tion

Mixed Mixed or 
pure

Mixed or 
pure

Pure

(b)
Crop 
carbon and 
nitrogen 
stable 
isotope 
values

✓ ✓ ✓ ×

Distur-
bance 
levels

? ✓ ✓ ?

Crop sow-
ing times

× ✓ ✓ ✓

Cereal 
composi-
tion

✓ ✓ ✓ ×
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similar mean values for carbon, and for nitrogen, respec-
tively, both within and across all features). This is consistent 
with mixed cropping, two-course or three-course crop rota-
tion but excludes separate cultivation. Secondly, disturbance 
levels for Sedgeford’s crops are high; two- or three-course 
rotation is particularly associated with high disturbance. 
Evidence for crop sowing times as revealed through cor-
respondence analysis suggests autumn or spring sowing of 
particular crops, consistent with crop rotation. Finally, crop 
deposits from across the malting complex are consistently 
mixed. It is possible that grains of different crops were 
mixed post-harvest, purposely for malting. This would not 
affect our conclusions concerning the cultivation of crops 
recovered at Sedgeford either separately, as a mixed crop 
or in rotation (Table  6b). In sum: the Sedgeford material 
is consistent with a dominant farming regime in fields sup-
plying the malting complex of two- or three-course crop 
rotation, but not with mixed cropping or separate crop cul-
tivation. Clear associations of particular weed seeds with 
certain cereal taxa in the assemblage (Fallopia convolvu-
lus with wheat, and Agrostemma githago with rye) are also 
both consistent with crop rotation and inconsistent with the 
‘maslin hypothesis’ (mixed cropping).

Variability in δ15N values implies that grains were cul-
tivated in heterogeneous conditions – in several fields, a 
single field in successive seasons or a single field with het-
erogenous conditions. One type of crop husbandry system 
involving ‘single fields with heterogenous conditions’ in 
use at Sedgeford could have been open field farming, with 
crops cultivated in ‘strips’ (selions) differentially manured 
by different farmers, and using a system of crop rotation. 
However, evidence for ‘classic’ open field farming systems 
generally post-dates the 7th to 9th c. ad, and systems are 
concentrated in England’s ‘Central Province’. Classic open 
field farming is thus an unlikely explanation for isotopic 
trends at 8th and 9th c. ad, East Anglian, Sedgeford (Thirsk 
1964, p 23; Hall 2014, pp 2–3; Williamson 2022).

If systematic crop rotation (though likely not an ‘open 
field’ system) were occurring at 8th and 9th c. ad Sedgeford, 
this would be remarkably early, though perhaps not unprec-
edented. There is suggestion of patterning in crop sowing 
times in correspondence analyses for the assemblage from 
West Fen Road, Ely (Cambs), dated ca. ad 720–1220, 
whilst isotopic results from Mildenhall (Suffolk) and Hol-
mer (Herefordshire), both dated ca. ad 770–880, are com-
patible with systematic rotation (Hamerow et al. 2025, pp 
118–119, 131).

Sedgeford’s place in the long agricultural 
‘revolution’

Archaeologists and historians have long been eager to 
identify ‘revolutionary’ change within their own period of 
interest (Williamson 2022). FeedSax research suggests that, 
while the 7th to 9th c. ad saw significant innovations, no 
single period in medieval England witnessed ‘revolution-
ary’ agricultural transformation (Hamerow 2022): if the 
medieval era saw a revolution in English agriculture, it was 
a ‘long’ one (Hamerow et al. 2025). Not until the 10th to 
11th c. ad is there persuasive evidence for widespread sys-
tematic crop rotation and mouldboard plough use, although 
these are earlier evidenced at some sites from the 8th c. ad 
onwards (Hamerow 2022).

The FeedSax three-fold ‘mouldboard plough package’ 
is a helpful framework for considering changes, or lack 
thereof, in medieval agriculture (McKerracher and Ham-
erow 2022). We have found at least tentative evidence in 
the malting complex assemblage for each element of this 
‘package’ in fields supplying 8th and 9th c. ad Sedgeford.

The presence of a multi-kiln malting complex at Sedge-
ford is part of the emerging picture of renewed construction 
of specialised grain processing (e.g. watermills, corn-dryers 
and malting kilns) and storage features from the 7th to 9th c. 
ad in England, for the first time since the Romano–British 
era (Hamerow 2012, pp 151–152). Further, the richness of 
crop remains from the malting complex is consistent with a 
quantitative trend to sites with rich crop assemblages from 
the 7th c. (McKerracher 2016, 2018, 2019). Each trend 
implies increased arable production.

The assemblage moreover exhibits crop diversifica-
tion; this goes hand in hand with growth in arable sur-
pluses through careful matching of crop choices to local 
environmental conditions (McKerracher 2018, p 120). The 
unusual abundance of rye in the malting complex suggests 
such ‘careful matching’: rye was generally a minor crop 
in Anglo-Saxon England (Hagen 2006, p 38; Comeau and 
Burrow 2021), but there are indications of geographic foci 
for rye cultivation in parts of East Anglia in the 7th to 9th 
c. ad in regions of well-drained soils, to which rye is well 
adapted (Murphy 1985; Rippon et al. 2015, p 172; McKer-
racher 2018, p 105). For other potential factors influencing 
the selection of rye as the malting complex’s major crop, 
see Caroe (2022a). Our research suggests that, if an ‘agri-
cultural revolution’ can in any way be claimed to have taken 
place from the 7th c. ad in England, Sedgeford was a part 
of it.



1 3

Vegetation History and Archaeobotany

Conclusions

Beer to drink was just as important as bread to eat, both 
practically and symbolically, for the peoples of 7th to 9th 
c. ad England. Yet corresponding archaeobotanical evi-
dence has been, to date, conspicuously lacking – hence the 
particular significance of an assemblage from the earliest 
unambiguous multi-feature Anglo-Saxon malting complex, 
revealed at Sedgeford. Archaeobotanical research, uncover-
ing an abundance of germinated grains (a sign of malting), 
was the key ‘missing piece’, alongside structural evidence, 
underpinning the designation of Sedgeford’s trench 23 as an 
8th and 9th c. ad malting complex.

FWE methods, stable isotopic analyses and weed sea-
sonality analyses have revealed evidence for all three com-
ponents of the so-called ‘mouldboard plough package’ 
– extensification of cultivation, use of a mouldboard plough, 
and perhaps, early crop rotation – in the fields that supplied 
Sedgeford’s malting complex. Additional characteristics of 
the malting complex assemblage exemplify other trends 
associated with the period. These include its sheer richness 
– evidencing local specialisation (in grain processing for 
beer-production), and also a diverse crop spectrum – domi-
nated by rye, a minor crop in Anglo-Saxon England but well 
adapted to local environmental conditions. This was a time 
when farmers were ‘digging themselves in as never before’ 
(McKerracher 2018, p 118) – investing in their connection 
with the land – to both feed and slake the thirst of a people 
who esteemed the ploughman as one giving ‘drink as well as 
bread’ (Ælfric’s Colloquy, Garmonsway 1991, p 40, l.226).

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​3​3​4​-​0​
2​6​-​0​1​0​9​1​-​w​​​​​.​​

Funding  Radiocarbon dating of samples from Sedgeford was paid for 
by the FeedSax project, itself funded by the European Research Coun-
cil (AdG741751).
The authors have no competing interests to declare that are relevant to 
the content of this article.

Declarations
The research presented here was conducted as part of Hannah Caroe’s 
doctoral studies at the School of Archaeology, University of Oxford, 
co-supervised by Amy Bogaard and Michael Charles. Hannah Caroe 
and Amy Bogaard contributed to the study conception and design. Ma-
terial preparation, data collection and analysis were performed by all 
authors. The first draft of the manuscript was written by Hannah Caroe 
and all authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 

article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

Anyia AO, Slaski JJ, Nyachiro JM, Archambault DJ, Juskiw P (2007) 
Relationship of carbon isotope discrimination to water use effi-
ciency and productivity of barley under field and greenhouse con-
ditions. J Agron Crop Sci 193:313–323. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​.​
1​4​3​9​-​0​3​7​X​.​2​0​0​7​.​0​0​2​7​4​.​x​​​​​​​

Bartlett MS (1936) The square root transformation in analysis of vari-
ance. J R Stat Soc Ser B Stat Methodol 3:68–78. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​2​3​0​7​/​2​9​8​3​6​7​8​​​​​​​

Bogaard A (2004) Neolithic farming in central Europe: an archaeo-
botanical study of crop husbandry practices. Routledge, London

Bogaard A, Fraser R, Heaton T et al (2013) Crop manuring and inten-
sive land management by Europe’s first farmers. Proc Natl Acad 
Sci USA 110:12589–12594. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​7​3​/​p​n​a​s​.​1​3​0​5​9​1​
8​1​1​0​​​​​​​

Bogaard A, Heaton THE, Poulton P, Merbach I (2007) The impact 
of manuring on nitrogen isotope ratios in cereals: archaeologi-
cal implications for reconstruction of diet and crop management 
practices. J Archaeol Sci 34:335–343. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​
a​s​.​2​0​0​6​.​0​4​.​0​0​9​​​​​​​

Bogaard A, Hodgson J, Kropp C, McKerracher M, Stroud E (2022) 
Lessons from Laxton, Highgrove and Lorsch: Building arable 
weed-based models for the investigation of early medieval agri-
culture in England. In: McKerracher M, Hamerow H (eds) New 
perspectives on the medieval ‘agricultural revolution’: crop, 
stock and furrow. Liverpool University, Liverpool, pp 25–40

Bogaard A, Hodgson J, Nitsch E et al (2016) Combining functional 
weed ecology and crop stable isotope ratios to identify cultivation 
intensity: a comparison of cereal production regimes in Haute 
Provence, France and Asturias, Spain. Veget Hist Archaeobot 
25:57–73. https:/​/doi.or​g/10.10​07/s0​0334-015-0524-0

Bogaard A, Jones G, Charles M, Hodgson JG (2001) On the archaeo-
botanical inference of crop sowing time using the FIBS method. 
J Archaeol Sci 28:1171–1183. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​6​/​j​a​s​c​.​2​0​0​0​
.​0​6​2​1​​​​​​​

Bol R, Eriksen J, Smith P et al (2005) The natural abundance of 13C, 
15N, 34S and 14C in archived (1923–2000) plant and soil samples 
from the Askov long-term experiments on animal manure and 
mineral fertilizer. Rapid Commun Mass Spectrom 19:3216–3226. 
https:/​/doi.or​g/10.10​02/rc​m.2156

Cappers RTJ, Bekker RM, Jans JEA (2013) Digital seed atlas of the 
Netherlands, 2nd edn. Barkhuis Publishing, Eelde & Groningen 
University Library, Groningen

Caroe H (2022a) Malting, brewing and beer in Anglo-Saxon England. 
Mid Saxon Sedgeford: a case study. In: McKerracher M, Ham-
erow H (eds) New perspectives on the medieval ‘agricultural rev-
olution’: crop, stock and furrow. Liverpool University, Liverpool, 
pp 179–198

Caroe H (2022b) ‘For a quart of ale is a dish for a king’? Malting, 
brewing and beer in the Mid Anglo-Saxon period: a case study of 
Sedgeford. Doctoral thesis, University of Oxford, Oxford

Carruthers WJ, Hunter Dowse KL (2019) A review of macroscopic 
plant remains from the midland counties: discovery, innovation 
and science in the historic environment. Research Report Series 
47/2019. Historic England, London

https://doi.org/10.1007/s00334-026-01091-w
https://doi.org/10.1007/s00334-026-01091-w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1439-037X.2007.00274.x
https://doi.org/10.1111/j.1439-037X.2007.00274.x
https://doi.org/10.2307/2983678
https://doi.org/10.2307/2983678
https://doi.org/10.1073/pnas.1305918110
https://doi.org/10.1073/pnas.1305918110
https://doi.org/10.1016/j.jas.2006.04.009
https://doi.org/10.1016/j.jas.2006.04.009
https://doi.org/10.1007/s00334-015-0524-0
https://doi.org/10.1006/jasc.2000.0621
https://doi.org/10.1006/jasc.2000.0621
https://doi.org/10.1002/rcm.2156


1 3

Vegetation History and Archaeobotany

Charles M, Bogaard A, Jones G, Hodgson J, Halstead P (2002) Towards 
the archaeobotanical identification of intensive cereal cultivation: 
present-day ecological investigation in the mountains of Asturias, 
northwest Spain. Veget Hist Archaeobot 11:133–142. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​
o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​3​3​4​0​2​0​0​0​1​5​​​​​​​

Charles M, Jones G, Hodgson JG (1997) FIBS in archaeobotany: func-
tional interpretation of weed floras in relation to husbandry prac-
tices. J Archaeol Sci 24:1151–1161. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​6​/​j​a​s​c​.​
1​9​9​7​.​0​1​9​4​​​​​​​

Chatwin CP (1961) British regional geology: East Anglia and adjoin-
ing areas. Her Majesty’s Stationery Office (HMSO), London

Comeau R, Burrow S (2021) Corn-drying kilns in Wales: a review of 
the evidence. Arch Camb 170:111–149

Crane P, Murphy K (2010) An early medieval settlement, iron smelting 
and crop processing at South Hook, Herbranston, Pembrokeshire, 
2004–05. Arch Camb 159:117–196

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope dis-
crimination and photosynthesis. Annu Rev Plant Physiol Plant 
Mol Biol 40:503–537. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​v​.​p​p​.​4​0​.​0​6​
0​1​8​9​.​0​0​2​4​4​3​​​​​​​

Faulkner N (2022) An agro-social revolution in a Mid Saxon village: 
making sense of the Sedgeford excavations. In: McKerracher M, 
Hamerow H (eds) New perspectives on the medieval ‘agricultural 
revolution’: crop, stock and furrow. Liverpool University, Liver-
pool, pp 161–178

Faulkner N, Blakelock E (2020) The excavation of a Mid Anglo-Saxon 
malthouse at Sedgeford, Norfolk: an interim report. In: Hamerow 
H (ed) Anglo-Saxon Studies in Archaeology and History 22. 
Archaeo, Oxford, pp 68–95

Finberg HPR (1972) The early charters of the West Midlands. Leices-
ter University, Leicester

Fraser RA, Bogaard A, Heaton THE et al (2011) Manuring and sta-
ble nitrogen isotope ratios in cereals and pulses: towards a new 
archaeobotanical approach to the inference of land use and dietary 
practices. J Archaeol Sci 38:2:790–2804. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​
/​j​.​j​a​s​.​2​0​1​1​.​0​6​.​0​2​4​​​​​​​

French DH (1971) An experiment in water-sieving. Anatol Stud 
21:59–64

Garmonsway GN (1991) Ælfric’s Colloquy, Rev edn. University of 
Exeter, Exeter

Gröcke DR, Treasure ER, Lester JJ, Gron KJ, Church MJ (2021) 
Effects of marine biofertilisation on Celtic bean carbon, nitrogen 
and sulphur isotopes: Implications for reconstructing past diet 
and farming practices. Rapid Commun Mass Spectrom 35:e8985. 
https:/​/doi.or​g/10.10​02/rc​m.8985

Greenacre M (2009) Power transformations in correspondence analy-
sis. Comput Stat Data Anal 53:8:3107–3116. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​1​6​/​j​.​c​s​d​a​.​2​0​0​8​.​0​9​.​0​0​1​​​​​. 3,107–3,116

Hagen A (2006) Anglo-Saxon food and drink: production, processing, 
distribution and consumption. Anglo-Saxon Books, Hockwold 
cum Wilton, Norfolk

Hall D (2014) The open fields of England. Oxford University Press, 
Oxford

Hamerow H (2007) Agrarian production and the emporia of mid 
Saxon England, ca. AD 650–850. In: Henning J (ed) Post-Roman 
towns, trade and settlement in Europe and Byzantium, Vol 1: The 
heirs of the Roman West. Walter de Gruyter, Berlin, pp 219–232

Hamerow H (2012) Rural settlements and society in Anglo-Saxon 
England. Oxford University Press, Oxford

Hamerow H (2022) The ‘FeedSax’ Project: rural settlements and farm-
ing in Early Medieval England. In: McKerracher M, Hamerow H 
(eds) New perspectives on the medieval ‘agricultural revolution’: 
crop, stock and furrow. Liverpool University, Liverpool, pp 3–24

Hamerow H, Bogaard A, Charles M et al (2019) Feeding Anglo-Saxon 
England: the bioarchaeology of an agricultural revolution. Antiq-
uity 93:e12. https:/​/doi.or​g/10.15​184/a​qy.2019.27

Hamerow H, Bogaard A, Charles M et al (2020) An integrated bio-
archaeological approach to the medieval ‘Agricultural Revolu-
tion’: a case study of Stafford, England, c. AD 800–1200. Eur J 
Archaeol 23:585–609. https:/​/doi.or​g/10.10​17/ea​a.2020.6

Hamerow H, Bogaard A, Charles M et al (2025) Feeding medieval 
England: a long ‘Agricultural Revolution’ 700–1300 AD Oxford 
University Press, Oxford

Hardy A, Charles BM, Williams RJ (2007) Death and taxes: the 
archaeology of a Middle Saxon estate centre at Higham Ferrers, 
Northamptonshire. Oxford Archaeology, Oxford

Heaton THE (1987) The 15N/14N ratios of plants in South Africa and 
Namibia: relationship to climate and coastal/saline environments. 
Oecologia 74:236–246. https:/​/doi.or​g/10.10​07/BF​00379365

Heaton THE (1999) Spatial, Species, and Temporal Variations in 
the13C/12C Ratios of C3Plants: Implications for Palaeodiet Stud-
ies. J Archaeol Sci 26:637–649. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​6​/​j​a​s​c​.​1​9​9​
8​.​0​3​8​1​​​​​​​

Hedges REM, Reynard LM (2007) Nitrogen isotopes and the trophic 
level of humans in archaeology. J Archaeol Sci 1:240–1251. 
https:/​/doi.or​g/10.10​16/j.​jas.2006.10.015. 1,240–1,251

Hoefs J (2018) Stable Isotope Geochemistry. Springer, Cham
Holmes M (2022) Innovation, technology and social change: The 

adoption of the mouldboard plough and its impact on human–ani-
mal relationships. In: McKerracher M, Hamerow H (eds) New 
perspectives on the medieval ‘agricultural revolution’: crop, 
stock and furrow. Liverpool University, Liverpool, pp 87–110

Hussain MI, Al-Dakheel AJ (2018) Effect of salinity stress on phe-
notypic plasticity, yield stability, and signature of stable isotopes 
of carbon and nitrogen in safflower. Environ Sci Pollut Res 
25:23:685–23694. https:/​/doi.or​g/10.10​07/s1​1356-018-2442-z

Jacomet S (2006) Identification of cereal remains from archaeological 
sites, 2nd edn. Archaeobotany Lab, IPAS, Basel University, Basel

Jolleys J, Richardson E, Rossin G (eds) (2019) SHARP Interim Report: 
Seasons 2014 to 2018. Unpublished report

Jones GEM (1991) Numerical analysis in archaeobotany. In: van Zeist 
W, Wasylikowa K, Behre K-E (eds) Progress in Old World Pal-
aeoethnobotany. Balkema, Rotterdam, pp 63–80

Jones GEM (2002) Weed ecology as a method for the archaeobo-
tanical recognition of crop husbandry practices. Acta Palaeobot 
42:185–193

Jones MK (1991) Sampling in palaeoethnobotany. In: van Zeist W, 
Wasylikowa K, Behre K-E (eds) Progress in Old World Palaeo-
ethnobotany. Balkema, Rotterdam, pp 53–62

Knowles D (1963) The monastic order in England: a history of its 
development from the times of St. Dunstan to the Fourth Lateran 
Council. Cambridge University Press, Cambridge, pp 940–1216

Kropp C (2022) Cattle and tillage in early medieval Europe: first 
results from the Lauresham Laboratory for Experimental Archae-
ology, Germany. In: McKerracher M, Hamerow H (eds) new per-
spectives on the medieval ‘agricultural revolution’: crop, stock 
and furrow. Liverpool University, Liverpool, pp 111–124

Larsson M, Bergman J, Lagerås P (2019) Manuring practices in the 
first millennium AD in southern Sweden inferred from isotopic 
analysis of crop remains. PLoS ONE 14:e0215578. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​p​o​n​e​.​0​2​1​5​5​7​8​​​​​​​

Leggett S (2021) ‘Tell me what you eat, and I will tell you who you 
are’: A Multi-Tissue and Multi-Scalar Isotopic Study of Diet and 
Mobility in Early Medieval England and its European Neigh-
bours. Doctoral thesis, University of Cambridge, Cambridge

Lodwick L (2017) Arable farming, plant foods and resources. In: Allen 
M, Lodwick L, Brindle T, Fulford M, Smith A (eds) The rural 
economy of Roman Britain. Britannia Monograph Series 30. 
Society for the Promotion of Roman Studies, London, pp 11–84

Lodwick L (2022) The precursor to the revolution? Current under-
standings of the agrarian economy of Roman Britain. In: McKer-
racher M, Hamerow H (eds) new perspectives on the medieval 

https://doi.org/10.1007/s003340200015
https://doi.org/10.1007/s003340200015
https://doi.org/10.1006/jasc.1997.0194
https://doi.org/10.1006/jasc.1997.0194
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1016/j.jas.2011.06.024
https://doi.org/10.1016/j.jas.2011.06.024
https://doi.org/10.1002/rcm.8985
https://doi.org/10.1016/j.csda.2008.09.001
https://doi.org/10.1016/j.csda.2008.09.001
https://doi.org/10.15184/aqy.2019.27
https://doi.org/10.1017/eaa.2020.6
https://doi.org/10.1007/BF00379365
https://doi.org/10.1006/jasc.1998.0381
https://doi.org/10.1006/jasc.1998.0381
https://doi.org/10.1016/j.jas.2006.10.015
https://doi.org/10.1007/s11356-018-2442-z
https://doi.org/10.1371/journal.pone.0215578
https://doi.org/10.1371/journal.pone.0215578


1 3

Vegetation History and Archaeobotany

‘agricultural revolution’: crop, stock and furrow. Liverpool Uni-
versity, Liverpool, pp 145–160

Loveluck C (2001) Wealth, waste and conspicuous consumption. 
Flixborough and its importance for middle and late Saxon rural 
settlement studies. In: Hamerow H, McGregor A (eds) Image and 
power in the archaeology of early medieval britain: essays in hon-
our of rosemary cramp. Oxbow Books, Oxford, pp 79–130

McKerracher M (2016) Playing with fire? Charred grain as a proxy 
for cereal surpluses in early medieval England. Mediev Settl Res 
31:63–66

McKerracher M (2018) Farming transformed in Anglo-Saxon England: 
agriculture in the long eighth century. Windgather, Bollington

McKerracher M (2019) Anglo-Saxon crops and weeds: a case study in 
quantitative archaeobotany. Archaeo, Oxford

McKerracher M (2023a) Radiocarbon dating archaeobotanical remains 
from the Anglo-Saxon settlement at Sedgeford’. FeedSax Digital 
Archive Document C16. In: McKerracher M, Bogaard A, Bronk 
Ramsey C et al (eds) Digital archive for feeding Anglo-Saxon 
England (FeedSax): the bioarchaeology of an agricultural revolu-
tion, 2017–2022 [data-set]. Archaeology Data Service [Distribu-
tor], York. https:/​/doi.or​g/10.52​84/10​57492

McKerracher M (2023b) Radiocarbon dating archaeobotanical remains 
from kilns at Sedgeford’. FeedSax Digital Archive Document 
C17. In: McKerracher M, Bogaard A, Bronk Ramsey C et al (eds) 
Digital Archive for Feeding Anglo-Saxon England (FeedSax): the 
bioarchaeology of an agricultural revolution, 2017–2022 [data-
set]. Archaeology Data Service [Distributor], York. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​5​2​8​4​/​1​0​5​7​4​9​2​​​​​​​

McKerracher M, Hamerow H (eds) (2022) New perspectives on the 
medieval ‘agricultural revolution’: crop, stock and furrow. Liver-
pool University, Liverpool

Murphy P (1985) The cereals and crop weeds. In: West S (ed) West 
Stow. The Anglo-Saxon village. East Anglian Archaeology 24. 
Suffolk County Planning Department, Ipswich, pp 100–108

Nitsch EK, Charles M, Bogaard A (2015) Calculating a statistically 
robust δ13C and δ15N offset for charred cereal and pulse seeds. 
STAR: Sci Technol Archaeol Res 1:1–8. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​7​9​/​
2​0​5​4​8​9​2​3​1​5​Y​.​0​0​0​0​0​0​0​0​0​1​​​​​​​

O’Leary MH (1993) Biochemical basis of carbon isotope fraction-
ation. In: Ehleringer JR, Hall AE, Farquhar GD (eds) Stable iso-
topes and plant carbon-water relations. Academic, San Diego, pp 
19–28

Patrick A (2023) The buildings of the malting industry: the production 
of malt from prehistory to the 21st century. Liverpool University 
Press for Historic England, Liverpool

Purcell, R. (2012). Social differentiation through diet: an isotopic 
study of Anglo-Saxon Lakenheath. [unpublished]. BA thesis, 
(Cambridge: University of Cambridge).

Rippon S (2010) Landscape change during the ‘long eighth century’ in 
Southern England. In: Higham M, Ryan MJ (eds) The landscape 
archaeology of Anglo-Saxon England. Boydell, Woodbridge, pp 
39–64

Rippon S, Smart C, Pears B (2015) The fields of britannia: continu-
ity and change in the late roman and early medieval landscape. 
Oxford University Press, New York

Rogerson A (2003) Six middle Anglo-Saxon sites in West Norfolk. 
In: Pestell T, Ulmschneider K (eds) Markets in early medieval 
Europe: trading and ‘productive sites’ 650-850. Windgather, Bol-
lington, pp 110–121.

Stace CA (2010) New flora of the British Isles, 3rd edn. Cambridge 
University Press, Cambridge

Stroud E (2022) Understanding early medieval crop and animal hus-
bandry through isotopic analysis. In: McKerracher M, Hamerow 
H (eds) New Perspectives on the Medieval ‘Agricultural Revolu-
tion’: Crop, Stock and Furrow. Liverpool University, Liverpool, 
pp 41–60

Stroud E (2023) Understanding variability in δ15N and δ13C values of 
single grains from bread wheat. In: McKerracher M, Bogaard A, 
Bronk Ramsey C et al (eds) Digital Archive for Feeding Anglo-
Saxon England (FeedSax): the bioarchaeology of an agricultural 
revolution, 2017–2022 [data-set]. Archaeology Data Service 
[Distributor], York. https:/​/doi.or​g/10.52​84/10​57492

Stroud E, Bogaard A, Charles M (2021) A stable isotope and functional 
weed ecology investigation into Chalcolithic cultivation practices 
in Central Anatolia: Çatalhöyük, Çamlıbel Tarlası and Kuruçay. 
J Archaeol Sci Rep 38:103010. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​a​s​r​e​p​.​2​
0​2​1​.​1​0​3​0​1​0​​​​​​​

Stroud E, Charles M, Bogaard A et al (2023a) The experimental heat-
ing of rye, oat, spelt, wheat and barley between 215 and 300°C: 
the stable carbon and nitrogen isotope data and the photographic 
evidence of changes to the morphology of the grains. Data Brief 
50:109544. https:/​/doi.or​g/10.10​16/j.​dib.2023.109544

Stroud E, Charles M, Bogaard A, Nitsch E, Hamerow H (2023b) Turn-
ing up the heat: Assessing the impact of charring regime on the 
morphology and stable isotopic values of cereal grains. J Archaeol 
Sci. https:/​/doi.or​g/10.10​16/j.​jas.2023.105754

Stroud E, Charles M, Jones G, Hodgson JG, Bogaard A (2024) Seeing 
the fields through the weeds: introducing the WeedEco R pack-
age for comparing past and present arable farming systems using 
functional weed ecology. Veget Hist Archaeobot 33:475–487. 
https:/​/doi.or​g/10.10​07/s0​0334-023-00964-8

Styring AK, Manning H, Fraser RA et al (2013) The effect of charring 
and burial on the biochemical composition of cereal grains: inves-
tigating the integrity of archaeological plant material. J Archaeol 
Sci 40:4:767–4779. https:/​/doi.or​g/10.10​16/j.​jas.2013.03.024

Styring A, Rösch M, Stephan E et al (2017) Centralisation and long-
term change in farming regimes: Comparing agricultural prac-
tices in Neolithic and Iron Age south-west Germany. Proc Prehist 
Soc 83:357–381. https:/​/doi.or​g/10.10​17/pp​r.2017.3

Sykut M, Pawełczyk S, Borowik T et al (2021) Environmental fac-
tors shaping stable isotope signatures of modern red deer (Cervus 
elaphus) inhabiting various habitats. PLoS ONE 16:e0255398. 
https:/​/doi.or​g/10.13​71/jo​urnal.pone.0255398

Szpak P, Metcalfe JZ, Macdonald RA (2017) Best practices for cali-
brating and reporting stable isotope measurements in archaeol-
ogy. J Arch Sci:Reports 13:609–616. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​j​a​
s​r​e​p​.​2​0​1​7​.​0​5​.​0​0​7​​​​​​​

Ter Braak CJF, Smilauer P (2012) Canoco reference manual and 
user’s guide: software for ordination, version 5.0. Microcomputer 
Power, Ithaca

Thirsk J (1964) The Common Fields. Past Present 29:3–25
Thomas G, McDonnell G, Merkel J, Marshall P (2016) Technology, 

ritual and Anglo-Saxon agriculture: the biography of a plough 
coulter from Lyminge, Kent. Antiquity 90:742–758. ​h​t​t​p​s​:​/​/​d​o​i​.​
o​r​​​g​/​​1​0​.​1​5​1​8​4​/​a​q​y​.​2​0​1​6​.​7​3​​​​​​​

Thomas HM (2003) The English and the Normans: Ethnic Hostility, 
Assimilation, and Identity 1066-c.1220. Oxford University Press, 
Oxford

Ulmschneider K (2000) Settlement, economy, and the ‘productive’ 
site: middle Anglo-Saxon Lincolnshire A.D. 650–780. Mediev 
Archaeol 44:53–79. https:/​/doi.or​g/10.11​79/me​d.2000.44.1.53

Vaiglova P, Lazar NA, Stroud EA, Loftus E, Makarewicz CA (2023) 
Best practices for selecting samples, analyzing data, and publish-
ing results in isotope archaeology. Quat Int 650:86–100. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​q​u​a​i​n​t​.​2​0​2​2​.​0​2​.​0​2​7​​​​​​​

Van Groenigen J-W, van Kessel C (2002) Salinity-induced patterns of 
natural abundance carbon‐13 and nitrogen‐15 in plant and soil. 
Soil Sci Soc Am J 66:489–498. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​2​1​3​6​/​s​s​s​a​j​2​0​0​
2​.​4​8​9​0​​​​​​​

Wallace M, Jones G, Charles M et al (2013) Stable carbon isotope 
analysis as a direct means of inferring crop water status and water 

https://doi.org/10.5284/1057492
https://doi.org/10.5284/1057492
https://doi.org/10.5284/1057492
https://doi.org/10.1179/2054892315Y.0000000001
https://doi.org/10.1179/2054892315Y.0000000001
https://doi.org/10.5284/1057492
https://doi.org/10.1016/j.jasrep.2021.103010
https://doi.org/10.1016/j.jasrep.2021.103010
https://doi.org/10.1016/j.dib.2023.109544
https://doi.org/10.1016/j.jas.2023.105754
https://doi.org/10.1007/s00334-023-00964-8
https://doi.org/10.1016/j.jas.2013.03.024
https://doi.org/10.1017/ppr.2017.3
https://doi.org/10.1371/journal.pone.0255398
https://doi.org/10.1016/j.jasrep.2017.05.007
https://doi.org/10.1016/j.jasrep.2017.05.007
https://doi.org/10.15184/aqy.2016.73
https://doi.org/10.15184/aqy.2016.73
https://doi.org/10.1179/med.2000.44.1.53
https://doi.org/10.1016/j.quaint.2022.02.027
https://doi.org/10.1016/j.quaint.2022.02.027
https://doi.org/10.2136/sssaj2002.4890
https://doi.org/10.2136/sssaj2002.4890


1 3

Vegetation History and Archaeobotany

management practices. World Archaeol 45:388–409. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​8​0​/​0​0​4​3​8​2​4​3​.​2​0​1​3​.​8​2​1​6​7​1​​​​​​​

White L Jr (1940) Technology and invention in the middle ages. Spec-
ulum 15:141–159

Williamson T (2018) Open fields in England: an overview. In: Dyer C, 
Thoen E, Williamson T (eds) Peasants and their fields: the ratio-
nale of open-field agriculture, c. Brepols, Turnhout, pp 5–28, pp 
700–1800

Williamson T (2022) Agriculture, lords and landscape in medieval 
England. In: McKerracher M, Hamerow H (eds) New Perspec-
tives on the Medieval ‘Agricultural Revolution’: Crop, Stock and 
Furrow. Liverpool University, Liverpool, pp 211–234

Wolff AC (2017) The Sedgeford ovens: An Anglo-Saxon cereal pro-
cessing case study. Dissertation, University of Cambridge, 
Cambridge

Yousfi S, Serret MD, Voltas J, Araus JL (2010) Effect of salinity and 
water stress during the reproductive stage on growth, ion concen-
trations, ∆13C, and δ15N of durum wheat and related amphiploids. 
J Exp Bot 61:3529–3542. https:​​​//d​oi.​or​g/10​.10​​93/jxb/erq184

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/00438243.2013.821671
https://doi.org/10.1080/00438243.2013.821671
https://doi.org/10.1093/jxb/erq184

	﻿Archaeobotanical evidence reveals the nature of cereal agriculture at 8th- and 9th-century ﻿ad﻿ Sedgeford, East Anglia, UK
	﻿Abstract
	﻿Introduction
	﻿The study site
	﻿Materials and methods
	﻿Functional weed ecology
	﻿Stable isotope analysis
	﻿Correspondence analysis and seasonality

	﻿Results


