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Abstract

The archives and libraries of Europe are full of dead animals. As the primary medium for
writing for over 1000-years, tens of millions of durable parchment skins were manufactured,
many of which survive to this day. While a few are illuminated Gospels or Royal Charters,
the vast majority are mundane legal deeds concerning the ownership or right over property.
When viewed simply as a textual resource, they are often considered to be of limited historic
value and risk being deaccessioned or refused by archives. However, as a physical object
they are an extraordinary high-resolution zooarchaeological and molecular archive, through

which centuries of craft, trade and animal husbandry can be explored.

To explore the use of parchment as an isotopic resource, sheep, goat, pig and calfskin
parchment was manufactured, identifying an impact from production on the measured values
in fresh skin. The isotopic relationship between skin and bone was explored though paired
samples to aid the integration of parchment results with bone collagen data; and a free-
ranging diet study undertaken on a modern flock of sheep to examine the isotopic spacing
between diet, bone, skin and parchment. These results were used to interpret data from 663
British legal deeds dating from the 12" to 20" century. Species identification via peptide
mass fingerprinting indicted an almost exclusive use of sheepskin parchment throughout the
medieval and post-medieval period. §*C and §'°N isotope analysis revealed information on
the use of domestic and potentially imported skins, as well as a likely preference for the skins
of young lambs. Insight was also provided into the increasing geographical range livestock

and skins moved across Britain facilitated by transport developments.
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Chapter 1

Research Framework and Aims

1.1  Research Context and Significance

Post-medieval parchment deeds are often considered to be of limited historic or scholarly value and
risk being deaccessioned by archives and disposed of (National Archives 2015; Campagnolo et al.
2016; Giacometti et al. 2017). The same fate similarly befalls faunal material from this period
(Thomas 2009; Broderick 2014; Rainsford et al. 2014). While digitisation may preserve the text, in
a period of budgetary constraints for archival services, their physical value must be highlighted and
the case made for their retention. Proteomic and stable isotope analysis offers the opportunity to
highlight the value of this abundant but overlooked high-resolution zooarchaeological and molecular
archive, providing archivists and conservators with greater information on their collections, and
historians and archaeologists with the opportunity to explore the history of livestock husbandry, craft

and trade.

Historians and archaeologists have often characterised post-medieval Britain (defined as post-1500
for the purposes of this thesis) as a country in ‘revolution’ (Deane 1965; Bagwell 1974; Overton
1996; Tarlow 2007). Through various new crops, field systems and farming techniques, the rural
economy underwent significant transformations; changes which for some underpinned subsequent
industrial and economic growth (Kerridge 1967). Historical enquiry into the pastoral economy has
been hampered by the scarcity of livestock data, which is typically not of the chronological resolution
required to explore this period of dramatic change. Substantial contributions have been made through
zooarchaeological analysis, yet it too has been hindered by the often broad dating of post-medieval
material (Thomas 2009; Morris 2014, 110). Analysis has indicated a size change during the 16" and
17" centuries, followed by a shape change in the 18" and 19" centuries as livestock became
increasingly robust, with a lower bone-to-muscle ratio (O’Connor 1982; 1995; Albarella 1997; Davis
& Beckett 1999; Thomas et al. 2013). However, a number of outstanding research questions remain,
particularly the extent to which nutritional and land management changes influenced size and shape
change? Stable isotope analysis of dated parchment deeds may therefore offer the possibility of

addressing these questions which are not possible through traditional morphological analysis.



1.2 Proteomic and stable isotope analysis overview

Parchment, made from processed animal skin, is a collagenous material dominated by Type 1
collagen (Maxwell 2007, 22; Turner-Walker 2008, 5; Collins et al. 2002, 284; Covington 2009, 9,
23). Type 1 collagen, the protein focussed on here via peptide mass fingerprinting and stable isotope
analysis, is constructed from two identical a 1 chains, and a third a 2 chain in a triple helix structure.
This structure is facilitated by the repetitive amino acid sequence of Gly-X-Y, with glycine making
up every third residue (Rich & Crick 1961). The X and Y position can be any other amino acid,
although is often proline, hydroxyproline and lysine (Turner-Walker 2008). These macromolecules
are organised into fibrils, which are then bound into fibres, and in turn into fibre bundles (Collins et
al. 2002).

1.2.1 Stable isotope analysis

Stable isotope analysis is commonly applied to agricultural and archaeological material to reconstruct
food webs, trophic relationships and farming practices (see Camin et al. 2007; Fisher & Thomas
2012; Madgwick et al. 2012). As the isotopic composition of tissue reflects that of the animal’s diet
(DeNiro & Epstein 1978; 1981), carbon (5**C) and nitrogen (5'°N) isotope analysis of collagen from
parchment offers the opportunity to examine change and continuity in animal diet, as well as
important farming practices such as manuring, intensive folding, and the introduction of new crops
(see Bogaard et al. 2007; Fraser et al. 2011; Szpak et al. 2009; O’Leary 1988). Stable isotope analysis
measures the relative abundance of ‘light” and ‘heavy’ isotopes with material. Isotopes are atoms of
an element which have the same number of protons but differ in the number of neutrons: 2C/**C and
N/IN (Fry 2006, 4-11). For these elements, the lighter isotope is by far the most abundant (>98%)
(de Hoffmann & Stroobant 2007, 252). Stable isotope ratios are expressed in d-notation in units of
per mille (%o) relative to international reference standards, of Vienna-Pee Dee Belemnite (VPDB)
for carbon, and atmospheric nitrogen (AIR) for nitrogen. In the case of §°C, for example, the

following equation is used (Eqg. 1):

12 13
§13C = (M - 1) x 103 (Eq. 1)

12C/13Creference
1.2.2 Peptide mass fingerprinting of COL1al using MALDI-ToF MS
Despite the potential of parchment deeds as an isotopic resource, uncertainty remains over the species

used. Identification has traditionally been based upon the assessment of visual features, such as size,
thickness, colour and follicle pattern (Saxl 1954; Ryder 1958; 1960a; 1960b; Poole & Reed 1962;



Ryan 1987; Clarkson 1992; Juchauld et al. 2010). Of these, identification using follicle patterning is
the most common; however, not all parchment has an observable pattern (particularly post-medieval
deeds), and requires considerable experience to make an accurate determination (see Ryder 1958;
1960a; 1983, 126-139; pers. comm. J. Vnoucek'). Moreover, all of these features can be significantly
altered during parchment manufacture and preparation, greatly affecting their reliability in being
diagnostic. In the case of uterine vellum, for example, Fiddyment et al. (2015) demonstrated that
visual identification can often be incorrect, with the majority of manuscripts classified as foetal
calfskin in fact made from adult sheep and goatskin. Therefore, to ensure an accurate determination
of species in order to better interpret the isotopic results from historic parchment, peptide mass

fingerprinting will be used to identify the species used.

Like DNA-based method, proteomic analysis offers an absolute determination of the species used
for parchment (Kirby et al. 2013; Teasdale et al. 2015; 2017; Fiddyment et al. 2015; forthcoming).
Peptide mass fingerprinting uses enzymatic digestion to cleave the collagen into peptides, whose
masses are measured by mass spectrometry. The amino acid sequence of collagen is genus-specific,
and in some cases species-specific, and can therefore be used to determine the animal from which it
derives (Buckley et al. 2009; 2010). While this has food authentication applications (Ortea et al.
2016), it is also useful for archaeological material where this is an absence of morphological markers
(Welker et al. 2015a; 2015b; Fiddyment et al. 2015; Charlton et al. 2016; Hendy et al. 2018).
Identification via peptide mass fingerprinting is usually achieved by matching the mass spectrum

from an unknown sample with mass spectrum from a known organism.

Using a protease such as trypsin, which cleaves after every lysine and arginine residue, a predictable
pattern of peptides is produced, each with a variable mass (van Dorn 2012, 14-15). These peptides
are analysed in this study using Matrix-assisted laser desorption ionisation — time of flight (MALDI-
ToF) mass spectrometry. The digested samples are spotted onto a steel-plate and mixed with a matrix,
before being ionised by a laser under vacuum. The matrix absorbs most of the energy and donates a

positive charge in the form of a proton to the analyte. Once ionised, the peptides are guided towards

L Jiti Vnoudek MA. is a renowned conservator and parchment maker, and a leading expert in the study of
manuscripts. Jifi was the Head of Conservation at The National Library in Prague, CZ (1993-2005), and is
currently a conservator at the Royal Library in Copenhagen, DK. He has worked as a consultant for many
major libraries, including the Vatican Archives, and was part of an international team tasked with preserving
archival material at the Iraq National Library and Archives in Bagdad, Iraq in 2004 and 2006. Jifi has been
producing parchment for over 30 years, and has run courses at the Institut National du Patrimonine, Paris; The
Bodleian Library, Oxford; and the J. Paul Getty Museum, Los Angeles. He is currently completing his PhD on
the visual assessment of parchment at the Department of Archaeology, University of York, supervised by Prof.
Matthew Collins and Dr Mary Garrison. An interview and profile of Jifi Vnoucek’s career can be found in
Timecare Magazine (2013, 10-11).



http://www.cxdglobal.com/Supplyimages/wf000/14302_Timecare-Magazine_1.pdf

a mass analyser, where they can be separated out by their mass-to-charge ratio (m/z) (van Dorn 2012,
8-18; 2014, 7998-8000). The mammalian species likely to be used for parchment (cattle, sheep, goat
and deer; Ryder 1964) have highly similar collagen amino acid sequences, although a number of
diagnostic peptides have been identified that make their separation possible (Buckley et al. 2009;
2010).

1.3 Aims

This PhD explores the potential for using parchment as an isotopic resource, and applied this to dated
legal deeds (Figure 1.1) to provide a time sensitive analysis of sheep husbandry in a period of rapid

agricultural development. This research has four primary aims:

1. To identify the species used for parchment legal deeds (Chapter 4)

2. To explore the use of parchment as an isotopic resource (Chapter 5)

3. Toenable §*°C and §*°N isotope data from parchment to be integrated with those from bone
collagen (Chapter 6)

4. Toapply these methods to parchment and bone from post-medieval Britain to examine sheep
husbandry and land management (Chapter 7 and 8).

These aims will be addressed through the analysis of 47 parchment skins manufactured by the author.
The experimental manufacturing process used in this study was designed with, and supervised by
master parchment maker Jifi Vnoucek (Royal Library of Copenhagen), replicating late-medieval and
post-medieval techniques detailed in historic recipes. A total of 41 sheepskins (Ovis aries) (Seaton
Ross, E. Yorks., UK; Melton Mowbray, Leic., UK; Newark-on-Trent, Notts, UK; Prague, CZ
Republic), 2 goatskins (Capra aegagrus hircus) (Prague, CZ), 2 calfskins (Bos taurus) (Vienna, AU)
and 5 pigskins (Sus scrofa domesticus) (Beeston, Notts., UK) will be processed, and a further 5
finished parchment skins obtained from a commercial producer (Jesse Meyer, Pergamena, New
York). These aims will also be addressed through the analysis of 26 paired bone and skin samples
from modern livestock, and 663 historic legal deeds (Figure 1.2), obtained from the following private

and public collections:

e Tye Collection (254 samples) — Collection of title deeds dating from AD 1650 to 1904,
concerning the sale and lease of property in City of London. These documents were part of
the Sun Fire Office insurance company archives, but were discarded and entered a private

collection.



e Lee Collection (254 samples) — Artificial collections of various title deeds dating from 1499

to 1907, regarding the sale and lease of property across England and Wales.

e Lord Collection (50 samples) — Collection of title deeds dating from 1582 to 1893,
concerning Lower Winskill Farm, Settle, North Yorkshire. This material has been
continually held by the Foster-Lord family.

e Hull Collection (33 samples) — Axrtificial collection of various deeds dating from 1596 to
1969, discarded by Hull History Centre.

e Chester Collection (18 samples) — Artificial collection of various deeds dating from 1786 to
1813, held by Cheshire Records Office.

e Glamorgan Collection (18 samples) — Collection of deeds paleographically dated to the 13™"

century, held by Glamorgan Archives.

e Wills Collection (16 samples) — Collection of title deeds dating from 1652 to 1790,

concerning the sale and lease of land in Somerset, held by the Wills family.

e Lincoln Collection (9 samples) — Artificial collection of various deeds dating from 1742 to
1913, held by Lincoln Records Office.

o 1title deed from the City of Westminster dating to 1707, discarded by Westminster City

Archives.

o A further 8 samples were obtained privately from mortgages from 1913 to 1940.

Bone collagen isotope data from the following sites will also be used to address these aims:

e The Bedern, York (15™"; 18"-19™ century)
e Hungate, York (15" to 20" century)
e Walmgate, York (18"-19" century)
e Prescott Street, London (16™-19" century)



Figure 1.1: 15" to 20" century parchment. A) Title deed concerning the ownership of land in
Enfield, Middlesex, signed and sealed 15" January 1499; B) Mortgage deed between Athelstan H.
Highton Esg., Rev. Thomas Moulton and Sir Edmond Browne on property in Bolton, Lancashire,

signed and sealed 3™ February 1927 (photos by S. Doherty)
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Figure 1.2: Distribution of historic parchment deeds analysed in this study



1.4 Thesis Structure

Chapter 2: Historical and zooarchaeological background to post-medieval sheep husbandry
provides the context for the main proteomic and isotopic analysis, with particular focus on the
nutritional and genetic ‘improvement’ of sheep. Chapter 3: Background to sheepskin and
parchment production outlines the structure and biology of skin, and the methods of transforming

the wet, perishable hide into a dry, durable sheet.

Chapter 4: Species identification of 13" to 20" century parchment deeds presents the analysis
of 663 parchment deeds using peptide mas fingerprinting via MALDI-ToF analysis. Species
identification of parchment is commonly made through visual assessment of features and follicles on
the surface of the skin. Accurate determination can be challenging however, due to the high degree
of similarity between species, and the removal or distortion of diagnostic features during
manufacture. Consequently, the species used for parchment deeds is often unknown. In this chapter
an absolute determination is made through proteomic analysis, which facilitates enquiry into the

provisioning of skins through the analysis of 18" and 19" century stationer’s accounts.

Chapter 5: Examining the impact of parchment production on skin collagen stable *C and
35N isotope values explores the impact of manufacture on measured values. Despite previous
published stable isotope analyses of parchment (23 manuscripts), the effect of structural and chemical
modifications during production has not been assessed. To address this, this chapter presents the
isotopic analysis of 52 paired skin and parchment samples to explore the use of parchment as an

isotopic resource.

Chapter 6: Examining the isotopic relationship between diet, bone, skin and parchment
through a free-ranging diet study explores isotopic spacing in a modern flock. Due to variations
in tissue composition, routing of amino acids, and rate of growth, different tissues within the same
individual often display different isotopic signatures. As ecological studies focus on non-invasive
sampling and agricultural studies on muscle, much of our current knowledge on the isotopic
relationship between bone and skin collagen §**C and 5'°N values comes from archaeological human
remains. Due to the potential for unknown cultural factors to influence this spacing, such as abrupt
changes in location or diet before death, a free-ranging diet study was undertaken on a modern flock
grazing on a restricted diet and area. The results of this study aid the integration of parchment data

with archaeological bone data.

Chapter 7: 83C and 8N isotope analysis of post-medieval sheep bone collagen details the

isotopic analysis of faunal remains from 15" to 20" century York and London. These are synthesised



with other published results from the UK to explore temporal trends in §°C and 6*°N values. The
results from York and London are integrated with zooarchaeological evidence to explore nutritional

improvement as a driver behind conformational improvement.

Chapter 8: 8'°C and 8'°N isotope analysis of post-medieval sheepskin parchment deeds applies
the information gained from the study of modern skins to 663 historic manuscripts. The results are
integrated with historical records, and enable a discussion on the use of domestic and imported skin;

the impact of transport improvements; and change in farming practice.

Chapter 10: Conclusion, summaries the outcomes of this study and discusses the major findings,

before proposing future avenues of research.

1.5 Appendix

Table A.1 presents the full 3*3C, §'°N, and elemental composition data for modern bone, skin and
parchment samples for Chapter 5. Table A.2 presents the proteomic identification of historic
parchment samples for Chapter 4, and full 5!3C, 5'°N, and elemental composition data of all historic
deeds for Chapter 8. Table A.3 presents and full §*3C, 5'°N, and elemental composition data for post-
medieval sheep bones analysed in Chapter 7.



Chapter 2

Historical and zooarchaeological background to post-
medieval sheep husbandry

This chapter provides a historical and zooarchaeological background to sheep husbandry in post-
medieval Britain. The role of sheep in 16™ to 19™ century farming systems, and the impact of
institutional and technological innovations will be detailed (2.2), before focussing on their
nutritional (2.2.1) and genetic (2.2.2) improvement. Evidence for the ‘improvement’ of sheep using

faunal remains will then be presented (2.4).

2.1 Introduction

Sheep have long played a central role in the British economy, first through the export of raw wool
and finished textiles, which for centuries were the largest and most valuable exports (Bowden 1962;
Carus-Wilson & Coleman 1963; Stephenson 1988) and later by the meat and manure that helped fuel
an increasingly urbanised and industrialised population (Trow-Smith 1957; 1959; Clark 1993). At
the turn of the 16™ century, the country remained economically and socially “rooted in the land”
(Campbell 2008, 3). Over 90% of the population lived in rural communities, earning a living from
agricultural work, or engaged in proto-industrial activities utilising the skins, fibres, oil, fuel and food
generated by this sector (Allen 1992; A’Hern 2004, 1). Although initially poorer than many of its
continental neighbours, over the subsequent three centuries, the British economy displayed
unprecedented growth, enabling it to catch and ultimately surpass all others to become the premier
industrial, financial and imperial force of the 19" century (Broadberry et al. 2015, 371-383). The
population transformed too, as urban centres grew and new industrial towns were established, and
the islands inhabitants boomed from 2.8 million in 1550 to 5.2 million in 1700, before doubling to
10.6 million in 1800 and again to 20.6 million by 1850 (Wrigley 2004; Broadberry et al. 2015).

The demographic, industrial and agricultural developments of the period were intimately linked
(Williamson 2013, 74-5). More reliable food supplies reduced the risk of famine and nutritional

checks upon population growth, and diversification of the economy encouraged earlier marriage,



increasing fertility rates (2013, 75), resulting in a four-fold increase in population. Along with the
bourgeoning industrial sector, this created greater demand for food and raw material, stimulating
both agricultural and industrial development (Grigg 1980, 163-189; Williamson 2013, 75). The
agricultural sector responded with increased productivity and output, more intensive cultivation,
more productive livestock, and increased specialisation (Overton 1996, 8). Between 1550 and 1850,
when the population grew from 3 to 20 million, cropped land increased by 150%; grain yields by
320%, sheep numbers by 170%, and mutton and wool yields all growing by more than 500%
(Broadberry et al. 2015, 80-124), making British agriculture and its workers the most productive in
Europe (Allen 2000, 21).

For some, this growth in output and productivity amounted to an ‘Agricultural Revolution’, often
closely associated with contemporary ‘industrial’, ‘transportation’ and ‘financial’ revolutions
(Toynbee 1884, Ernle 1912; Deane 1965; Kerridge 1967; Moykr 1985, 21; Overton 1996). More
recently, however, the revolutionary nature of agricultural developments has been widely dismissed
and the slow, gradual pace of improvements in practice has been highlighted through available
historical records and zooarchaeological remains (i.e. Allen 1992; Clark 1993; Turner et al. 2001,
Thomas 2005a; Thomas 2005b; Thomas et al. 2013). Most agree that the growth in output was the

consequence of major institutional and technological innovations, particularly:

o Enclosure of open fields and commons, and the amalgamation of land into larger farms

e  Adoption of new crops and field rotation systems

e New types of livestock

e Increased cultivation of forage and fodder crops, enabling a greater number of livestock to be
supported

e Increased use of soil conditioner and fertilisers

e Increased mechanisation to support agriculture

Sheep were a central pillar of pastoral and arable farming systems, and closely associated with these
changes. These will now be discussed with particular focus on their impact on the nutritional and

genetic improvement of sheep.

2.2 Sheep in post-medieval farming

The landscape of open field agriculture and commons was not ubiquitous, but was wide-spread, and
was the characteristic farming system of central England, from East Yorkshire to Dorset, and parts
of Norfolk, Suffolk and Cambridgeshire (Rackham 1986, 2-5; Hall 2014, 72). Either side of this

primary zone were areas where, often due to soil type and terrain, open fields had never existed, or
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had disappeared by the 16" century (Smith 2012, 1); such as the uplands of the Welsh Marches,
Pennines and Lakes, or the Essex Marshes where other farming systems prevailed (Thirsk 1967a).
In its classic form, the parish land was divided into large fields designated as: arable for the
cultivation of crops; meadow to grow hay for winter fodder; and pasture and wastes for permanent
grazing. Villagers owned or rented dis-continuous strips, intermingled and undivided with those of
their neighbours, requiring a high degree of cooperation in cultivation and management. The land
was traditionally managed using a three- to five-field rotation system, with each field seasonally
moving between a winter crop (wheat, rye or barley), spring crop (beans, peas, oats or barley) and a
fallow, although they could be much more complex (Havinden 1961). Livestock communally grazed
on common pastures, wastes and fallows, and were often turned out onto the stubble after harvest
(Trow-Smith 1957, 158; Ault 1972; Overton 1996, 25), although access to this was often closely
controlled (Clark 1993, 250).

The above description is an oversimplification of a system that existed in some areas for close to a
thousand years, and one that developed to meet local needs and environmental conditions (Baker &
Butlin 1973; Oosthuizen 2005; Hall 2014). What is clear, is the importance of livestock, particularly
sheep, in maintaining soil fertility. In most agrarian systems, a paucity of nitrogen in the soil is the
major limiting factor in plant growth due to the large amount removed at harvest (Touraine et al.
2001, 1). In the open field system, the main method of reducing nutrient depletion and returning
nitrogen to the land was leaving a field fallow every third year and manuring. Fallowing performed
three crucial restorative functions. First, it provided a ‘cleaning’ period where weeds could be
removed by pasturing animals on bare land, or through repeated ploughing. Second, the earth was
manured by the sheep folded onto it. To more effectively deposit and distribute the manure, folding,
“a pillar of the farming system” (Thirsk 1984, 228), was used, where sheep grazed on pasture during
the day and then driven onto fallows at night allowing their manure and urine to be spread and trodden
into the earth before cultivation. Thirdly, mineralised nitrogen could accumulate and be available for

subsequent crops (Allen 2008).

The open field system worked well in a period of a smaller population and limited levels of market
specialisation, and it is clear that the rigidity and unproductiveness of the commons has previously
been overstated (see Havinden 1961; Allen 1992, 133-7). However, communal rights were
increasingly challenged from the 16™ century as attitudes towards private property changed and as
the permanent conversion of arable land to pasture became economically appealing as wool and meat
prices continued to rise (Overton 1996; Blomley 2007, 2). Enclosure enacted by local lords,
piecemeal accumulation or Act of Parliament (Mingay 1997, 7), removed communal rights and
transferred control and ownership of the land into ‘severalty’ were owners had sole control over its

use and access, marking a fundamental shift in an ancient way of life. Practically, it meant an end to
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strip farming, common pasture and rights over wastes. Open fields were replaced with smaller fields

bounded by hedgerow and stone walls.

The consensus had long been that the increase in agricultural output from the 16™ century onwards
was due to enclosure, as a sector dependent on “open field farmer and commoners, could never have
fed a manufacturing population” (Ernle 1912, 351-2). Such views are no longer mainstream, but for
many enclosure enabled greater experimentation, diversification and capital investment (Clark 1993;
Overton 1996). Alternative field rotations were introduced which replaced bare fallows with ley
grasses and root vegetables, dramatically increasing the crops available for livestock. These leys
primarily featured small-seeded forage legumes such as clover, trefoils, sainfoin and lucerne (Turner
et al. 2001). The actinorhizal plants increased the nutrient supply due to fixing their nitrogen from
the atmosphere and not depleting the reserves in the soil. They provided a valuable livestock feed
which would simultaneous manure the land, incorporating atmospheric nitrogen into the soil. The
seeds of these plants were imported from the low countries by the 1620s, and were recommended to
improving farmers in many mid-17" century farming manuals (Blith 1649; Weston 1650; Hartlib
1652). Turner et al. (2001) examined 979 farm accounts from England between 1700-1914, detailing
cropping and husbandry patterns from across the country. Their analysis highlights the rapid spread
of ley grasses, with 71% of sample farms growing clover by the early-18" century (Turner et al.
2001, 72-3) (Figure 2.1).
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Figure 2.1: Temporary grasses and forage legumes grown in English farms, 1700-1914 (after
Turner et al. 2001, 71) (Total of 979 farms)
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Figure 2.2: Root crops grown on English farms, 1700-1915 (after Turner et al. 2001, 73)
(Total of 979 farms)

The restorative function of land under grass had likely been known since the middle ages (Clark
1993, 250), but a practice that emerged between 1590 and 1660 (Kerridge 1967; Overton 1996, 117)
was convertible husbandry, in which land which had been permanent pasture for decades was
ploughed up and cropped with cereals for a few years, before again reverting to pasture. The store of
nitrogen which had developed under pasture would result in a dramatic, if short-term increase in
yields, but was likely to have returned to previous levels within a few years as nutrients were
depleted. By the late-17" century, its popularity had declined (Overton 1996, 117), likely due to

diminishing returns and the increased sowing of forage legumes (Allen 2008, 16-17).

Perhaps the most famous farming system of this period was the Norfolk four-course rotation of wheat
— root vegetables — barley or oats — clover and grass leys. Named after its likely place of origin,
the major innovation of this system was the introduction of a ‘cropped fallow’, chiefly turnip, swede
and mangolds. Following its introduction from the Low Countries in the late-16" century (Chambers
and Mingay 1966, 56-60), many regard the turnip as having a revolutionary effect on British
agriculture (Timmer 1969; Kerridge 1961; 1967, 28-29; Williamson 1998; Allen 2008) (Figure 2.2).
Through the adoption of the Norfolk four-course, or a modified system more suited to local
conditions (Kerridge 1967, 29), farmers could virtually eliminate uncropped land, which was both
inefficient and unprofitable, and replace it with a cash or feed crop. By the mid-18" century, over

half of all farms were cultivating turnips, which were later supplemented by swedes and mangolds
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which provided vital feed later in winter and were more suitable than turnips to heavier soils (Turner
et al. 2001, 72). Within a system such as this, the total acreage devoted to wheat declined, in favour
of feed for livestock. However, by increasing the quantity of forage and fodder crops, more livestock
could be maintained and overwintered, producing more manure, which in turn increased soil fertility
and ultimately yields. The increase in fodder crops intensified the folding of sheep, as they could be
driven directly onto a field of root vegetables and would uproot the plant themselves, with no need
for harvest (Loudon 1831, 859). On the other hand, the turnips could be moved to a yard and the
sheep stall fed to fatten them quickly (1835, 859).

To provide a dense and even covering, agriculturalists recommended that sheep were kept in
temporary one-acre folds of at extreme densities of between 500 to 3,200 sheep per acre per night
(Young 1770, 328; Home 1830, 251; Ellman 1831, 110). The density depended on the type of sheep,
with the larger Lincoln and New Leicester often considered unsuited to folding (Billingsley 1795,
146; Youatt 1837; Tanner 1859, 63; Copus 1989, 38), and careful management required to ensure
young or ill animals were not included or injured. These cramped and dirty conditions often
downgraded the quality of the wool and the animal's rate of fattening, as well as increasing the risk
of ‘pelt rot’, sheep scab and foot root (Lawrence 1809, 272). With the introduction of the turnip, and
later oil cakes, the density of folds increased as more food allowed for more sheep, producing more
manure (Philpotts 1863, 22; Ryder 1983, 675). Intensive folding had its critics, most notably Robert
Bakewell who is reported to have considered keeping sheep in densities greater than 100 per acre ‘a
barbarous practice’ (Lawrence 1809, 271). Folding could be detrimental to weaker sheep, and the
daily driving between fields was not conducive to the development of fat (1809, 271). However, for
Young (1809), the fact that folding kept the sheep lean was part of its continuing importance,
especially considering the markets demands for leaner meat in the 19" century. Despite these
recommendations in agricultural handbooks, folding sheep in such numbers was unrealistic for the
majority of shepherds, with the average flock size post 16" century thought to be around 150 sheep
(Ryder 1983, 477). It is clear, as Trow-Smith (1957, 247) acknowledged, that for much of this period

that the sheep’s wool, milk and “gift of fertility” were values more than its meat.

Soil fertility and nutrient availability was further improved through the increasing use of soil
conditioners and fertilisers. A diverse range of organic fertilisers had been used for centuries,
including human waste, seaweed and various animal products (Markham 1631; Blith 1649; Hartlib
1652), but their use significantly increased in the mid-19™ century as agriculture entered a golden
age of ‘High Farming’ (Collins 1995; Williamson 2002, 170-1) (Figure 2.3). Great effort was taken
to conserve on farm fertilisers, and were supplemented with the highly nitrogenous Peruvian seabird
guano (Nesbit 1852), and the use of artificial fertilisers such as superphosphate and nitrates of soda
(Turner et al. 2001, 87) (Figure 2.4).
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Figure 2.3: Traditional manures and fertilisers used on English farms, AD 1700-1914
(after Turner et al. 2001, 84) (Total of 979 farms)
40 . Guano D Oilcake D Superphosphate D Nitrate of soda m
35 |:| Malt dust . Root fertilisers I:‘ Corn fertilisers I:‘ Unspecified artificials N M
£ 30 1
T
@ 25
Q- —
& 20 _
w
© _
2 15 i
10 -
T

pre-1760 1760-99 1800-39 1840-79 1880-1914

Figure 2.4: New manures and artificial fertilisers used on English farms, AD 1700-1914
(after Turner et al. 2001, 87) (Total of 979 farms)
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2.2.1  Nutritional improvement

In his 1516 ‘Utopia’, the later Lord Chancellor Sir Thomas More remarked that sheep

“once so meek and tame, and so small eaters ... [have] become so great devourers ... they
consume, destroy and devour whole fields ... and swallow down the very men themselves”

(More 1516 in Latin, translated in Craik 1916)

While More is referring to the depopulation wrought by enclosure, his writings draw upon the
nutritional improvement brought by the adaption of field systems in the post-medieval period.
Despite debates around the timing, nature and revolutionary qualities of agricultural developments,
all agricultural historians agree on the central importance of increased variety and quantity of forage
and fodder crops, and its role in increasing grain yields (see Kerridge 1967, 311; Ryder 1983, 495-
6; Overton 1996, 111-21; Williamson 1998; Turner et al. 2001, 222). For Kerridge (1967, 311), all
farming innovations from the 16" century onwards were designed first and foremost to increase the
availability of crops for livestock. Their importance lay in the ability to support a greater number of
animals, increasing the quantity of manure, thus raising arable yields. However, this increased
nutritional intake also had a profound effect on the animal itself, improving aspects such as: carcass
development, fertility rates, overall animal health, but also reducing the fineness of the fleece (Trow-
Smith 1959, 36-41; Turner et al. 2001, 181-193).

By the 16" century, English shepherds were losing their pre-eminence as producers of fine wool,
with cloth manufacturers turning to Merino wool from Spain for their finest items (Trow-Smith 1959,
9; Bowden 1962). At a higher plant of nutrition, the rate of wool growth increases, as does the length
and diameter of the fibre, resulting in a heavier and coarser fleece (Henderson 1959, 74). Historical
data on fleece weights is patchy, but indicates a trend for increasingly heavier and coarser fleeces
through the post-medieval period (Fussell & Goodman 1930). In his review of wool exports,
Chalmber (1782, 56) unguestionably links this increase in wool yields with enclosure, suggesting
that a Hereford sheep would produce a fleece of ~2 Ib in an open field, but ~9 Ib when enclosed.
While this must be viewed with some scepticism, it highlights the perception of the period that

enclosure significantly increased wool yields, although potentially lowering quality.

Mutton yields also increased from the 16" century, with the recession in the wool trade and a growing
population diverting breeder’s attention towards meat (Broadberry et al. 2015, 105-9). Historical
carcass weights are limited, restricted to post-1700, and not always comparable due to variations in
age, sex and breed, but they suggest a gradual increase in the weight of ‘sheep’ at slaughter across

the 18" and 19" centuries (Turner et al. 2001). More striking, is the increase in the weight of ‘lambs’

16



across the same period, which almost doubled between 1800 and 1900, highlighting the increased
rate of maturity (Figure 2.5). Some ‘lambs’ from the late-19" century are comparable in weight to
‘sheep’ from the mid-18™ century. This suggests that the onset of early maturing sheep may have
been quite late.

200

150 ~

50 ~

Ibs per head
<

100

B
75
50 Yub

25 - *. ..... .‘ ..::. :. s

% :g .

1700 1750 1800 1850 1900

Figure 2.5: Annual average carcass weights for A) ‘Sheep’, and B) ‘Lambs’, 1700-1914
(after Turner et al. 2001, 191)

A further benefit from a higher plane of nutritional would have been an increase in prolificacy. A
higher plane of nutrition results in an increase rate of ovulation, increasing the chances of twinning,
and also providing greater nutrition for mother and offspring during pregnancy. Better nutrition also
improves lactation meaning a greater number of offspring are likely to survive (National Academy
of Science 1975, 3-5). In a practice known as ‘flushing’, nutritional intake is elevated during the
breeding season to increase ovulation and conception rates (Robinson et al. 2002, 193-4). Although

likely discovered accidentally at first, flushing became a common practice by the mid-18™" century
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(Ryder 1983, 498), no doubt facilitated by the greater availability of fodder, with ewes frequently
fed on root vegetables, cabbages, hay and grains (Trow-Smith 1959, 200-1).

2.2.2  Genetic improvement

One of the major innovations facilitated by enclosure was the growth of selective breeding. While
different ‘types’ had long been recognised, ‘breeds’ with homogenous appearances, characteristics
or behavioural traits regulated by pedigrees and societies, only emerged in the early-19™ century
(Coates 1822). The development of the New Leicester and Southdown breeds provide a useful lens

through which to examine the drive for greater profitability through selective breeding.

New Leicester

Robert Bakewell (1725-1795) and his New Leicester ‘Dishley’ sheep remains one of the most potent
symbols of the age of improvement. For many contemporary agriculturalists, his Dishley Grange was
the birthplace of selective breeding in livestock and scientifically informed farming (Tuke 1800, 90;
Youatt 1837, 313-328). The late-18" and 19" century New Leicester was a white, hornless sheep;
with a small head and neck; broad shouldered and a characteristic ‘barrel-shaped’ body; wide rumped
and possessing proportionally smaller legs; light boned; bearing a fleece of around 7 Ib (Marshall
1790; Price 1809, 182-188; Pitt 1809; Spooner 1844, 18-23). This conformation, fixed by
Bakewellian principles of in-and-in breeding, contrasted with contemporary unimproved breeds such
as the Welsh Mountain, which were typically of longer leg and neck; narrow chested with slender
loin and rump; and coarse boned (Youatt 1837, 265-272; Spooner 1844, 19-21) (Figure 2.6).

The breed received international fame for three key characteristics. Firstly, through the repeated
selection of fast-maturing animals, New Leicesters were ready for market at around two years of age,
considerably quicker than other breeds (Youatt 1837, 265-9). Second, was their propensity to lay
down large amounts of fat, with some reported to have developed as much as 6-7.5” of fat (Young
1788, 242) and backs “like the fattest bacon” (Culley 1788, 473). This rendered their meat inedible
to all but the urban poor, but produced high amounts of valuable tallow (Price 1809; Trow-Smith
1959, 63; Copus 1989, 38). Thirdly, the refinement of the carcass and the high proportion of meat to

bone maximised profitability (Parkinson 1810, xviii).
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Figure 2.6: 19" century depictions of: A) an unimproved Welsh Mountain ewe (Youatt 1837, 272);
B) New Leicester ‘Dishley’ ewe (Philips 1808); and C) a Southdown ram (Southdown Sheep
Registry 2018)
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Thanks to these characteristics, the spread of the New Leicester was rapid. In almost all of The Board
of Agriculture’s General Views of Agriculture, the necessary remedy for improving regional stock
was to cross them with a New Leicester. By 1788, just 28 years after Bakewell began his breeding
programme, George Culley remarked that few of the traditional native breeds did not contain some
Dishley blood (1788, 472-4). Genetic analysis of sheepskin parchment from York has tentatively
supported the rapid spread of this breed (Teasdale et al. 2015). Analysis of genetic-affinities of 171"
century parchment to modern sheep breeds, showed strong affinity with northern Britain, specifically
the black-faced breeds of the Swaledale, Rough Fell and Scottish Blackface (Teasdale et al. 2015,
5); types also identified by Ryder (1960a) in the fibre analysis of 17"-century parchment. The late-
18" century material, however, showed closer affinity to the Midlands, and breeds such as the Border
Leicester and Galway, the latter of which was developed out of the New Leicester. The parchment
was not dated to the year of use, but dated paleographically. If this dating is correct, it supports the
rapid expanse and crossing with the New Leicester only a few decades after Bakewell began

breeding.

The development of the New Leicester marks a transition from the primary economic role of sheep
as wool producers to that of producing meat and tallow (Ryder 1983, 147). Carcass conformation
was put before fleece quality and folding ability (Copus 1989, 38-9). Bakewell had produced an
animal ideal for the current market. The increasing coarseness of British wool brought about by
nutritional improvement, left farmers struggling to compete with the high-quality Merino imports,
resulting in a fall in the value of fleeces (Broadberry et al. 2015, 134). Moreover, during the 18"
century, tallow was worth considerably more than mutton and Bakewell’s “‘beasts of tallow” (The

Famers Magazine 1814) were in high demand. (Sinclair 1802, 49).

Southdown

Towards the end of the 18" century, large-scale imports from eastern Europe had depressed tallow
prices, and by 1800 it had fallen below mutton (Copus 1989, 39). The once praised fat of the New
Leicester was increasingly raised as a concern (Pitt 1810, 211) and breeder’s attention quickly shifted
towards high-quality mutton. The requirements of the market were best filled by the Southdown
(more accurately the Southdown crosses; Trow Smith 1959, 131; Copus 1989, 39; Porter 1991, 20-
22), a breed native to Kent, Sussex and Hampshire. The 19"-century Southdown was described as:
polled with grey legs and face; a head clear of wool (unlike today); short but robust legs; light
forequarters but full hindquarters; a ‘barrel-shaped’ deep chest with broad shoulder and a wide
stance; and producing a short-wool fleece of c.2 Ib with a 2-3” staple (Bingley 1809, 374; Lawson
1825, 431; Home 1830, 280; Youatt 1837, 235). Importantly for the changing market, they produced
fine grained mutton of excellent flavour (Youatt 1837, 235; Home 1830, 469; Watson 1838, 469),
and soon commanded the highest price at Smithfield’s Market (Bingley (1809, 374). The Southdown
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breed was ‘improved’ by John Ellman of Glynde, East Sussex (1753- 1832) and later by Jonas Webb,
Suffolk (1796-1862), who like Bakewell sought to improve the native stock through in-and-in
breeding. Their efforts, as well as those of less publicised breeders (Trow Smith 1959, 127) produced
a faster maturing animal with an improved conformation, better bone-to-muscle ratio, and a
propensity to lay down intramuscular fat. To the benefit of the farmer they were well suited to
folding, and considered hardy and healthy (Youatt 1837, 235; Watson 1938, 468-9). The Southdown
was highly praised in agricultural manuals, and soon became the ‘must have’ breed for the improving

farmer.

2.3 Zooarchaeological evidence for improvement

The analysis of post-medieval faunal remains to explore livestock improvement is an area of
considerable interest. Previous research has highlighted the value of synthesising historical and
archaeological lines of evidence to provide a more nuanced understanding of animal husbandry and
animal-based industry (Albarella 1997; 2003; Davis & Beckett 1999; Thomas 2005a; Thomas et al.
2013; Yeomans 2006). Despite the potential of this material, faunal remains from this period are
frequently overlooked or discarded without analysis (Thomas 2009, 19-22; Broderick 2014). This
neglect is perhaps understandable given the abundance of documentary records from this period (e.qg.
Fitzherbert 1534; Tusser 1580; Markham 1631; Brown 1793; Youatt 1837). However, a growing
body of research has illustrated the considerable insight into past agricultural practices faunal remains
can provide, including the health consequences of increasing industrialised farming (Fothergill et al.
2012; Gordon et al. 2015); changing human-animal relationships (Thomas 2005c; 2014; Sykes 2014,
46-9); and the timing and nature of livestock ‘improvements’ (O’Connor 1995; Albarella 1997; Davis
& Beckett 1999; Thomas 2005a; Thomas et al. 2013). Unlike historical evidence, which has tended
to focus on land management and cropping regimes, zooarchaeology can provide direct evidence

from the animals themselves, and from a wider geographical and social range.

In general, the majority of zooarchaeological studies agree with the recent historical consensus that
developments were never revolutionary in pace. They present biometrical evidence to suggest that
livestock were increasing in size as early as the mid-late-14"" century through better nutrition, and
later through the introduction of new stock and selective breeding (Armitage 1980; Davis 1997;
Albarella 1997; Davis & Beckett 1999; Thomas 2005a; 2005b; Thomas et al. 2013). Thomas (2005b,
73) notes that the two primary methods by which zooarchaeological data has been traditionally used
to explore improvement are: 1) examining changes in the morphology and conformation of animals,
conducted through biometrical analysis of skeletal elements; and 2) through the analysis of mortality

profiles based on epiphyseal fusion and dental attrition.
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Site

Period of size increase

Reference

Dominican Friary, Beverley
Hall Garth, Beverley
Chester

Okehampton Castle, Devon
Launceston Castle, Devon
Exeter

Wigmore Castle, Herefordshire
Beverley Gate, Hull
Baynard’s Castle, London
London

Blackgate, Newcastle
Blackfriars, Newcastle
Closegate, Newcastle

Prudhoe Castle, Northumberland

Castle Mall, Norwich
Dudley Castle, West Midlands

Pontefract Castle, West Yorkshire

Aldwark, York
Walmgate, York
The Bedern, York

no change

no change

late-17t-19t
late-16t"-17
15"-mid-19""

16

20M

no change

no change

14" 15% 16t 17, 19t
17

no change

17t-18t

no change
late-16"-early-18th
mid-14th, 14"-15", 17th
by 17th

no change

no change

19t

Gilchrist 1996
Dobney et al. 1994
Gordon 2015

Maltby 1982
Albarella & Davis 1996
Maltby 1979

Thomas & Vann 2015
Scott 1989

Armitage 1977
Thomas et al. 2013
Rackham 1983
Rackham n.d.

Davis 1991

Davis 1987

Albarella et al. 1997
Thomas 2005a
Richardson 2002
O’Connor 1995
O’Connor 1995
O’Connor 1995

Table 2.1: Evidence for size increases in sheep bones at various English sites

2.3.1 Morphology and conformation

The primary factors that control animal growth and size are its genetic background, nutritional intake,
and the environment it is exposed to (Hossner 2005, 4-10). Optimal growth and productivity relies
on the complex interplay of all these factors. The genetic background provides the capacity for the
rate of growth, and heritable traits such as bone density, muscling and fat deposition (Purchas et al.
1991; Campbell et al. 2004; Wood et al. 2008). For an animal to achieve its genetic potential, it is
essential that it receives adequate nutritional intake as deficiency either in utero or post-weaning can
permanently stunt animal size (Péalsson & Vergés 1952a; 1952b; National Academy of Sciences
1975, 2; Hossner 2005, 6). Environmental factors such as temperature, nutrient availability and

disease can also influence animal size (Atkinson & Sibly 1997; Davis 1981).
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Biometrical data indicates that the majority of early-modern sheep were not dissimilar in size to those
of the Iron Age, and are frequently compared in conformation to modern island breeds such as the
Shetland and Soay (Armitage 1977, 65-8; O’Connor 1982; Bond & O’Connor 1999; Albarella &
Davis 1994; Dobney et al. 1995, 41). Metrical data shows some regional variation in size, and a range
greater than the homogeneity suggested in historical sources (Trow-Smith 1957) (Table 2.1). In
general, available evidence suggests an increase in the size of sheep from the 16" and 17" centuries
onwards. However, at some sites, particularly London and Dudley Castle (Thomas 2005a; Thomas
et al. 2013), sheep have an increasingly longer, broader and deeper conformation from the 14
century onwards, a development Thomas associates with changes in agricultural and tenurial

organisation in the post-Black Death period.

Bone size is significantly affected by nutritional intake, with modern sheep receiving a higher plane
of nutrition shown to grow taller and broader (Palsson & Vergés 1952a; 1952b; Popkin et al. 2012).
The size increase seen in early-modern sheep may therefore reflect nutritional ‘improvement’,
brought about the increased availability of forage and fodder crops. It is perhaps not surprising then
that the earliest evidence for a size increase comes from elite castle assemblages. The disparity
between elite and lower status sites was also observed by Armitage (1977) who demonstrated a
significant difference in cattle size between contemporary 14" to 16™ century dumps in London and
those from Baynard’s Castle, with the latter’s occupants consuming substantially larger animals. This
may reflect different financial resources and the ability of demesne farms to provide greater
provisions for their livestock, particularly during winter, which was unaffordable to most farmers
(Ryder 1983). This increased nutritional intake may have allowed sheep to achieve their genetic
potential. Increasingly larger sheep are seen entering London from the 14" century onwards, which
may suggest a preferential selection of larger animals for the capital’s markets, or better fed animals

in the surrounding counties.

By the later post-medieval period, evidence for larger taller is more widespread, with the average
size continuing to increase into the 19" century. The increase is small and gradual, but suggests that
contemporary with wider changes in agriculture, particularly the growth of enclosure and the
cultivation of new forage and fodder crops, sheep were increasing in size. Regional variation
becomes more pronounced, with areas such as Lincoln, East Anglia, Sussex and London presenting
evidence for a size increase from the 16" century onwards (Dobney et al. 1995; Albarella et al. 1997;
Connell et al. 1997; Thomas et al. 2013). In contrast, in the north of England there is no discernible
increase in many sites from York (O’Connor 1984a; 1984b), Hull (Scott 1989; Saunders and Phillips
1993; Carrott et al. 1995), Beverley (Scott 1988; 1989; 1991; 1993; Dobney et al. 1994), Newcastle
(Rackham 1977; 1978; 1988; Gidney 1989; Davis 1991a), or Carlisle (Rackham n.d) until well into

the 19" century. This may reflect a retention of existing husbandry strategies and role of wool
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production in these areas, which gave little financial incentive to improving the inherently suitable
native stock, as the production of wool presupposes nothing about the size of the animal. While tooth
size can be influenced by nutrition and environment, as much as 90% of observed variation is due to
genetic influence (Larsen 2015, 26). Changes in size may therefore be the consequence of selective
breeding or the introduction of new stock (Thomas 2005b, 74). Unfortunately, there is a paucity of
published dental measurement data, however, changes in tooth size have been observed at Castle
Mall, Norwich and Dudley Castle in the 15" and 16" centuries (Albarella et al. 1997; Thomas 2005a),
suggesting that biometrical variation in long bones was at least partly the result of increasing genetic

variation.

2.3.1.1  Analysis of nutritional and conformation improvement using metacarpals

Somewhat naively, the above assumes that ‘large = improved’. This may well have been the case
pre-1750, in which the ‘biggest-boned’ (Fitzherbert 1534; Markham 1648) was the ideal, but does
not fully appreciate the nature of post-medieval improvement which was the development of early-
maturing, fat and mutton bearing sheep, which were of a deeper and broader conformation, but not
necessarily taller. A ‘leggy’ carcass was often considered inferior (Young 1793, 47-9; Robertson
1799, 540), as the deeper ‘barrel-shaped’ breeds were more profitable due to increased muscling and
the increased surface area for wool (D’Arcy 1990, 13). Evidence for refinement of the carcass, and
increasing the ratio of muscle to bone has been seen in 19"-century London, where the size of sheep
long-bones decreases relative to previous centuries (Thomas et al. 2013, 17). These animals were not

raised in London, so again may suggest an element of selection for the London market.

Some of the most significant contributions to identifying post-medieval improvement have been
made by O’Connor (1982; 1995). By drawing upon modern agricultural research and analysis of
extant breeds, O’Connor illustrated that the morphology of sheep metacarpals can be used to assess
the extent of nutritional and conformational improvement, and the rate of skeletal maturation. His
conclusions have been supported by subsequent studies which have illustrated that this abundant
element is highly reflective of environmental and phenotypic factors, and provides a valuable tool
for assessing the extent of ‘improvement’ (Guintard & Lallemand 2003; Davis 2008; Vann & Grimm

2010; Popkin et al. 2012).
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Nutritional Improvement

In long bone development, longitudinal growth is predominantly dictated by in utero nutrition and
circumferential growth by post-weaning diet (Hammond 1932; Palsson & Vergés 1952a; 1952b). In
the metacarpal, O’Connor (1982, 25) suggested that the relationship between the greatest length (GL)
and minimum shaft diameter (SD)? could therefore be used as an indicator of the plane of nutrition,

by calculating a slenderness index:

(100 x SD) / GL (Eq. 2)

In breeds considered primitive (Shetland, Soay and Orkney), O’Connor (1982, 60-1) noted that their
metacarpals were short and proportionally slender, indicative of both poor in utero nutrition and post-
weaning diet, a trait observed in other unimproved flocks and wild Mouflon (Noddle 1978, 133-4;
O’Connor 1982; Dobney et al. 1994; Davis 1997; Salvagno & Albarella 2017). In contrast, the
metacarpals of more ‘improved’ breeds (Clun Forest and SouthdownXRomney) were more robust,
with a greater shaft diameter (Figure 2.7). Despite similar slenderness indices, the two breeds differ
in absolute length, a feature O’Connor (1982, 62) attributes to the rate of skeletal maturation, as
improved commercial Southdowns mature early, leading to a proportional shortening of the limb
bone (Reitz & Wing 2008, 64-5), while the slower maturing Clun Forests grow taller. Metapodia
shape is, however, also affected by sex, with ewes typically having short and slender bones, rams
longer and more robust, and wethers long and slender (Davis 2000, 389; Popkin et al. 2012), a factor

which must be caution the examination of nutritional and conformational improvement.

This ‘primitiveness’ index has been applied at a number of sites and demonstrates a gradual increase
in the robustness of sheep metacarpals from the late-medieval through to the post-medieval period
(Noddle 1978; O’Connor 1982; Dobney et al. 1995; Vann & Grimm 2010; Thomas et al. 2013;
Gordon 2015, 202-3) (Figure 2.8). Despite overlap between periods, and considerable range within
asingle site, the post-medieval remains from major cities including Hull, Lincoln, Chester, Coventry,
Norwich, Newcastle, York and Hereford, present very little evidence for ‘improved’ individuals
(Rackham 1978; Noddle 1978; 2002; O’Connor 1982; 1995; Davis 1991a; Dobney et al. 1995;
Gordon 2015). Statistical analysis shows no significant difference in the slenderness indices between

Coventry, Hull or Lincoln (Kruskal Wallis test, p=0.12)3. In Lincoln, O’Connor remarked that sheep

2 O’Connor (1982) used the abbreviations MaxL, instead of the more commonly used GL, and MinShB
instead of SD. These are the same measurements as defined by von den Driesch (1976).

3 Non-parametric test used due to the non-normal distribution of data from Coventry (Shapiro-Wilks test,
p=0.03). Sample size: Hull (n=11), Coventry (n=11), Lincoln (n=5).
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contemporary with the celebrated Lincoln Longwool were largely indistinguishable from those from
the Iron Age (1982, 215).

The variation in size and shape was even greater in London, and while many retained a morphology
similar to those of primitive breeds, increasingly robust metacarpals were recovered from the 17%
century onwards (Thomas et al. 2013, 3316-7) (Figure 2.9). However, there is no statistically
significant difference in the slenderness indices of metacarpals across the mid-15"to late-19'" century
(Table 2.2). The earlier presence of these more improved morphotypes in London, may again suggest
the preferential driving of larger, broader and more improved sheep into the capital for slaughter.
Vann & Grimm (2010) applied this criteria to a discrete cache of late-18" and 19" century metapodia
from Tiverton, Devon, and noted the presence of a significant number of short and robust
metacarpals. While acknowledging the impact of sex, the data suggests both nutritionally and early-

maturing individuals, although perhaps more contemporary with the traditional post-1750 period of

improvement.
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Figure 2.7: Metacarpal slenderness in a range of modern breeds:
Sh — Shetland, O — Orkney, So — Soay, WM — Welsh Mountain, FM — FinnXMerino,
CF — Clun Forest, SF — SouthdownXRomney. Breed data is mean and standard deviation (after
O’Connor 1982, 62)
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Figure 2.8: Metacarpal slenderness from a range of 16" to 19" century assemblages. Breed data is

mean and standard deviation (after O’Connor 1982, Appendix I)
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Figure 2.9: Metacarpal slenderness from 15" to 19" century London. Breed data is mean and

standard deviation (after Thomas et al. 2013)
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MinShB index

Phase

U P
C (1450-1600) (n=6) — D (1550-1650) (n=6) 16.0 0.82
D (1550-1650) (n=6) — E-F (1600-1725) (n=16) 47.0 0.97
E-F (1600-1725) (n=16) — G-H (1700-1900) (n=9) 61.0 0.56

Table 2.2: Mann-Whitney U tests of ‘slenderness indices’ from London (Thomas et al. 2013).
Significance level (p=<0.05)

Conformational improvement

A further suggestion of O’Connor (1982) was that the morphology of the metacarpal could be used
to examine conformational ‘improvement’, and the development of proportionally deeper carcasses.
Most primitive breeds are characterised by long, slender legs, proportional to the body, with a long
neck and light forequarters. Consequently, the most profitable parts of the carcass, i.e. the proximal
part of the hind leg and the shoulder regions, are under-developed. Conformational improvement was
concerned with the expansion of these most desirable joints at the expense of less profitable parts,
particularly the neck, feet and head. The results of this were most pronounced in the New Leicester,
and more refined Southdown, famed for their short-legged, ‘barrel-shaped’ body. O’Connor

examined the antero-posterior depth (DFp) and depth (DFd)* of the metacarpal using the equation:

(100 x DFd) / DFp (Eq. 3)

and concluded that the ratio should be lower in modern breeds reflecting the deeper and more robust
conformation of their carcass, with the proximal part of the bone better developed in proportion to
the distal. This was confirmed when tested upon a range of modern breeds (Table 2.3). While the
range from primitive to modern is small, the coefficient of variables was low in most cases (mean
3.23), and suggests that in more ‘improved’ breeds the proximal part of the bone is better developed.
Depth and diameter is also less affected by sex (O’Connor 1982, 100-2; Davis 1996; Popkin et al.
2012). By examining both metacarpal slenderness and depth conformation, this provides a useful
assessment of ‘improvement’. Unfortunately, this assessment relies on the presence of complete
specimens and for a measurement of proximal depth to be taken, which is quite uncommon.
Therefore, an assessment of conformational improvement of specimens from Launceston Castle or

Dudley Castle is not possible. These measurements are available from post-medieval Lincoln (Figure

4 O’Connor (1982) used the abbreviations ProxD and DistD, more commonly termed DFp (greatest depth of
proximal fusion point) and DFd (greatest depth of distal fusion point)
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2.10). As with the slenderness index, they indicate that between the 16th and 18™ century there was

considerable variation but no statistically significant difference (Student’s t test, p=0.51)°.

Sample n Index SD SE
Soay (Whipsnade) 8 100.3 3.3 0.4
Soay (Hirta) 70 99.3 3.6 1.3
Orkney 39 99.0 4.2 0.7
Welsh Mountain 15 96.9 3.7 0.9
Hebridean 23 96.3 2.7 0.5
FinnXMerino 30 94.7 2.5 04
Shetland 13 93.9 34 1.0
Clun Forest 22 921 2.3 0.4
Southdown XRomney 30 89.6 2.5 0.5
Cheviot Suffolk 17 88.2 3.8 0.9

Table 2.3: Conformational improvement indices for a range of modern breeds

(after O’Connor 1982)
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Figure 2.10: Nutritional and conformational improvement of sheep metacarpals from post-

medieval Lincoln, using O’Connor’s (1982) criteria. Data from Dobney et al. (1995)

5 Parametric test used due to the normal distribution of both 16"-17" century samples (Shapiro-Wilks test,
p=0.46, n=16), and 17'" to mid-18" century samples (p=0.36, n=10).
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2.3.2  Liveweight

Biometrical data permits the estimation of an animal’s liveweight, and the opportunity to explore the
documented increase in mutton yields during this period. As bone breadth is more correlated with
carcass weight than length (Palsson & Vergés 1952a; 1952b), O’Connor (1988) developed a
regression formula using the distal breadth (Bd) of fused radii from a range of modern breeds of

varying ‘primitiveness’, to create an average relationship between bone size and body weight:

(1.79xBd) — 13.3 (Eq. 4)

This formula was applied to fused sheep/goat radii from late-medieval and post-medieval
assemblages, and again suggests the dominance of animals comparable in weight with those of the

Soay breed (Table 2.4), and only a modest increase in weight as attested in the historical data.

i Date Liveweight (kg)
(century) Mean Range

Modern:
Soay Ram - - 38 -
Soay Ewe - - 24 -
Welsh Mountain Ram - - 75 -
Welsh Mountain Ewe - - 50 -
Border Leicester Ram - - 125 102 — 147
Border Leicester Ewe - - 96 70 -122
Southdown Ram - - 155 130 -180
Southdown Ewe - - 95 86 — 104
Archaeological:
Beverley 7 16% 32.8 17.8 - 39.3
Chester 5 17t - 19t 345 31.9-38.1
Exeter 35 12th_ 15t 32.8 -

34 16t - 17t 32.3 -

21 17th- 18t 35.6 -

9 18" - 19th 37.7 -
Hereford 4 14" - 15th 32.3 27.8-35.0

15 post-16" 35.0 31.4-38.6
London, Baynard’s Castle 28 14t 335 28.7-37.7

50 16% 36.5 30.7-404
London, Aldwark 4 17t - 18t 36.5 32.1-38.7
Winchester 16 11th- 15t 33.1 -

23 16 - 19t 33.7 -
York, Aldwark 26 14t - 16t 36.5 -

39 16 - 19t 37.9 -

Table 2.4: Liveweight estimates for various sheep breeds, and late-medieval to post-medieval
remains using O’Connor’s (1988) formula. - = no data (St Kilda Soay Project; Oklahoma State
Department of Animal Science; O’Connor 1988; Sykes et al. n.d.; Armitage 1977; 1983; Maltby
1979; Gilchrist 1996; Noddle 2002)
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2.3.3 Age profiles

Analysis of mortality profiles may have the potential to identify animals which were ready for
slaughter at an earlier age. The hastening of skeletal maturation, muscle growth and fat deposition
was a key achievement of the improvement period and has been closely associated with Robert
Bakewell whose New Leicesters were finished as early as 2 years of age (Youatt 1837; Chambers
and Mingay 1996, 67). Historical evidence indicates that this separation of skeletal development and
soft-tissue mass only occurred after the mid-18" century (Thomas 2005b, 74). This is supported by
the analysis of metacarpal morphology, which suggests that prior to this period, few specimens
presented an ‘improved’ morphology and were maturing at a rate which may have proportionally

shortened bone length, due to early epiphyseal closure, as seen in the Southdown breed.

The ageing data from most post-medieval sites reflects a mixed farming economy, with the presence
of ‘prime meat’ lambs, yearling and older mutton sheep. At sites such as Launceston Castle
(Albarella & Davis 1994) and Castle Mall, Norwich (Albarella et al. 2009), the presence of
considerably older individuals in the 16" to 18™ centuries, some in excess of 6 years old, highlights
the continuing importance of wool to many famers (Ryder 1983, 147). In northern cities such as York
(O’Connor 1984a; 1984b), Hull (Scott 1989; Carrot et al. 1995), Beverley (Scott 1988; 1991; Dobney
et al. 1994) and Newcastle (Rackham 1977; 1978; 1988), older sheep dominate, likely slaughter after
producing many wool clippings. The mixed pastoral economy can be clearly seen in the
contemporary material from Castle Mall and Heigham Street, Norwich (Figure 2.11). At Castle Mall,
the majority of sheep across the 14" to 18" century survived beyond 3 years, while at Heigham Street,
few survived beyond full maturity (Weinstock 2002). Statistical analysis of the distribution of ages
between 16th-18th century Castle Mall (n=75) and 17th-19th century Heigham Street (n=12) shows
a significant difference between the mortality profiles at these sites (Levene's test, p=<0.01). The
latter suggests a production model likely geared towards meat production (Marom & Bar-Oz 2002),
although the small sample size must be noted. While changes in mortality profiles are identifiable,
there is limited evidence for any change in the rate of skeletal maturity prior to the 19" century, and

the clearest evidence still comes from historical slaughter weights.
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Figure 2.11: Survivorship curves for post-medieval Norwich using dental eruption and attrition
data (Castle Mall — Albaralla et al. 1997; Heigham Street — Weinstock 2002). Sample numbers in
parentheses. Modem theoretical survivorship curves from Marom & Bar-Oz 2009

3.4 Summary

The rural economy of Britain underwent considerable change between the 16" and 19" centuries.
New field systems were adopted, new rotations practiced, new crops sown, new fertilisers sourced.
However, historical and zooarchaeological data indicates that these developments were never
revolutionary in pace, and instead, ‘improvement’ and the adoption of new practices slowly diffused
across the country and down to smaller farms. The impact that these wider agricultural developments
had on sheep is still unclear, with the more ‘natural’ sheep considered less suited to ‘High Farming’
(Trow-Smith 1959, 319-321). Biometrical evidence indicates an increase in sheep size from the 16"
century onwards, although it is temporally and geographically variable. This size increase likely
reflects the nutritional improvement that was facilitated by the increased availability of forage and
fodder crops in these later centuries. This may have enabled livestock to achieve their genetic

potential, which was further enhanced with selective breeding which was facilitated by enclosure.
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Chapter 3

Background to sheepskin and parchment production

This chapter provides an overview of sheepskin, and the methods of parchment production. Skin
biology and structure will be outlined (3.1), with specific reference to the impact of environmental
and physiological factors on the tissue and resulting parchment (3.2). Each step of the production
process will be detailed (3.3), exploring both medieval and post-medieval methods, before outlining

the manufacturing process followed in this study (3.4).

3.1 Introduction to sheepskin

Skin, and the wider integumentary system, is one of the largest and most complex organs in the body.
It provides a vast physical barrier between the organism and its environment, and is integral to:
thermal regulation; the storage of water and lipids; the excretion of waste products (as perspiration);
the secretion of sebum (primarily as lanolin in sheep); the synthesis of vitamin Ds; as well as detecting
and responding to a range of environmental information (Lyne 1964; Tregear 1966; Millington &
Wilkinson 1983; Odland 1991; Brodal 2010; Montagna & Parakkal 2012; Handle et al. 2016).
Sheepskin is characterised by a loose dermal fibre network; the presence of wool fibres and a high
follicle density; significant levels of cutaneous fat; and a weak papillary-reticular junction. In
biological literature, skin is typically divided into the epidermis, dermis and subcutaneous layer. In
leather and parchment technology nomenclature, these layers are typically referred to as the grain,

corium and flesh (Figure 3.1)
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Figure 3.1: Structure of mammalian skin and parchment, with key features labelled
(Drawn by S. Doherty)

3.1.1 The epidermis

The epidermis is the outermost layer of the skin, and constitutes four discrete layers: the stratum
basale, stratum spinosum, stratum granulosum and the stratum corneum. It is in a state of constant
renewal, with the basale keratinocytes and melanin granules dividing and displacing outwards
through the overlying layers to enter the corneum, forming a flat, densely keratinised layer (Ryder
1973; 1; Dover & White 1991). The rate of epidermal turnover is variable, taking between 26-56
days in humans (Halprin 1972; Koster 2009), but less time in smaller mammals (Potten et al. 1987).
The epidermis forms between 2-20% of the total thickness of sheepskin, varying between 30 U in
wool- and hair-bearing regions, to 500 p in spare or naked regions (Lyne 1957; Lyne & Hollis 1968;
Brown et al. 2010). It is composed almost entirely of ‘soft” epithelial keratin, which has a lower
cysteine content, but higher methionine and glycine levels than ‘hard’ hair or nail keratins (Bowes
& Elliot 1957; Resing & Dale 1991). During parchment production, the epidermis is completely

removed.

3.1.2 The dermis

The dermis is a collagen rich layer which form the majority of the skins thickness, and is the portion

remaining after parchment and leather production. Sheepskin dermis is typically 1-5 mm thick (Lyne
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& Hollis 1968; Brown et al. 2010), and commonly divided into the upper papillary dermis and lower
reticular dermis. The papillary dermis is the thinner of these and is moulded against the overlying
epidermis, producing distinct ridges and grooves seen in unsplit leather.

The intersection of these two layers is known as the papillary-reticular junction, or the grain-corium
junction (Covington 2009, 33; Michel 2014, 35), and marks the transition from the fine dermal fibres
of the papillary to the much larger fibres of the reticular dermis. Sheepskin is characteristically weak
at this junction due to the abrupt change in structure (Reed 1973, 33-5; Covington 2009, 67; Michel
2014, 35). The separation of these two layers is known as ‘delamination’, and is facilitated by the
presence and removal of cutaneous fat cells which form within the junction (Figure 3.2). If large
amounts of these are removed during processing, particularly through the saponification of

triglycerides during liming, this can produce voids in the structure, allowing the two layers to detach.

Water accounts for ~80% of the dermal content, with the remaining ~20% predominantly collagen,
elastin and non-structural proteins (Maxwell 2007, 25). The dense collagen fibres are arranged as
interwoven strands, largely in parallel with the surface of the skin, and are responsible for providing
its strength and flexibility (Odland 1991, 14). This layer also contains hair shafts and roots, along

with a range of mechanoreceptors and nerves.

3.1.3  Subcutaneous tissue

Subcutaneous tissue, or hypodermis, is the innermost layer of the integumentary system and separates
the skin from the underlying muscle. It is composed of loose areolar and adipose connective tissue,
and displays substantial regional, species, breed, age and sex related variation in thickness (Odland
1991, 3; Wood et al. 2008). Adipose tissue provides insulation and shock-absorbance for the
underlying muscle structure and organs. Excessive quantities of subcutaneous adipose tissue are
uncommon in most sheep breeds, as fat cells are instead distributed throughout the skin, particularly
at the papillary-reticular junction (Ryder 1958, 310); however, fat deposits around the rear and

shoulders can be common in older animals.

3.1.4 Lipids

Sheepskin has an inherently high lipid content. As much as 22% of the epidermis dry weight, and
30-50% of the dermis is composed of lipids, even within a skin that would not be classified as
‘greasy’ (Koppenhoefer 1938; 1939, 207; Ockerman & Hansen 2000, 140). In comparison, cattle
dermis varies between 2-3%, horsehide between 0.5-4%, and goat between 3-10% (Bienkiewicz

1983; Palop 2016). Unsurprising, the lipid content is most pronounced in the papillary-reticular
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junction. The amount of cutaneous fat varies by breed and season, with levels highest in sheep bred
for wool, and at their greatest in autumn and early winter, and lowest in late winter (Dempsey 1955,
108). Epithelial lipids are composed primarily of waxes (particularly lanolin), cholesterol and its
esters, phospholipids and free fatty acids, while the dermis and subcutaneous tissue are composed
predominantly of triglycerides (Koppenhoefer 1939).

A

Figure 3.2: A) Histology of fresh sheepskin with fat lipocytes (stained red) within the papillary-
reticular junction (after Covington 2009, 34); B) Cross section of sheepskin leather showing

delamination of the layers, x25 magnification (after Michel 2014, 35)

3.2 The impact of physiological and environmental factors on sheepskin and parchment

Skin responds continuously to physiological and environmental changes, thus reflecting many
characteristics unique to the individual animal (Saxl 1954; Reed 1973; Bienkiewicz 1983; Clarkson
1992). Both the fresh skin and resulting parchment are chemically and structurally heterogeneous,
with variations in: the thickness of layers, lipid content and composition; tissues and structures
present; follicle density; and tightness of the dermal fibre network, all dependent on species, breed,
age, sex, diet, health, season and location on the body (Koppenhoefer 1938; 1939; McLaughlin &
Theis 1945; Dowling 1955; Wodzicka 1958; Rushmer et al. 1966; Ryder 1968; Haines 1999;
Maxwell 2007; Palop 2016).

3.21 Breed
Breed can have a significant impact upon the quality of the sheepskin and its suitability for
parchment, as the preferred qualities of the fibre and fleece relate inversely to the preferred qualities

of the skin (Figure 3.3) (Covington 2009, 67). Skin thickness and dermal fibre tightness are linked
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to follicle density (Wodzicka 1958); therefore, wool-bearing breeds with a high-follicle density have
a weaker skin, and make poorer parchment. The Merino breed, for example, produces exceptionally
fine wool, but their skin has a high fat content and a loose fibre network, and can be wrinkled due to
the weight of the wool, resulting in a skin of limited value (Leach 1995, 27; Covington 2009, 67). In
contrast, goats or hair-sheep breeds such as the Wiltshire Horn have a fibre of low value but their
skin has a tight structure with minimal fat, producing a hard-wearing material used for the finest
gloving leather (Covington 2009, 67). Breeds reared primarily for their meat also have their issues,
as in fast-maturing animals the dermal collagen is often poorly cross-linked, also resulting in a
weaker skin (Henrickson et al. 1984, 168).

Cutaneous and subcutaneous fat is one of the most significant impediments to successful parchment
making, not only due to its effect on the integrity and strength of skin, but that it inhibits the
penetration of agueous solutions, making the skin difficult and lengthier to process (Leach 1995, 81;
Ockerman & Hansen 2000, 162).

fine wool fine hair coarse wool hair goat
sheep goat sheep sheep sheep
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Figure 3.3: Properties of sheep and goatskin (after Covington 2009, 67)

3.2.2 Age and Sex

The most significant change to skin with age is increasing size and thickness with maturity.
Thickness is also seasonally variable; influenced by temperature; varying planes of nutrition; and
reproduction (Ryder 1958; Wodzicka 1958; Lyne 1961; Dowling 1964). While calfskin >6-8 weeks
of age is typically too thick for anything other than leather (pers. comm. J. Vnoucek), sheepskin of
any age can be used for parchment. Older animals, however, are more likely to display visual
imperfections such as scars, warts, parasites and ringworm (Ryder 1983), with parasitic attack more
likely in older sheep with longer and more soiled wool (D’Arcy 1990, 313-4). These dermatological

issues are visible in parchment (Reed 1973; Ryan 1987), so the finest manuscripts were made from
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young lamb or calfskins (Ryder 1964, 391; 1983, 732; Reed 1973, 35-6). There are limited data on
the influence of sex upon sheepskin, although rams often have thicker skins than ewes and wethers
(Henrickson et al. 1984; Schummer et al. 1981, 506), particularly during the mating season (Adam
& Findlay 1997, 123).

3.2.3 Diet

Adequate nutrition is required for the healthy growth, maintenance and repair of skin, with poor
nutrition leading to the development of smaller collagen fibres and impaired cross-linking, resulting
in a weaker skin (Clark 1986). In more severe cases of malnutrition, the skin can be extremely thin
and exhibit ‘ribness/skeleton-marked’ patterns over bony structures such as the ribs and pelvis
(Dempsey 1955, 103; Reed 1973, 37). An early-20" century tanner remarked that “everyone knows
the feel of a starved skin ... [from those of] good feeding and care” (Thomas 1912, 29). Conversely,
overfeeding and the consumption of supplementary feeds (such as root vegetables and protein
concentrates) can lead to the deposition of excessive cutaneous fat, weakening the fibre structure,
reducing the skins tensile strength and resistance to abrasion (Anon. 1947, 750; Reed 1973, 37;
Henrickson et al. 1984).

3.2.4 Environment

Stall-fed, indoor reared sheep are said to have a thinner skin than those reared outdoors; similarly,
hill sheep have thicker and stronger skins than those reared in lowland areas (Reed 1973, 36-7). This
may be due to thermal regulation, as the thickness of the skin is highly temperature dependent,
increasing in thickness in cooler environments (Wodzicka 1958, 601-606; Wodzicka-Tomaszewska
1960; Jolly & Lyne 1970). Perhaps due to these variations, some regard the leather produced from
animals reared in cool and moist climates to be of a higher quality than those from hot, dry countries
(Reed 1973, 42; NIIR 2011, 17).

From the points raised above, it can be considered that the parchment makers ‘ideal’ skin comes from
a <12-month-old, slow maturing hair-sheep or coarse-woolled lamb, which has been raised in upland
pastures, receiving adequate nutrition and good care. Such ideals are not always possible, and the
skill of the parchment maker lies in their ability to ‘read’ the skin and adapt the method of

manufacture to suit its unique characteristics.
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3.3 Parchment manufacture

Gullick (1991) has convincingly argued that the transformation of the wet sheepskin described above,
into a dry durable sheet of parchment, should be divided into two separate processes: manufacture —
from the skin’s removal from the animal to its removal from the parchment makers frame; and
preparation — during which the parchment is ruled and made ready to be written on. In post-medieval
Britain, manufacture was undertaken by the skinner, fellmonger and parchment maker; and
preparation by a stationer and scribe, although separation of these roles may not have always been

clearly defined.

3.3.1 Flaying

Flaying is usually performed by a skinner or butcher shortly after the animal’s death, prior to
disarticulation of the carcass. It is essential that as little damage as possible is made during removal
of the skin, as small cuts can become large holes during stretching. Some skinners, would therefore
‘punch’ the skin off by hand, which would result not only in a higher quality skin, but also more
attractive cuts of meat (Price 1939, 18; Sharphouse 1971, 8-9). In early-modern France, many
parchment makers would only procure skins from those who flayed by hand (Hagadorn 2012, 169).

Throughout the 18™ century, skin processors petition parliament for legislation to prevent “the
gnashing and cutting of” hides by negligent skinner, which rendered them unusable for either leather
of parchment (Journal of the House of Commons 1801, 270; 1803, 294). In 1800 the ‘Flaying Acts’
(1800, 39 Geo. 3 c.66) imposed severe fines on those who damaged skins, but were considered
oppressive by butchers (Anon. 1806), although favoured by most manufacturers (House of Commons
1837, 100-8). A report into the effectiveness of the legislation by the House of Commons, indicates
that parchment makers were far more concerned with the flaws that arise from parasites than from
flaying (1837, 106).

3.3.2 Curing

Once removed from the carcass, the skin is highly susceptible to putrefaction and bacterial attack. In
as little as 24 hrs, the skin can be significantly damaged and discoloured, leading to a loss of tensile
strength and prominent vein marking (Covington 2009, 72). If the skin cannot be processed
immediately, the most common method of retarding proteolytic enzyme degradation historically has
been curing with salt (Thomson 2006, 68). Sodium chloride is applied to the flesh side, dehydrating
the skin, reducing the viability of bacterial activity. If salting is undertaken correctly, the skin can be

left in this state for several months and is easily reversed through rehydration.
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3.3.3 Rehydration and washing

The first job of the parchment maker or fellmonger is to rehydrate and wash the skin, removing
detritus such as curing salts, dung, blood and plant material (Figure 3.4). This is achieved by
immersion in clean water, and often accelerated with rotating paddle drums, pounding them with
hammers, or treading them underfoot (Thomson 2006, 68). The skin must be completely rehydrated

to ensure an even penetration of lime.
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Figure 3.4: Rehydration and washing: A) Detail from Plate | ‘Que représente le travail du
Mégisserie’, Lalande 1762, with skins washed in a pit of water; B) Detail from plate ‘Chamoiseur
et Mégisserie’, Diderot & d’Alembert 1776, showing skins being washed in the river; C) Skins
from this study rehydrating in a barrel of fresh water (by S. Doherty)

3.3.4  Liming and unhairing

One of the central processes of parchment making is the application of lime (Figure 3.5); derived
from roasting limestone (calcium carbonate) to form quicklime (calcium oxide), which reacts with
water (slaking) to produce calcium hydroxide. Liming serves a range of important functions, in
particular: ceasing putrefaction; swelling the skin and opening up the collagen fibres; degrading the
keratinous wool and epidermis; saponification of lipids; and the hydrolysis of peptide bonds and
amide side chains in the controlled damage of the collagen (Covington & Alexander 1993; Menderes
et al. 1999; Maxwell et al. 2006; Covington 2009).
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The major chemical modification of collagen during liming is the hydrolysis of some amide groups
attached to aspartic and glutamic acid residues (Menderes et al. 1999). The deamidation reaction
converts amide function groups to carboxyl groups, liberating ammonia, lowering the isoelectric
point of the collagen (Jones 2004, 31-32). The repelling effect of the negatively charged centres
forces the collagen fibres apart, opening up the fibre network allowing the water and lime solution
in (Menderes 2002, 53; Covington 2009, 140). This swelling, followed by manual squeezing on the
beam during fleshing, aids the removal of hon-collagenous proteins (such as aloumins and globulins)
and substrates (such as hyaluronic acid), resulting in a parchment made up almost entirely of collagen
(Haines 1999, 22; Kennedy & Wess 2003, 70; Maxwell 2007, 40).

In the high alkalinity of the lime solution, the disulphide bonds in the keratinous fibre and epidermis
undergo hydrolysis, facilitating unhairing. This reaction decomposes the young keratin at the base of
the hair follicle, so that it is held in place by friction alone (Covington 2009, 119). The ability to
remove the hair is traditionally appraised by the thumbnail test, to see if the pressure of the nail
against the surface of the skin is sufficient to dislodge the hair. In a relatively weak solution this is
achieved within 7 days, although the reaction can be accelerated by increased temperature and
alkalinity. From the Victorian period onwards, additional depilatory agents (‘sharpeners’) such as
sodium cyanide and arsenic sulfides, or now more commonly sodium sulfide or sodium hydroxide,
have been added to accelerate keratin degradation, and for unhairing to be achieved in <48 hrs
(Covington 2009, 122).

These processes irreversibly degrade the keratin of the wool, limiting the fibre’s future use. Prior to
the 18" century, when wool was of greater value than meat, fat or skin (Clark 2004), wool-saving
methods of unhairing were used by fellmongers who removed the fibre for resale to the textile
industry, before selling the skin directly to parchment makers (Houghton 1694 in Bradley 1727, 325-
327; Lalande 1762, 2-3; Thomas 1983, 72; Thomson 2006, 71-2). The most basic of these is
‘sweating’, allowing the epidermis to decompose to the extent that the fibre detaches at the root and
can be removed by hand. While the wool is undamaged by harsh chemicals, this uncontrolled method
risks significant deformation to the surface of the skin and to the structural integrity of the collagen
and other proteins (Covington 2009, 75-76), and will ultimately require the application of lime to

cease putrefaction.

The more common and controlled method is the use of ‘lime paint’, where unhairing is driven from
the flesh-side, without exposing the wool to the alkalies (Petrie 1995, 53-55; Covington 2009, 150).
In this process, a thick lime paste is applied to the full extent of the flesh-side. The strength must be
sufficiently high to penetrate the skin by diffusion alone, and is usually made with a concentration

of >75% calcium hydroxide, although commercially available paints often contain sodium sulfide
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and sodium hydroxide (Petrie 1995, 52-53; Covington 2009, 130). The skin can usually be unhaired
in 24 hours, considerably faster than when immersed in a lime solution, although it can cause lime-
burns to the skin due its high concentration. The additional benefit of this technique is that once clear
of wool, the condition of the skin can be more accurately assessed and the appropriate end product
selected. At Messrs. Russell Leather & Parchment Works, Hitchin, Herefordshire, in the early-20™
century, a ‘puller’ removed and graded the wool, after which a ‘sorter’ inspected the skins and
selected those with the least imperfections for parchment making, and the remaining for different

types of leather goods (Hampshire County Council 2008).

A further alternative to unhairing with lime and sharpeners is enzymatic dehairing, with the use of
proteolytic enzymes obtained from bacterial fermentation to degrade the keratin and epidermis
(Covington 2009, 128-130). Like sweating, this is a high-risk process as it can result in the
degradation of collagen and non-structural proteins (such as elastin) too. Enzymatic unhairing has

been tried by the author, and proved successful in digesting the wool, but then ultimately the entire

skin.

Figure 3.5: Liming and unhairing: A) Detail from Plate I, Lalande 1762, showing the skin being
placed in a lime pit with the aid of long-handled tongs; B) Photo from Havant Parchment Makers
1928, removing skins from the lime pits after treatment (Hampshire County Council 2008); C)

Lime barrels from this study, of both new and ‘old’ lime (by S. Doherty)

3.3.5 Fleshing

Cutaneous and subcutaneous triglyceride are removed during manufacture through chemical and
mechanical processes (Figure 3.6). Chemically, triglycerides esters undergo alkaline hydrolysis
during liming, releasing fatty acid salts and glycerol (saponification), which are leached out into the
lime solution. As much as 50% of the total lipid content of the skin is removed during liming

(Koppenhoefer 1938; 1939; McLaughlin and Theis 1945), with more likely removed during washing,
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deliming, shaving and degreasing. Despite this, sheepskin parchment can have in excess of 7% lipid
content (Ghioni et al. 2005).

Mechanically, the skin is placed over the beam at an angle of around 45°, and the fat and flesh
manually removed with a sharp, double-handled knife. Effort must be taken not to cut the skin, as
shallow cuts can tear during stretching. Fleshing is usually conducted after unhairing, as the skin
needs to lay flat on the beam; however, as large subcutaneous fat deposits impede the penetration of
the lime, excess fat can be removed before liming, known as ‘green fleshing’ (pers. comm. J.
Vnoucek). In 1809, a leather-splitting machine was invented that could split the skin into any desired
thickness. The skin was split with a band-knife moving between two rollers, producing an upper
‘grain split’ and a lower ‘flesh split’. This technique is predominantly used on thicker cattle hides,
but was used for sheepskins, when the upper ‘grain split’ was known as a ‘skiver’ (The Society for

the Diffusion of Useful Knowledge 1842, 214).

A

|
Figure 3.6: Unhairing and fleshing on the beam: A) Detail from Plate I, Lalande 1762, showing the

unhairing of the skin; B) Still from ‘The Romance of Leather’, capturing workers from Richard
Hodgson & Sons Tannery, Beverley, E. Yorkshire, fleshing skins on the beam; (Debenhams 1932)
C) A skin from this study being unhaired and fleshing in the same manner using the traditional
double-handed curved knife (by S. Doherty)

3.3.6  Deliming

Once unhaired and fleshed, the pH must be lowered to neutralise the alkalinity from the liming
process. This has traditionally been achieved by washing the skin in clean water for around 72 hrs
(Schedula diversarum atrium, MS Harley 3915. Fol 1282, c.12th century; Houghton 1694 in Bradley
1727, 326-7; Lalande 1762; Saxl 1954; Reed 1973). The process can be accelerated through the
addition of acid, which in the early-modern period may have included acetic acid (vinegar) or acidic

salts (such as sodium bicarbonate), while stronger agents such as formic acid are used today. The
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deliming stage is where parchment and leather manufacture diverge, where the skin would now be

subjected to vegetable or mineral tanning agents.

3.3.7 Tensioning and drying

The neutralised skin is stretched and dried under tension (Figure 3.7). Traditionally, the skin is
attached to a rectangular or circular frame by ropes, but can be stretched by a variety of means such
as weights or pinned to a board. Effort is taken to preserve symmetry and apply a uniform tension,
although the same level of stretching cannot be achieved across the entire skin. Of those measured
in this study, the skin decreased in thickness on average by 50%, while neck to tail lengths increased
24%, and shoulder width increased by 14%. This considerable pressure forces out moisture, and has
the effect of altering the orientation of the collagen fibres in the skin to become more parallel to the
surface (Kennedy & Wess 2003, 70).

3.3.8  Shaving and pumicing

Once dry on the frame, effort is made to further reduce the parchments thickness via shaving. Using
a sharp lunar-shaped knife (lunellum), the skin is shaved in one direction slowly reducing the
thickness (Figure 3.8). Shaving is usually conducted on both the flesh- and hair-side, with the result
of producing a dermis-rich final product (Kennedy and Wess 2003, 70). Shaving can leave scratches
on the surface due to small nicks in the lunellum. Therefore, shaving is often followed with pumicing,

which helps to smooth out the parchment surface.
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Figure 3.7: Tensioning and drying: A) Detail from Plate Il ‘Que représente le travail du
Parcheminier’, Lalande 1762, showing a rectangular frame or ‘herse’, and the skin attached by
individual anchors on the skin; B) Detail from Plate ‘Parcheminier’, Diderot & d’Alembert 1776,
depicting a rectangular frame, with the skin anchored via skewers threaded through the skin; C) A
sheepskin from this study drying upon a circular frame in the classical Italian style, which
distributes an even tension. Here the skin is anchored via individual stones in the skin (by S.
Doherty)

Figure 3.8: Shaving the parchment on the frame: A) Depiction of a parchment maker shaving the
skin with a lunellum, Folio 34 Mendel Housebook c.1425, Amb. 317.2; B) Still from ‘The Very
Idea’, 1939 (British Pathé) from a parchment makers in Brentford, Middlesex; C) J. Vnoucek

embodying Mendel’s parchment maker nearly 600 years later (courtesy of J. Vnoucek)
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3.3.9 Degreasing

Despite the removal of fat during liming, sheepskin parchment can often retain a significant lipid
content, which can produce discolouration upon oxidation (yellowing), inhibit the application and
drying of ink, as well as potentially damage the collagen (Saxl 1954; Reed 1973; Ghioni et al. 2005;
Strli¢ et al. 2009; Mozir et al. 2014). In a particularly greasy skin, yellowing can be seen across the
entire sheet of parchment; however, it is more common in localised spots, particularly around the
rump. To draw the grease out, parchment recipes from the 15 century onwards recommend the
application of various absorbent (predominantly alkali) materials, including lime powder, chalk,
gesso, soda, wood ash, and powdered bone and horn (Saxl 1954; Reed 1973). This material would
be worked into the skin using a pumice stone and left for a few days, before being brushed off. By
the 18" century, presumably in response to increasingly greasier skins, parchment makers often
degreased using boiling water, which was known as sizing or scalding (Saxl 1954; Ryder 1964, 395;
Hampshire Country Council 2008) (Figure 3.9). In this process, skins would be rehydrated and placed
in a warm oven, after which boiling water was poured across both the flesh- and hair-side, followed
by scraping with the lunellum (Saxl 1954). This would not only have helped draw out grease, but

also partially gelatinise the skin resulting in a uniform surface more receptive to ink.

. f\.t
£ 8 Ll

Figure 3.9: Degreasing: A) Still from The Very Idea’, 1939 (British Pathé) showing boiling water
being poured onto both the hair- and flesh-side of the parchment while still on the frame, followed
by scraping; B) Photo of degreasing and scraping with the aid of boiling water at Messrs. Russell
Leather & Parchment Works, Hitchin, Hertfordshire, c. 1930s (Hampshire County Council 2008);
C) In this study, chalk was also applied to the flesh-side to help draw out the grease and improve

the whiteness of the finished parchment (by S. Doherty)
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3.3.10 Parchment preparation

Parchment for deeds requires little preparation after being removed from the frame, although the role
of stationers and the production of blank indentures will be explored further in Chapter 4. The skin
would be cut to the required size, pricked and ruled to demarcate the location of the text, and rolled
ready for sale. Additional motifs became common by the 19" century, particularly double line

borders in vermillion (mercuric sulphide) and ornate headers and crests in iron-gall ink.

3.5 Summary

In sum, sheepskin and the resulting parchment are complex materials which reflect many
characteristics unique to the individual animal. The method of parchment production was poorly
documented until the late-18" century, and the increased use of industrial machinery and additional
alkalies since this period means that we remain remarkably ignorant of the precise means of early
parchment production. However, the majority of the skins analysed in this study were produced
during the 17" and 19" centuries, during which time the method of production became increasing

standardised.
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Chapter 4

Species identification of parchment deeds using peptide
mass fingerprinting

This chapter presents the species identification of the parchment deeds used in this study via peptide
mass fingerprinting. This absolute determination allows for greater confidence in the interpretation
of isotopic data in later chapters, as well as providing valuable insight into the selection and
provisioning of skins for deeds. Previous visual and biomolecular research into the species used will
be examined (4.2), before building upon these studies through the analysis of 663 skins from the 13"
to 20" century using peptide mass fingerprinting analysed by MALDI-ToF MS. The results (4.4) will
be used to explore the preferential selection of sheepskin, and the provisioning of skins through the

analysis of 18™ and 19" century legal stationers accounts (4.5).

4.1 Introduction

In conversation with Horatio, Shakespeare’s Hamlet ponders legal protection, and the skins on which

these legal assurances are written:

HAMLET: Is not parchment made of sheepskin?
HORATIO: Ay, my Lord, and of calves’ skin too.

HAMLET: They are sheep and calves which seek out assurances in that ...
(Shakespeare 2005, Hamlet 5.1.114-7)

Despite the millions of legal parchment deeds produced, uncertainty remains over the species used,
with legal documents frequently catalogued as ‘vellum’ (etymologically meaning calfskin),

‘parchment’, or even more general ‘animal membrane’ (Figure 4.1). Previous species identification
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via visual, genetic and proteomic analysis (Ryder 1960a; 1962; Teasdale et al. 2015; 2017) suggests
that Horatio’s addition may have been misguided, as deeds appear to have been written almost
exclusively on sheepskin parchment. The corpus of identified material is, however, extremely
limited, with only eight skins currently identified using biomolecular techniques. Consequently, we
know very little about the selection of skins, or how they made their way into the hands of lawyers

and their clients.

Figure 4.1: Example of a typical parchment deed. This indenture concerns the renal of land in
Ovington, Hampshire, between Messrs. G. Pollard and T. Yeomans. Signed and sealed 8" March
1741 (photo by S. Doherty).

4.2 Previous species identification of British parchment deeds

Previous visual, genetic and proteomic analysis of British medieval and post-medieval deeds
indicates that they were predominantly written on sheepskin parchment. Histological and
microscopic follicle analysis of 200 deeds from the 13" to 19" century identified 195 as sheep
(97.5%); 1 as goat (0.5%); 1 as sheep or goat (0.5%); 1 as calf (from a book cover) (0.5%); and 2 as
indeterminate (1%) (Ryder 1960a; 1962, 170). Of those identified as sheep, most contained hair or
coarse-wool fibres, with many classified by Ryder as the skins of the Soay and Scottish Blackface
breeds (1960a, 131; 1962, 170). This is perhaps unsurprising considering the preferred qualities of
the skin that are possessed by breeds of a coarser fleece, such as the Soay’s low follicle density and
low cutaneous fat content (Ryder 1966; 1971; Clutton-Brock et al. 2004, 28), but might suggest that
less ‘improved’ breeds were preferentially selected for parchment. Less rigorous visual assessment

of important legal documents such as the Magna Carta (AD 1215) and Treaty of Versailles (1919)

49



indicate they too were written on sheepskin (Vincent 2012, 1; Cousins 2017; British Library n.d) as
well as contemporary Irish deeds (Lévéque 2013).

While the PCR method of mtDNA amplification and sequencing have proved effective in identifying
the species used for parchment (Woodward et al. 1996; Bar-Gal et al. 1999; Poulakakis et al. 2007;
Burger et al. 2000; 2001), its application to British legal deeds has been less successful. Campana et
al. (2010) found that the majority of 18" and 19" century skins examined produced mtDNA products
from multiple species, which was attributed to cross-contamination incurred during their
manufacture, preparation or storage. Teasdale et al. (2015; 2017) has however, highlighted the PCR
method’s bias for amplifying less damaged contaminant over endogenous DNA, and demonstrated
that high resolution endogenous nuclear DNA can be obtained from parchment. At present, DNA
sequences have been obtained from twelve 14" to 19" century deeds, including ecclesiastical oaths
attached to the York Gospel, and confirmed that they were all made from sheepskin, but also that
they showed genetic affinity to modern blackface-types, such as the Scottish Blackface and
Swaledale breeds, and the Border Leicester (Teasdale et al. 2015, 4-5; 201). Like DNA-based
methods, peptide mass finger printing has been used to provide an absolute determination of the
species used for parchment (Kirby et al. 2013; Teasdale et al. 2015; 2017; Fiddyment et al. 2015;
forthcoming). This technique has been used on legal deeds by Teasdale et al. (2015; 2017) in
conjunction with their genetic analysis, and confirmed that they all are sheepskin.

4.3 Material & Methods

4.3.1 COL1al extraction and analysis

Samples were obtained from 663 individual parchment membranes from a total of 497 legal
documents. Of those with multiple membranes, each sheet was of a size to indicate that they came
from a single animal (>70x50 cm). The majority were engrossed with the date the legal agreement
was signed (day, month and year), apart from 18 dated more broadly to the 13" century. None of the
documents had received any conservation, or presented evidence that the parchment had been reused.
Destructive sampling was undertaken in conjunction with sampling for isotopic analysis (see Chapter
8). A sample (~1x0.5 cm) was removed from the edge of each membrane, from an area devoid of

any ink, pencil, stamp, glue or surface marking to avoid contamination.

Samples were processed following a standard protocol used at the Department of Archaeology,
University of York, for the analysis of collagenous archaeological material (see Welker et al. 2015a;
2015b; Charlton et al. 2016; Fiddyment et al. 2015). Samples were placed in individual 15 mL
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microcentrifuge tubes, 57 ul of 0.05 M ammonium bicarbonate (NHsCO3) buffer added, along with
1 pl of porcine trypsin (0.47 pg/ul) (Promega, WI, USA) and incubated for at 37°C for 18 hrs. After
incubation, 1 pl of trifluoroacetic acid (TFA) (5% vol/vol) was added to cease enzymatic digestion.
The digest was desalted and purified using Cig solid-phase tips (Agilent ZipTip, CA, USA), and the
peptides eluted in a final solution of 50 ul, 50% acetonitrile/0.1% TFA (vol/vol). 1 pl of eluted
peptides was mixed on a ground steel plate with 1 pl of a-cyano-4-hydroxycinnamic acid matrix
solution [1% in 50% ACN/0.1% TFA (vol/vol)] and allowed to co-crystallise. All samples were
spotted in triplicate. Samples were analysed using a Bruker Ultraflex Il (Bruker Daltonics, Bremen,
Germany) MALDI-TOF instrument equipped with a Nd:YAG smart beam laser. Samples spectra
were calibrated against an adjacent calibrant spot with six calibration peptides. The resulting mass
spectra was analysed within mMass software (www.mmass.org) (Strohalm et al. 2010), and
individual peptides manually identified according to published markers (Buckley et al. 2009;
Buckley et al. 2010). Separation between sheep and goat, for example, was made using the reported
peptide markers observed at m/z 3033.3 £ 0.2 (Ovis aries) and 3093.3 = 0.2 (Capra) (Figure 4.2).
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Figure 4.2: Example MALDI-ToF mass spectra demonstrating the separation between sheepskin
(top) and goatskin parchment (bottom), using published sheep (A) and goat (B) markers (Buckley
et al. 2010). Spectra range from 3000 to 3120 m/z, with intensity scales relative to the most intense

peak in range. Signal to noise ratio of 3.0

4.4 Results

All 663 samples were identified as animals of the Bovidae family, of which 640 (96.5%) were
identified as sheep. The remaining 23 (3.5%) were classified as sheep/goat, as discrimination

between the species was not possible due to the lack of diagnostic peptides. Protein survival decreases
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over time (Welker 2018, 142) and in parchment can be further degraded via oxidation, hydrolysis
and biological attack during storage (Badae et al. 2012; Brock 2013, 353-4). In these twenty-three
samples, it is likely that protein degradation affected the presence of diagnostic peptides. This
highlights the potential limitation of this technique, and the continued role that fibre and follicle
analysis has in the identification of historic parchment. It is highly likely that most, if not all samples
are sheepskin, but acknowledging the identification of goat fibres by Ryder (1960a) and the

suggestion of goat DNA by Campana et al. (2010), its presence cannot be ruled out.

45 Discussion

4.5.1 The use of sheepskins for legal deeds

The results of this study, along with previous species identification, indicate that for the production
of parchment legal deeds, sheepskin was predominantly used. Their use ranged in status and date
from the great Magna Carta in AD 1215, to the modest mortgaging of a property in Hull in 1969.
Although de Hamel (1992, 8) contends that neither the scribe or recipient knew nor cared what animal
it was made from, the evidence suggests otherwise; sheepskin was preferred over that of calf or goat.
In the 12" century York Gospels Codex (York Minster MS. Add. 1), for example, despite being
originally written entirely on calfskin, later 14" century additions, containing ecclesiastical oaths and
land surveys, were written on sheepskin parchment (Teasdale et al. 2017).

This preference for sheepskin was likely due in no small part to their great abundance and low cost.
Throughout the medieval and post-medieval period, domestic sheepskins were of more than
sufficiently abundant to meet the demands of British skin processors (Clarkson 1989, 471).
Contemporary and recent estimates place the sheep population between 10 and 17 million across the
13" to 17™ centuries, increasing to 11 to 14 by the early-18™ century, 17 to 20 million in the early
19" century, and continuing to grow to over 25 million by the late-19" century (Fussell & Goodman
1930; Turner 1998; Broadberry et al. 2015, 100-5). With an average culling rate of around 20%
during this period (Clarkson 1989, 471; Clark 1991, 218), roughly 2-5 million sheepskins would
have been yielded annually. In comparison, the goat population of Britain has historically been very
low (Albarella 2003, 80-1; Dyer 2004), and the total number of calves is unlikely to have exceeded
1 million until the late-19"" century, of which only a few hundred thousand skins may have been
yielded annually (Broadberry et al. 2015, 106). Despite this abundance, sheepskins were imported
from both Ireland and mainland Europe (Armour 1956, 273; Clarkson 1989, 472), as well as finished
parchment from France, which was considered superior to that from other parts of Europe (Mortimer
1810; Willement 1845, 42).
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The limited supply of calfskin, and its perceived higher quality, meant that vellum was more than
double the price of sheepskin parchment (Rogers 1866, 643-3; 1881, 545-604; 1887, 600-2). Even
the finest quality sheepskin was cheaper than the poorest quality vellum (Gullick 1991). For example,
in 1593, a dozen sheets of parchment cost on average 8s, while the same amount of vellum was more
than double at 20s; by 1660, a dozen sheets of parchment cost 10s and vellum 28s (Rogers 1881,
607). For common legal documents, cheaper sheepskin parchment presented the ideal inexpensive

and durable material.

An additional factor behind its use, specifically for deeds, might be the increased visibility of ink
erasure and text alterations afforded by sheepskin. Dialogues de Scaccario® (c.1178, In Henderson
1912, 47) recommends the use of sheepskin parchment as scraping and shaving to remove ink will
leave a visible deformation. This is likely due to the high potential for sheepskin to delaminate as a
result of significant cutaneous fat content at the papillary-reticular junction (Covington 2009, 33;
Michel 2014, 35). The thinner sheepskin is also more likely to produce a transparent blemish with
shaving, because there is less dermis to remove. It is unlikely that this was the primary motivation
behind the use of sheepskin, particularly during later centuries, but may explain the roots of this
preference.

45.2  Procurement and distribution of parchment deeds

While parchment has been manufactured in Britain since the 6™ century, production was largely
restricted to monastic scriptoria, producing religious texts upon the skins of their own livestock
(Alexander 1978; Gullick 1991; De Hamel 1992, 5-11). It was not until the growth of the book trade
in the 14" century that secular parchment production expanded, often within small villages and towns
close to water sources, making use of local skins (Lyall 1989, 11; Da Rold 2011, 17-24). Production
flourished across the country, although unlike the extensive distribution of tanneries and associated
leather crafts (Sargent 1938; Clarkson 1960), manufacture was heavily concentrated near the urban
and educational centres of central and southern England, and around the extensive sheep farming
regions of the Cotswolds, Chilterns and North Wessex Downs (Trow-Smith 1957, 78-9; 1959, 11-
12, 123-6, 198; Perry 1973, 61; Hall 2014, 56-7) (Figure 4.3). Suitable skins with minimal abrasions
and fat were likely sourced locally, and the finished product purchased from the maker. However, by
the 16" century, dedicated parchment sellers and stationers were increasingly common, and may
have been the primary channels through which parchment was acquired (Peek & Hall 1962, 58;
Chance et al. 1979; Black 1984, 8).

¢ ‘Dialogues concerning The Exchequer’, attributed to Richard FitzNeal (1130-1189), Lord Treasurer and
Bishop of London.
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The role of stationers increased in the late-17™" century with the introduction of Stamp Duty, which
restricted the supply of stamped parchment and paper to around fifty registered distributors (Hughes
1941). In 1694, during the reign of William & Mary, the Stamp Act came into force “granting to
their Majesties several duties upon vellum, parchment and paper, for four years, towards carrying
on the war against France” (5 & 6 Wm. & Mar. ¢.21). The Act required a revenue stamp to be fixed
to every individual sheet of the deed prior to engrossing (Dagnall 1994). Stamping (or escutcheoning
on skin) could only be carried out at the Stamp Office, Lincoln’s Inn, London, or one of the regional
stamp distributors (Hughes 1941, 246; Dagnall 1994), concentrating the supply to a few dozen
stationers who provided deeds and a range of material and service for the legal profession (Figure
4.3).

This taxation coincided with new methods of mortgaging and leasing in the 17" and 18" centuries
(North 1981, 158-170), which brought increased business to legal firms, and new orders to stationers,
engravers and printers (Raven 2014, 94). To keep up with demand, legal stationers provided blank
indentures and copying services to help guarantee accuracy and efficient replication of legal
documents (Raven 2014, 94). The method of preparing blank indentures is unknown, but stationers
appear to have purchased finished ‘skins’, which they ruled, pricked and preliminarily engrossed,
and then sold to lawyers. The procurement of parchment and distribution of deeds will be explored
here through the unpublished accounts of London based stationers Witherby & Co’, and the regional
stationer John Clay, Northamptonshire®.

7 London Metropolitan Archives (LMA/4682)
& Northamptonshire Records Office (NRO/ML)
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Figure 4.3: Geographical distribution of 16" to 20" century parchment makers (NA/PCC/PROB
11; Bailey 1784; Kelly 1936; Maxted 2014) (by S. Doherty)
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Figure 4.4: Stationers marks on indentures: A) 1822. ‘L. Houghton, 119 Chancery Lane. Deeds &
Writing Engrossed & Copied’; B) 1822. ‘G.F. Gaubert, No. 28 Duke Street, Grosvenor Square.
Deeds & Writing Engrossed & Copied’; C) 1824. ‘W.G. & W.H. Witherbys, Birchin Lane’. D)

1821. Space for stationer’s mark left blank (photos by S. Doherty)

Witherbys & Co., Birchin Lane, London

Established by Thomas Witherby in 1740, Witherbys & Co. was a legal stationer, which sold
parchment, paper and sundries, along with making formal copies of legal documents
(LMA/4682/006). Located within the financial district of London, the company grew during the 18%
and 19" centuries, undertaking legal work for merchants, ship owners and the Lord Chamberlain of
London (LMA/4682/C/06/002; LMA/4682/1/01/001). Witherbys was a considerably large operation,
selling in excess of 11,000 stamped parchment skins annually (LMA/4682/E/01/001). Between 1795
and 1806, four parchment makers are recorded in the accounts as supplying the company with
finished parchment (LMA/4682/C/04/001; LMA/4682/C/04/002): Noah Crook of Oxfordshire,
Thomas Crook and Thomas Rake of Wiltshire, and Samuel Bishop of Bristol (Figure 4.5).
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The Crooks of Oxfordshire and Wiltshire were an extended family of skin processors during the 18
and 19" centuries (Maxted 2014; The Jurist 1845, 69). Noah Crook was a ‘“fellmonger, parchment
maker and tanner” Who at various times worked in Abingdon and Marlborough, Wiltshire, and in
Wheatley, Oxfordshire (NA/PROB/11/1698/337). While in Wheatley, he occupied premises at the
eastern of the High Street by the River Thane, an area surrounded by other animal-based industry
and butchers (Fox 1997, 22), through which the skins for parchment may have been acquired. These
locations were well supplied with skins from the large-scale sheep farming of the North Wessex and
Hampshire downs, and well connected to both Oxford and London (Lobel 1957; Crowley 1983).
Noah appears to have been a skilled parchment maker, and was supplying skins directly to parliament
(Lobel 1957) and large monthly orders to Witherbys. His brother Thomas Cook of Marlborough
(N.A./PROB/11/1698/337), also supplied Witherbys with finished parchment around three or four

times a year.

Samuel Bishop operated out of Temple Street, Bristol, on the banks of the River Avon, as a skinner,
fellmonger and parchment maker (Bailey 1784; Maxted 2014). Bishop is likely to have obtained his
skins from the large number of animals processed on Temple Street (Anon. 1833, 123-130), or from
sheepskins imported from Ireland through the port of Bristol (Lough 1916; Clarkson 1965; Jones
1998). He supplied Witherbys with parchment two or three times per year, although of a value
considerably lower than the Crooks. Little is known about Thomas Rake of Wiltshire, but the ledgers
indicate he supplied a significant value of parchment, but only once or twice a year. Supply from
these four was staggered throughout the year, with rolls of parchment received most months to keep

up with demand.

With regards to Witherbys’ customers, the daybooks and ledgers indicate that parchment was
purchased regularly, but in limited quantities. Regular customers such as Mr Andrews or Mr Cracraft
purchased between two and ten skins every fortnight, including multiple purchases in a single week
(LMA/4682/C/06/002; LMA/4682/1/01/001). Purchases greater than a dozen skins were very rare.
The largest customer by values was the Office of the Lord Chamberlain of London, who purchased
thousands of stamped skins annually, although again, rarely in bulk. In a typical month, such as
September 1768, for example, two hundred and ninety-eight stamped skins were purchased across

eighteen separate days, ranging from just two on the 13", to one hundred on the 15"
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Figure 4.5: Location of parchment makers supplying Witherbys Stationers, London, 1705-1806.
Mapped onto modern sheep density data (FAO 2014)

John Clay, Daventry

In contrast to this large London based company, general stationer John Clay operated small premises
in Daventry, Lutterworth and Rugby between 1742-1775, supplying paper, books and magazines to
the inhabitants of these market towns. While the majority of his business was in paper, Clay was an
approved distributor of stamped parchment (Feather 1984, 155), and purchased skins from five
parchment makers between 1742-1779° (N.R.O. ML/689; D2927) (Figure 4.6). Of these, the two
main suppliers were Isaac and Bridgett Abel of Coventry, located on Spon Street on the outskirts of
the city, close to the River Sherbourne (N.A./PROB/11/1666/104; Maxted 2014). Spon Street was
an area of diverse animal-based industry, as well as a stopping destination for Irish sheepskins which
had come through Chester destined for London (West 1830; Armour 1956, 273; Pythian-Adams
1979, 161; Veale 2003, 61), and is therefore likely that the Abel’s utilised both imported and local
skins for parchment. A small amount of sheepskins were purchased from Charles Franklin of Butcher
Row, later Temple Bar, London (Leigh 1759), although he mainly supplied Clay with vellum and
‘red Morocco skins’ (N.R.O. ML/689). Thomas Grimmit, Shipston-on-Sour, and Francis Smith,
Leicester, are also listed in Clay’s directory of country suppliers (N.R.O. D2927), but no transactions

are recorded in the accounts.

As with Witherbys’, John Clay’s customers purchased stamped parchment little and often (N.R.O.
ML/010; ML/088; ML/089; ML/691; ML/692; ML694). Local lawyers such as Messrs. Caldecott

® The shops continued under his son Samuel after his death in 1775.
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and Harris'® purchased one or two skins at a time, with the largest order being for a dozen skins.
Another typical customer, Mr Harrison, purchased stamped skins on December 6™ 1764, one more
on December 22", and a further two on January 2" 1765 (N.R.O. ML/691). The location of
Witherbys’ or Clay’s legal customers, or the final recipients of the engrossed deeds is unknown,
however, seven of the skins used for proteomic and isotopic analysis in this study were sold by
Witherbys!t. All concerned the sale or rental of land in St Johns Wood, London, and were once part
of the Sun Fire Insurance Archives. This research suggests that although the deeds involved land and
clients in London and were purchased from a stationer in Cornhill, the animals were most likely
raised and processed many hundreds of miles west of the capital. This disconnect between the
location of the live animal and the finished parchment is undoubtedly the case for most deeds, and
provides caution for later geographical interpretations of isotopic results. With the transport
developments of the 18"-19'" centuries, particularly the advent of steamships and steam locomotives,
the distance which animals and animal products moved increased exponentially (Trow-Smith 1959,
323-4; Perren 1989, 191-199).

With regards to the time lag between the death of the animal and the date the deed was signed, these
accounts indicate that this may have been relatively brief. The regular supply of finished parchment
throughout the year, and the purchase of deeds in small quantities, as and when required, suggests
that neither the parchment maker or stationer, nor solicitor, stored the skins for any great length of
time. For the later isotopic analysis of these deeds, a conservative estimate of no more than two years
between the date of death and date of signing should be considered.

10 |dentified as lawyers by Feather (1984, 208), but also in receipt of legal periodicals from Clay (N.R.O.
ML/088; ML/089)
111822: RT086, RT087; 1824: RT071, RT072; 1825: RT049, RT050, RT051,

59



Sheep Density (perkm?) || 0-50 [ | 50-100 [ | >250
//: ﬁﬁ\ ,f
e
.
P Francis Smith JE
"er12100 @ Leicester e /J
\ " Briagett Abe ; 7
Isaac Abel  Coventry
Coventrty @ @ * !
£77-1-0 ¢\ Ty N
PN ".\*v John Clay
Thomas Grimmil ..«-'7 ‘ADaventry
Shipston
N :
Value of parchment purchased &
1742 -1779 {‘)’6\
R
£91-6-0 Total
£77-1-0 84.8%
— £12-10-0 13.6% O P
J— Charles Franklin ]
L — £1-15-0 1.6% sl ¢

Figure 4.6: Location of parchment makers supplying John Clay, Daventry, 1742-1779, mapped
onto modern sheep density data (FAO 2014)

4.6 Summary

The results and analysis presented in this chapter indicate that legal deeds were preferentially written
on sheepskin parchment. These findings support the results of previous attempts to identify the
species use through visual and genetic analysis, and highlight a continuity of use from the 12t to 20™"
century. Documentary records concerning the provisioning of skins for deeds indicates that both
domestic and imported skins were likely used, and that the finished parchment could travel a
considerable distance. This chapter provides greater confidence in the interpretation of later isotopic
data through secure species identification, and knowing that the date the deed was signed is likely

very close to the date the animal died.
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Chapter 5

Examining the impact of parchment production on skin
collagen stable 8*C and 8°N and isotope values

This chapter examines the impact of parchment production on skin collagen stable isotope values
and elemental composition to explore the use of parchment as an isotopic resource. The analysis of
52 paired samples enables an offset between skin and parchment to be calculated, facilitating the
interpretation of historic manuscripts. Parchment production (5.2) and the manufacturing technique
used in this study will be outlined (5.3), as well as a protocol for the preparation of parchment for
analysis. The results (5.4) will then be discussed in relation to the structural and chemical
modifications made to the skin during processing (5.5).

5.1 Introduction

Palaeodietary and zooarchaeological stable isotope analysis has traditionally focussed on the analysis
of bone collagen and dentine due to their preservation and ubiquity in the archaeological record.
While abundant, they are constrained by their archaeological phasing or radiocarbon date, which at
best assigns material to a single century, at worst far broader. This is particularly the case for often
mixed, truncated, or simply disregarded post-medieval material, which can be phased as broadly as
‘post-1550° or ‘post-1750’. Parchment in contrast, is both abundant and typically dated to the year
of use and, as with unprocessed skin, may offer the possibility of a time-sensitive analysis of dietary
and husbandry trends from the weeks and months prior to the animal’s death (White & Schwartz
1994; White et al. 1995; Abend & Smith 1995; lacumin et al. 1996; 1998; Walker et al. 1999;
Williams 2008; Finucane 2007; Corr et al. 2009; Basha et al. 2016; Lamb 2016).

While stable isotope analysis of parchment has been conducted previously (Campana et al. 2010;

Pollard & Brock 2011), the impact of production on measured values in skin has not been established.
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These studies have speculated that values in the parchment may not be representative of the fresh
skin, due to isotopic fractionation as a result of the structural and chemical modifications the skin
undergoes during liming. Campana et al. (2010) and Pollard & Brock (2011) both observed 3°N
values in modern and historic parchment were far higher than those expected from terrestrial
herbivores, and suggested a potential impact from production. To address this, the isotopic analysis
of 51 paired skin and parchment samples are presented to assess the impact of production on collagen

isotope values and elemental composition.

5.2  Parchment production

The traditional methods of parchment production, and the modifications made to the skins structure
and chemistry are detailed in Section 3.3. In brief, the skin is unhaired, fleshed, stretched and scraped
to produce a dry durable sheet from the collagen-rich dermis layer. The major alterations occur during
liming, which: a) breaks the disulphide bonds in the keratinous hair and epidermis, facilitating their
removal (Bienkiewicz 1983, 71-72; Covington 2009, 118-119); b) hydrolyses triglyceride esters
(saponification), removing cutaneous lipids (Koppenhoefer 1939); ¢) hydrolyses some amide groups
attached to aspartic and glutamic acid residues (deamidation), decreasing the collagens iso-electric
point (Menderes et al. 1999); and d) ‘opens up’ the collagen fibres, removing non-collagenous
proteins, and purifying the collagen substrate (Menderes et al. 1999, Jones 2004, 31; Maxwell 2007,
123).

5.3 Materials & Methods

5.3.1 Experimental parchment production

Fresh skins were obtained from 47 sheep (Ovis aires) (Seaton Ross, E. Yorks. UK; Melton Mowbray,
Leics. UK; Newark-on-Trent, Notts. UK; Prague, Czech Republic; Lawrence, Kansas, US), 2 goats
(Capra aegagrus hircus) (Prague, Czech Republic), 2 calves (Bos taurus) (Vienna, Austria) and 5
pigs (Sus scrofa domesticus) (Beeston, Notts. UK). The animals were flayed shortly after death, and

their skins either salted or frozen —20°C prior to analysis.

To maximise this studies comparability with both medieval and post-medieval parchment, two
production methods were used. Method 1 followed traditional pre-19th century European techniques
as detailed in historic recipes (Saxl 1954; Ryder 1964; Reed 1973; Hagadorn 2012), with the skins
unhaired in a straight lime solution, and delimed in water alone (Figure 5.1). Method 2 used industrial
techniques through the addition of chemical depilatory agents during unhairing and acids during

deliming.
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5.3.1.1 Method 1 (Historical method)

Each skin was washed and rehydrated in water at 8°C (pH 7.5) for 48 hrs. The water was replenished
every 8 hrs, and adhering foreign material removed. The unsplit skins were submerged in a 3.5%
calcium hydroxide solution (pH 13.5) at room temperature for 6-18 days, and agitated three times
per day to ensure an even exposure across the skin. The ability to remove the fibre was appraised
daily, and deemed sufficiently limed when it could be removed at the root by hand with ease. Once
unhaired, the skins were fleshed on the beam, with the epidermis and sub-cutaneous tissue remove
with a double-handled knife. The skins were subsequently returned to the lime for a further 12 hrs,
allowing for a uniform penetration of the solution, which may have been inhibited by hair or fat. The
skin was then placed on the beam and mechanically squeezed with the knife to force out as much
liquid as possible. To neutralise the alkalinity, each skin was washed vigorously for 30 mins in
running water and allowed to soak for 48 hrs, with the water replaced every 8 hrs. Each skin was
then tightly stretched with ropes on a wooden frame, and allowed to dry under tension for a minimum
of 14 days. While still wet, and then again once dry, each side was shaved with a sharp knife to

remove further layers of the dermis and produce a clean even surface.

Figure 5.1: Method 1: A) salted skins are rehydrated and washed; B) skins are submerged in a lime
solution; C) unhaired; D) fleshed on the beam; E) delimed in water; F) and dried under tension (by
S. Doherty)
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5.3.1.2 Method 2 (Modern method)

Due to the costly requirements to treat and remove biological oxygen demand chemicals (BODs)
from wastewater if sulphides are used, the parchment produced using Method 2 was supplied by
Jesse Meyer of Pergamena, New York, US. Samples of fresh skin and parchment were then sent to
the author for analysis.

Each skin was washed and rehydrated as in Method 1. The unsplit skins were treated in a 0.1%
sodium hydrosulfide and 3% calcium hydroxide solution at room temperature for 30 mins, and
agitated throughout. To this, an additional 3% sodium hydrosulfide and 0.3% sodium hydroxide was
then added. The drums were agitated intermittently for 1 hr and then left to stand for 18 hrs, during
which time the hair had completely dissolved. The skins were then fleshed on the beam, and
neutralised in water and 0.75% formic acid for 6 hrs. The skins were then stretched, shaved and left

to dry under tension as in Method 1.

5.3.2 Sample preparation and analysis

Due to the previously limited isotopic analysis of parchment, there is currently no standard method
of sample preparation. Parchment is a complex material in which the chemistry and integrity of the
collagen is altered during manufacture (and potentially during conservational treatments), and can
degrade via oxidation, hydrolysis and biological attack (Hedges et al. 1989, 100-1; Badae et al. 2012;
Brock 2013, 353-4). Surface contaminants, including inks, glues and chalk are common, as well as
areas of localised gelatinisation and deterioration (Brock 2013, 353-4). It is also essential that only a
small physical sample is taken to minimise the aesthetic change to the manuscript. As such, careful
sampling and pretreatment is requited to minimise and remove sources of contamination and ensure

accurate analysis.

There is currently no widely accepted method for checking the integrity of collagen from skin or
parchment (Lamb 2016); however, C/N rations (a standard for bone collagen and dentine; Ambrose
1990; van Klinken 1999) have been widely used. Modern collagen (COL1al) has an atypically low
C/N of 3.12 due to the abundance of Glycine (C/N 2/1). Ratios higher than this reflect the loss of
nitrogen (including deamidation), or the presence of other proteins and lipids (Schoeninger & DeNiro
1984; van Klinken 1999; Kiljunen et al. 2006). Brock (2013) examined the impact of different
pretreatment protocols in C/N ratio in parchment for carbon-14 dating (Table 5.1), and observed the
highest ratios in untreated parchment, highlighting the necessity for some sample preparation, and
the lowest in those treated with strong acids or alkalis. The most consistently acceptable ratios were

produced from samples which had undergone lipid extraction followed by collagen extraction
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(demineralisation, gelatinisation, filtration and freeze-drying). This is consistent with the results from
other analyses of parchment and skin, where those that have not undergone collagen extraction have
been shown to produce high C/N rations, some in excess of 4 (lacumin et al. 1996; 1998; Williams
2008; Basha et al. 2016), while those that have undergone lipid and collagen extraction average
around 3.3 (Pollard & Brock 2011; Brock 2013).

Endogenous and exogenous lipids are often present in parchment in significant quantities (Ghioni et
al. 2005; Strli¢ et al. 2009; Mozir et al. 2014) and must be removed due to the different isotopic
composition of collagen and lipids (Liden 1995). Lipids have more negative 5'*C values than other
biochemical compounds due to kinetic isotope effects that occur during lipid synthesis (DeNiro &
Epstein 1977; Logan et al. 2008). Variability in tissue lipid content can therefore alter bulk §*3C
values, although as they are composed mainly of carbon they have little impact on 3*°N values (Logan
et al. 2008). The decision was taken to undertake to remove lipids from both skin and parchment
samples with DCM/MeOH, a solvent commonly used in tissues where triglycerides dominate (Ferraz
et al. 2004; Colonese et al. 2015; Guiry et al. 2016). Due to the potential for residual calcium
hydroxide to remain in the skin from liming, a brief demineralisation step was included to remove it.
Following the results of Brock (2013), samples were then gelatinised, filtered and freeze-dried to

produce purify the collagen substrate for analysis.

[
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8] - . i o =R == = O =
c 2 1 B O §3 E 0o & = 2 4 2
S 20 LTSI 8z 8% F 8|5 2
v 3.4-4.6 1,2
v 3.2-36 1
v 3.2-37 1,3,4
v 3.8 1,3
v v v v 3.3 1,4

Table 5.1: Pretreatment protocols used in the analysis of parchment and their impact on C/N ratios
1 Brock 2013; 2 Campana et al. 2010; 3 Donahue et al. 2010; 4 Pollard & Brock 2011
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5.3.21 Skin

Samples were taken from the belly region after soaking, but prior to liming. Adhering hair and fat
deposits were removed with a scalpel to leave a dermis rich sample, which was freeze-dried for 48
hrs, and ground to a coarse powder using a ball mill (Retsch MM400). In line with published analyses
of modern and archaeological skin (i.e. Finucane 2007; Browning et al. 2014; Bergamo et al. 2016)
samples underwent lipid and collagen extraction prior to analysis. Samples were defatted via solvent
extraction, DCM/MeOH (2:1 v/v), by ultrasonication for 1hr, with the supernatant removed and
solvent replaced every 15 min. The samples were briefly demineralised in 0.6 M HCL1 at 4°C for 1
hr, rinsed with distilled water and gelatinised in pH 3 0.001M HC1 at 80°C for 48 hrs. The supernatant
containing the collagen was filtered (60-90 um Ezee-Filter™, Elkay Laboratories, UK), frozen, and

freeze-dried.

5.3.2.2 Parchment

Samples were cut from the parchment adjacent to the location sampled for the fresh skin. The lipids
were solvent extracted following the same procedure used for skin. Samples were subsequently
demineralised in 0.6 M HCL1 at 4°C for 6 hrs to remove residual calcium carbonate/hydroxide, rinsed
with distilled water, and gelatinised in pH 3 0.001M HC1 at 80°C for 48 hrs. The supernatant was

then filtered, frozen, and freeze-dried.

5.3.2.3  Stable isotope analysis

Prepared collagen (0.9-1.1 mg) was weighed out in duplicate in 4 x 3.2 mm tin capsules (Elemental
Microanalysis, Okehampton, UK) for carbon and nitrogen isotope analysis. Analysis was undertaken
at the Natural Environment Research Council Life Sciences Mass Spectrometry Facility (NERC
LSMSF) in East Kilbride. Isotope ratio determinations were carried out on a ThermoElectron
DeltaPlusXP (Thermo Fisher Scientific, Bremen, Germany) with an Elementar Pyrocube elemental
analyser (Elementar, Langenselbold, Germany). The ratios are reported as §3C and 3'°N values in
per mille (%o) in reference to VPDB and AIR. Samples for bulk isotope analysis were referenced
against internal standards of gelatine (Sigma-Aldrich, St. Louis, US), **C-enriched alanine and **N-
enriched glycine, and the international standard of glutamic acid (USGS40). The isotopic

composition and accuracy of control standards are reported in Table 5.2.
Reproducibility between samples was better than + 0.2%o (1o) for 83C, %C, 5'°N and %N, with the

exception of sample USAO03 (0.33%o), which was therefore removed from further analysis and

calculations. %C ranged from 41.4-46.1 in skin, and from 41.6-44.9 in parchment. %N ranged from
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15.1-16.8 in skin, and 15.0-16.1 in parchment. C/N ratios were between 2.9-3.4 in skin, and between
3.2-3.4 in parchment. The quality indicators are all indicative of well-preserved collagen (DeNiro
1985; Ambrose 1990).

5.3.3 Statistical analysis

Statistical analysis was carried out using the IBM SPSS Statistic 22.0 software package (IBM 2013).
Shapiro-Wilks tests for normality showed that the distribution of 8*°N values in skin and parchment
were normal, but that 3*3C values were not (p <0.01). Therefore, non-parametric statistical tests were
used in this study. The statistical significance of differences between skin and bone values was
determined using a Wilcoxon signed-rank test for paired samples, and difference between Method 1
and Method 2 analysed using a Mann-Whitney U test. Correlation were assessed using the Pearson

correlation coefficient test.

813C (%o vs. VPDB) 3N (%o vs. AIR)

Standard n Observed True Observed True
13C-enriched alanine 30 -8.47+£0.20 -8.36 £0.13 2.15%0.15 2.08 £ 0.06
N-enriched glycine 30 -3854%+0.11 -38.58+0.09 23.53+0.13 23.54 +0.08
Gelatine 78 -2031+0.09 -20.31%+0.18 555+0.17 5.54 +£0.08
USGS40 (glutamic acid) 12  -26.45+0.14 -26.39+0.09 -4.58 +£0.16 —-4.52+0.12
USGS42 (Tibetan hair) 4 - - - -
USGS43 (Indian hair) 4 - - - -
CBS (Caribou hoof) 5 - - - -
KHS (Kudu horn) 4 - - - -

Table 5.2: Isotopic analytical precision of standards run during analysis at NERC LSMSF.

— = not measured
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5.4 Results

Isotopic and elemental composition results are reported in Table 5.3 (Method 1) and Table 5.4
(Method 2), and presented in Figure 5.2 (Method 1) and Figure 5.3 (Method 2). Additional
compositional results are presented in Table A.1

5.4.1 Carbon/Nitrogen ratios in skin and parchment

All samples produced C/N ratios within the acceptable range of ~2.9-3.5 proposed for bone collagen
(DeNiro 1985; Ambrose 1990). Average ratios in skin were 3.2 (2.9-3.4), and 3.2 (3.2-3.4) in
parchment, with 15 skins showing higher ratios after processing, 14 lower, and 22 showing no
difference. Of those that showed an increased ratio, it was often accompanied by an enrichment in
15N values, potentially due to deamidation and the loss of nitrogen during cleavage of the peptide
bond (see 5.5.1). Despite the potential impact from deamidation and the removal of lipids, the C/N

ratios indicate little change to the elemental composition of the collagen after processing.

5.4.2 Impact of production

Except for three samples, production resulted in a systematic enrichment in **N values (Method 1:
Mean = +0.23%o, Range = -0.1%o to 0.9%0; Method 2: Mean = +0.26%o, range = -0.1%o, to +0.5%o).
Twenty-nine (56.9%) of these were greater than experimental error, and was observed in both
production methods, and across all species, age and sex. The impact of production on §**C values
was more variable, although on average it resulted in an enrichment in values (Method 1: mean =
+0.13 %o, range = -0.5 to +0.9%o; Method 2: mean = +0.23%o, range = -0.2 to + 0.8%o). Thirty-two
(62.7%) showed an impact greater than analytical error. The difference between skin and parchment
values was, however, only statistically significant in sheepskin (Table 5.5), although is likely to be
due to the far greater sample size. There was no statistically significant difference in the offset
between skin and parchment in sheep between either Method 1 or Method 2 (Mann-Witney U test,
813C: U=72.5, p=0.885; 5°N: U=72.0, p=0.885).
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‘_é g ’g Skin Parchment A (parchment-skin)
[S] ~
E_( ;);’ % C/N d18C 81N 880 C/I_\l S18C  S§BN 580 ABC SD ABN D

ratio (%o0) (%o) (%0)  ratio (%o0) (%o) (%o0) (%o0) (%o)

JSKO01 S 6 32 254 9.7 - 31 250 9.9 - +04 +0.1

JSKO02 S 6 3.2 258 9.2 - 32 -254 9.5 - +04 +0.2

JSKO03 S 6 3.2 -260 100 871 32 257 101 856 +0.2 +0.0

JSK04 S 11 3.2 -2538 8.4 9.53 3.2 255 85 845 +0.2 +0.0

JSKO05 S 10 3.2 257 8.4 - 32 -253 8.6 - +04 +0.1

JSKO06 S 10 3.2 -26.0 8.9 - 32 -25.6 9.2 - +0.3 +0.2

JSKO07 S 10 3.2 258 9.0 - 32 -256 9.0 - +0.2 +0.0

JSKO08 S 13 3.2 -26.0 9.7 - 3.2 -253 9.9 - +0.6 +0.2

JSKO09 S <« 3.2 247 84 8.73 3.2 247 87 759 +0.0 +0.3

JSK10 S SB 3.2 251 8.7 7.18 32 251 8.8 7.82 -0.06 +0.1

JSK11 S SB 3.2 249 8.1 - 32 244 8.5 - +04 +0.3

JSK12 S 60 3.3 -26.0 9.3 - 33 -255 9.4 - +05 +0.1

JSK13 S 1 3.2 -233 7.6 - 3.2 234 7.9 - -0.09 +0.2

JSK14 S 18 3.2 257 9.3 - 3.2 -256 10.0 - 401 +0.6

JSK15 S 18 3.2 246 8.3 - 3.2 2438 9.0 - -0.21 +0.6

JSK16 S 18 3.2 254 8.0 - 32 252 8.5 - +0.2 +0.4

JSK17 S 9 3.2 249 8.5 - 3.2 247 8.8 - +0.2 +0.2

JSK18 S 25 3.2 -253 9.2 - 3.2 258 9.6 - -0.50 +0.4

JSK19 S 16 3.3 -26.0 8.6 - 33 -258 8.8 - 401 +0.2

JSK20 S 17 32 251 8.6 - 32 249 9.1 - 401 +0.4

JSK21 S 26 3.3 -253 8.9 - 3.2 2438 8.5 - 405 -0.36

JSK22 S 15 31 257 8.3 - 32 249 8.5 - 408 +0.1

JSK23 S 15 3.2 -258 8.4 - 3.3 -26.0 8.6 - -0.25 +0.2

JSK24 S 15 33 257 8.2 - 32 -254 8.7 - 403 +0.5

JSK25 S 10 3.2 -238 6.1 - 3.2 -238 6.5 - +0.0 +0.3

JSK26 S 12 3.2 257 5.1 - 32 -254 5.7 - +0.2 +0.5

LLO1 S 20 3.2 -253 7.3 - 32 -253 7.6 - +0.0 +0.3

LLO2 S <« 3.2 247 8.0 9.23 3.2 246 82 925 +0.0 +0.2

NwWO01 S - 3.3 -25.6 9.7 - 3.3 -26.0 9.8 - -0.38 +0.1

NwWO02 S - 32 -255 9.5 - 32 -254 9.4 - +0.0 -0.04

NWO03 S - 3.2 254 101 - 33 259 103 - -0.44 +0.1

NWO04 S - 3.2 256 100 - 33 255 103 - 401 +0.2

NWO05 S - 3.2 -258 100 - 34 -261 102 - -0.29 +0.2

NWO06 S - 3.2 260 105 - 33 -258 108 - +0.1 +0.3

NWO07 S - 32 -254 7.4 - 34 -255 7.8 - -0.10 +0.4

NWO08 S - 3.2 -259 7.2 - 34 -259 7.6 - +0.0 +0.3

NW09 S - 3.3 -264 9.1 - 33 -258 9.4 - +05 +0.3

NW10 S - 3.3 -258 9.6 - 34 -259 9.7 - -0.10 +0.1

GSKO0 G 9 3.1 -238 8.1 - 31 -238 8.3 - +0.0 +0.2

GSKO0 G <« 31 -235 6.7 - 3.2 245 6.9 - 0.00 +0.1

BEPO1 P - 3.2 -233 4.0 - 3.2 234 4.1 - -0.05 0.00

BEP02 P - 3.2 -233 43 - 32 229 4.1 - +0.3 -0.14

BEPO3 P - 3.3 -23.0 5.6 - 3.2 227 5.7 - +0.3 +0.0

BEP0O4 P - 3.3 -23.0 5.8 - 32 225 6.0 - +05 +0.2

BEPO5 P - 3.3 -23.6 45 - 3.2 -233 45 - +0.3 +0.0

CSKol1 C «1 3.1 245 3.9 - 3.1 245 4.0 - -0.01 +0.0

CsSko2 C «1 3.2 245 47 - 3.2 245 5.2 - +0.0 +0.4

Sheep mean difference +0.1 03 +0.2 0.2

Goat mean difference -0.04 - 401 -

Pig mean difference +0.3 0.2 +0.0 0.1

Calf mean difference +0.0 - +0.2 -

Overall mean difference +0.1 0.3 +0.2 0.2

Table 5.3: 5'3C and 6N isotope and elemental composition of skin and parchment samples from
Method 1. S = sheep, G = goat, P = pig, C = calf, SB = stillborn, - = no data. Differences greater
than experimental error in bold. Standard deviation where >2 samples.
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= 8 Skln Parchment A (parchment-skin)
— L

£ g 2 CN 813¢C 31N CIN 513C 315N ABC  A®N

< » ratio (%o) (%o0) ratio (%o) (%o) (%o) (%o)
USA01 S 12 3.4 -24.9 6.9 3.3 -24.1 6.8 +0.79 -0.07
USAQ02 S 12 3.2 -21.9 6.6 3.2 -21.7 7.1 +0.20 +0.51
USA04 S 12 3.2 -20.7 12.3 3.2 -20.6 12.6 +0.10 +0.28
USA05 S 12 3.2 —24.2 6.3 3.3 -24.4 6.6 -0.16 +0.33
Overall mean difference +0.23 +0.26
Overall standard deviation 0.4 0.2

Table 5.4: 3*3C and 5'°N isotope and elemental composition of skin and parchment samples from
Method 2. S = sheep.

8%3C (%o vs. VPDB)

N (%0 VS. AIR)

Species  Method n

z P Z P
All 1&2 51 586.5 0.002 977.0 <0.001
Sheep 1 38 429.0 0.008 670.5 <0.001
Sheep 2 4 7.5 0.357 9.0 0.141
Goat 1 2 0.0 1.0 3.0 0.157
Calf 1 2 0.0 1.0 3.0 0.180
Pig 1 5 14.0 0.078 6.5 0.577

Table 5.5: Significant differences in isotope values between skin and parchment (Wilcoxon signed-

rank test for paired samples). Bold values indicate statistically significant differences (P<0.05)

70



T.

-22

-23

.04

-25 4

Parchment 6'3C (%, vs PDB)

-26

-7

A

Calf
® Goat
® Pig
@® Sheep

y = 0.962x - 0.8048
r: = 0.90761

Figure 5.2: Comparison of stable isotope values from skin and parchment produced using Method 1. A) 3*3C, B) §'°N, C) §*0.
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5.5 Discussion

The observed variation between skin and parchment 3*C and 3'°N values is likely the result of a
range of factors resulting from changes made to the structure and chemistry of the skin and during
parchment production.

5.5.1 Impact of amide sidechain hydrolysis

Forty-seven of the fifty-one skins (92.2%) showed a small, but consistent *N-enrichment after
processing, twenty-nine (56.9%) of which were greater than experimental error (0.2%o). Thirteen
skins (25.5%) showed an a **C-enrichment, although only 6 (11.7%) greater than experimental error.
A likely source of this enrichment is the kinetic isotope effect associated with peptide bond
hydrolysis, preferentially eliminating the isotopically lighter nitrogenous compounds. During liming,
the amide functional groups of asparagine (Asp) and glutamine (Glu) are converted into carboxyl

groups through alkaline hydrolysis, producing, respectively, aspartic acid:

(CH,);CONH, + H,0 + OH™ = P — (CH,), CO; + NH; (Eq. 5)

and glutamic acid:

(CH,),CONH, + H,0 + OH™ = P — (CH,), CO5 + NHj (Eq. 6)

liberating carbon dioxide and ammonia. This deamidation reaction forms part of the controlled
damage collagen undergoes during processing, and is essential in lowering the iso-electric point of
collagen, swelling the skin and aiding the removal of non-collagenous proteins (Covington 2009,
132-148). The rate of hydrolysis increases with prolonged liming as the rigidity of the collagen
backbone decreases, making the partially deamidated collagen susceptible to further damage (van
Duin & Collins 1998; Collins et al. 1999). In less than 24 hrs of liming, around 50% of all available
sidechains are hydrolysed (Menderes et al. 1999).

Cleavage of the carbon-nitrogen bond during hydrolysis has been shown to favour peptide bonds
containing the lighter isotopes of *2C and N, leading to a retention and enrichment of the heavier
isotopes (McClelland & Montoya 2002; Chikaraishi et al. 2007; 2009; Macko et al. 1986; 1987;
Bada et al. 1989; Silfer et al. 1992; Miura & Goto 2012). Bada et al. (1989), for example, observed
a ~7%o enrichment in bulk 3'°N values on bovine collagen after 30% hydrolysis. This enrichment has
been observed in deamidation associated with the transfer of amino acids from diet to consumer
(Hare et al. 1991; Chikaraishi et al. 2007; 2009; Popp et al. 2007; Miura & Goto 2012) and in the
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archaeological degradation of proteins (Dent et al. 2004; von Holstein et al. 2014). Despite the rate
of hydrolysis being linked to stability of the collagen structure, the extent of *3C or *N enrichment
there was no significant correlation with the duration of liming (Pearson correlation coefficient test,
813C: r=-0.205, p=0.188; 5'°N: r=0.065, p=0.665). The skins processed using Method 2 were only
in lime for 24 hrs, but displayed identical mean 3*°N enrichment values with sheepskins processed
using Method 1, although slightly more enriched §'*C. Further 5°N enrichment may occur during
the hydrolysis of arginine residues to form ornithine and urea, which has shown a preferential bias
for releasing the lighter isotope during the urea cycle (Ambrose 2000). In extensively limed skins,

such as those in this study, >30% of arginine residues may be converted (Jones 2004, 31).

5.5.2 Removal of keratinous hair and epidermis

During production, the keratinous hair, wool and epidermis layer of the skin are removed chemically
and mechanically. This has the potential to influence the isotopic value of the resulting parchment
due to the isotopic variation between keratin and collagen (Tieszen & Fagre 1993; O’Connell et al.
2012; von Holstein et al. 2013). Hair and wool fibres are made predominantly from keratin, which
relative to collagen contains less glycine and proline and higher levels of cystine and tyrosine
(Robbins 2012). This high cystine content results in an abundance of disulphide bonds, producing a
‘hard’ keratin, as in nails and horn. The epidermis is composed predominantly of ‘soft’ epithelial
keratins, which have lower cystine and higher methionine and glycine content than hair keratin
(Bienkiewicz 1983; Fuchs 1983). Keratin constitutes <2% of the total composition of the skin
(excluding the hair/wool), and in principal is entirely removed during production due to the different
behaviour of collagen and keratin during liming (Bienkiewicz 1983). At high pH values the
disulphide bonds undergo hydrolysis, dissolving the prekeratinised base of the hair, so that it is held
by friction alone, and also weakens the epidermis (Covington 2009). This chemical attack is
followed by mechanical removal of the hair and epidermis during dehairing and shaving, with the
resulting parchment made predominantly from the collagen rich dermal/corium layer. The opening-
up of the collagen fibres during liming, further results in the removal of non-collagenous components
of the skin (such as non-structural proteins and lipids), increasing the relative proportion of collagen

in parchment.

The isotopic relationship between collagen and keratin has been examined in a number of studies
(DeNiro & Epstein 1978; Tieszen & Fagre 1993; O’Connell et al. 2001; Warriner & Tuross 2010;
Codron et al. 2012; von Holstein et al. 2013). Both are typically enriched over diet, with collagen
enriched over keratin in both 33C (0-4%o) and 8°N (0-2%). In sheep, von Holstein et al. (2013)
noted that collagen was enriched over keratin by 2-2.7%o, but 8*°N differences were in experimental

error. Isotopic variation between the two tissues are largely due to differences in the routing and
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composition of amino acids (O’Connell et al. 2001; von Holstein et al. 2013). Previous analysis has,
however, been conducted on ‘hard’ keratins, and due to the higher glycine content of epithelial
keratins, it is likely that this isotopic variation between ‘soft’ keratin and collagen is less pronounced.
All visible signs of keratinous tissue were removed from the skin sample prior to analysis, but it is
possible that further removal during processing contributed to the observed enrichment.

5.5.3  Removal of lipids and non-collagenous proteins

A potential factor being the enrichment of parchment 3*3C values may be the saponification of lipids
during liming, reducing the amount of carbon-depleted lipids. Lipids are isotopically lighter (in
carbon) than the protein component of animal tissue, and in ecological studies are typically removed
through lipid extraction prior to analysis due to their impact on bulk values (i.e. Medeiros et al. 2015;
Guiry et al. 2016; Elliot et al. 2017). During liming, fatty acid esters undergo hydrolysis and are
leached out into the lime solution, with as much as 50% of the total lipid content of skin removed
(Koppenhoefer 1938; 1939). Lipids are likely to be further lost during deliming and shaving, however
sheepskin parchment can still have in high levels of remaining lipids (Ghioni et al. 2005). Pollard
and Brock (2011) noted an enrichment in 3*3C in defatted parchment relative to that which had not
undergone lipid extraction; however, in this analysis lipids were extracted from both the fresh skin
and parchment prior to analysis, reducing the influence they may have. Non-collagenous proteins are
also removed during processing, reducing the amount of basic amino acids (arginine, lysine, and
histidine), resulting in a proportional increase in glycine, which is enriched in *3C relative to other
amino acids (McMahon et al. 2015). Therefore, purification of the collagen substrate during

processing may too influence the resulting bulk isotope values.
5.6 Summary

The alterations made to the structure and chemical composition of skin during parchment production
result in a small, but measurable impact upon carbon and nitrogen isotope values. In sheepskin,
production resulted in statistically significant mean enrichment in both §**C and 8'°N. These results
confirm Campana et al. (2010) and Pollard & Brock’s (2011) hypothesis that production alters the
isotope value of the skin, and is likely the cause of the high §°N values observed in both of these
previous studies. Measuring the amino acid composition of paired samples would help clarify the
factors driving this mean enrichment, although it is likely the interplay of: deamidation preferentially
removing the lighter $2C and N isotopes; saponification removing *C-depleted lipids; and removal
of the relatively depleted keratin component during liming and shaving. There was no statistically
significant difference in the offset from skin to parchment in those manufactured using historical or
modern techniques. This is important for this study as the historical parchment analysed covers this

technological change, although is unlikely to have any significant impact.
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Chapter 6

Examining the isotopic relationship between diet, bone,
skin and parchment through a free-ranging diet study

This chapter explores diet to tissue offset through a free-ranging diet study, and inter-tissue isotopic
spacing through the analysis of paired skin and bone samples. This analysis enables the results from
historic parchment to be integrated with those from archaeological bone collagen. Previous
examinations of diet to tissue enrichment (6.1.1) and inter-tissue spacing (6.1.2) will be presented,
before detailing the diet study undertaken (6.2). The results (6.4) will be discussed, focusing on the

impact of turnover rate, age, and intra-flock variation.

6.1 Introduction

Stable isotope analysis of consumer tissue is widely applied to ecological, agricultural and
archaeological material to reconstruct nutrient acquisition, food webs, trophic relationships,
migration and cultural practices (i.e. Hobson 1999; Hobson & Wassenaar 2008; Camin et al. 2016;
Alexander et al. 2015). As tissue is derived from an animal’s dietary consumption over the period of
tissue formation, its isotopic composition therefore reflects the signature of the dietary components,
which are transferred and retained by the body during the absorption of nutrients (DeNiro & Epstein
1978; 1981).

Due to variations in tissue composition, rate of growth and routing of macromolecules from the diet
(carbohydrates, protein, lipids), different tissues within the same individual often display different
isotopic signatures (DeNiro & Epstein 1978; Tieszen & Fagre 1993; O’Connell et al. 2001; Warriner
& Tuross 2010; Codron et al. 2012). This has been observed in bone and skin collagen, and thought
to largely reflect the different temporal resolution of these tissues; with bone collagen on the scale
of years (Hedges et al. 2007) and skin collagen on the scale of weeks and months (Gerber et al. 1960;
Babraj et al. 2005). As ecological studies typically focus on non-invasive sampling (Schwertl et al.
2003; Ayliffe et al. 2004; Zazzo et al. 2015) and agricultural studies on muscle (Camin et al. 2007,
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Bahar et al. 2008; Bontempo et al. 2012), much of our understanding on the isotopic relationship

between these tissues comes from archaeological investigations (Table 6.1). These indicate that both

are typically enriched over diet, with skin §'C values usually depleted relative to bone, and §°N

enriched relative to bone; although with a high degree of individual variability. Interpretation of

inter-tissue spacing using archaeological material is complicated by the potential for unknown

cultural factors, such as abrupt changes in diet, location and health prior to death to alter the isotopic

composition of the tissue. To address this, this chapter presents the first diet to tissue analysis in

sheep, through the analysis of paired samples from 26 individuals.

Contributions  Species Relative position (Apone-skin) Reference
8BC Dietary Human Skin collagen enriched Lyon & Baxter 1978
carbohydrate, (modern) €.0.2%o over bone collagen
protein, lipid
Human Skin collagen typically White & Schwartz
(mummified) depleted 2.2-0.2%o relative to 1994; lacumin et al.
bone collagen, but high 1996; 1998; Finucane
degree of variability and 2007; Williams 2008;
some enriched by 5%e. Norris 2009; Basha et
al. 2016
Human Skin collagen depleted 1%o Corr et al. 2009
(frozen) relative to bone collagen
Ungulates Skin collagen depleted 0.6%o Vogel 1978
relative to bone collagen
Crocodile Skin collagen depleted 3.3%o lacumin et al. 1998
relative to bone collagen
8N Dietary Human Skin collagen enriched 0.2- White & Schwartz
protein (mummified) 5.3%o relative to bone 1994; lacumin et al.
collagen, but high degree of 1996; 1998; Finucane
individual variability. 2007; Williams 2008;
Norris 2009; Basha et
al. 2016
Human Skin collagen depleted 8%o Corr et al. 2009
(frozen) relative to bone collagen
Crocodile Skin collagen enriched 1.1%o lacumin et al. 1998

relative to bone collagen

Table 6.1: Published results on the relationship between bone and skin collagen isotope values
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6.1.1 Diet to tissue offset in herbivores

Isotopic fractionation occurs at various stages of the metabolic process, resulting in an offset between
the isotopic values of the diet and consumer tissues (DeNiro & Epstein 1978; 1981). Controlled and
free-ranging diet studies have observed an enrichment in the heavier isotopes of both carbon and
nitrogen in consumer collagen over that of the diet (hereafter referred to as A¥Caiet-tissue and A Ngiet-
tissue). Variable A¥Cgiet-tissue OffSets have been observed, although an enrichment between 2-4%o is
commonly accounted for (DeNiro & Epstein 1978; Sealy et al. 1987; Lee-Thorp et al. 1989; Ambrose
& Norr 1993; Tieszen & Fagre 1993; Bocherens & Drucker 2003; Sponheimer et al. 2003a; Hedges
et al. 2006; Warriner & Tuross 2010). After ingestion, nutrients are not apportioned equally and may
be routed to different parts of the body. While collagen carbon can derive from dietary carbohydrate,
protein and lipid, single amino acid analysis and feeding studies suggests that collagen carbon is
largely routed from dietary protein for use in organ and tissue synthesis (Hedges et al. 2006, 120;
Voigt et al. 2008, 2; Fernandes et al. 2012).

Collagen nitrogen derives from dietary protein, and during its assimilation, deamination enzymes
preferentially removed amine groups with 4N and generate nitrogen by-products of ammonia (NHs3),
uric acid (CsHsN4Os3) and urea (CH4N20) which are enriched in *N relative to animal protein (Perini
etal. 2009, 2580). Similarly, transamination during the synthesis of amino acids favours the retention
of the heavier isotope and excretion of N in the form of urea (Styring et al 2010, 242). Due to this
a AP®Niet-tissue €Nrichment of 3-5%o has commonly been observed in feeding studies and is typically
accounted for in dietary reconstruction (DeNiro & Epstein 1981; Bocherens & Drucker 2003;
Sponheimer et al. 2003b; O’Connell et al. 2012). Nutritional stress can increase °*N-enrichment,
particularly in tissues with a fast turnover rate, where protein within the body is consumed as a source
of amino acids (Hobson et al. 1993; Hatch et al. 2006). Despite this, there is still no accepted
explanation for the mechanism by which trophic *N enrichment occurs (O’Connell 2017, 317).

6.1.2 Isotopic relationship between skin and bone

Due to the complex interplay of variations in tissue composition, the routing of nutrients, remodelling
rates, and individual variations in metabolism, bone collagen and skin collagen values in the same
individual often vary, with skin collagen typically depleted in *C relative to bone (c.—2.2-0%o) but
enriched in N (c.0-5%o). The protein component of bone and skin is dominated by Type 1 collagen
(COL1al), with the two tissues possessing highly similar amino acid compositions despite skin
containing a minor elastin (0.6-2.1%; higher glycine abundance) and keratin (<2%; lower glycine
abundance) component (Ambrose 1993, 76-77; Corr et al. 2009, 14; Covington 2009, 23; 38) (Figure

6.1). Compound specific 83C isotope analysis of the frozen remains of Kwéday Dan Ts'inchi by
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Corr et al. (2009), also indicates that the two tissues have analogous biosynthetic/dietary origins of
collagen carbon, and ascribed much of the observed isotopic variation between bone and skin

collagen in this individual to turnover rate and large geographical movement.

Bone collagen is predominantly laid down in adolescence, but is continually remodelled during life
(Hedges et al. 2007). In adolescent humans (10-15 years old), turnover rates of approximately 10-
30%/year have been modelled, considerably higher than the ~1-4%/year in adults (Hedges et al.
2007). How this translates to short-lived animals such as sheep is unexplored but, in isotopic studies,
the values from domesticated animals are typically taken to reflect a whole life average. In contrast,
dermal collagen turnover rates are significantly greater, with average turnover rates >1%/day
reported (Laurent 1982; McAnulty & Laurent 1987; Mays et al. 1991; el-Harake et al. 1998; Babraj
et al. 2005; Moore et al. 2005), although in animals on a high plane of nutrition, synthesis rates in
excess of 12.5%/day have been observed (Li et al. 1998; 2007).

Skin collagen, therefore, appears to record clearer seasonal isotopic variation. In individuals
preserved by mummification or permafrost, archaeologists have commonly attributed this isotopic
variation between tissues to alterations in cultural and environmental conditions, including: dietary
changes before death (White & Schwartz 1994; Williams 2008); significant spatial movement prior
to death (Corr et al. 2009); physiological stress in the final months of life (Finucane 2007; Norris

2009); as well as differential decomposition and diagenesis (Finucane 2007).
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Figure 6.1: Amino acid composition of bone and skin collagen
(Ambrose 1993, 76-77; Covington 2009, 23)
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6.2 Material & Methods

This section is separated into the methods and sample preparation used for the diet study (6.2.1) and
the isotopic spacing between tissues study (6.2.2), although the animals used for the first study

contributed to the second.
6.2.1 Diet study

Twenty-six sheep (Ovis aries, Shetland) were born and raised in Seaton Ross, East Yorkshire, UK.
The animals were managed under modern conditions, although on a small scale (flock size <60), and
were raised primarily for their wool. The sheep grazed across five adjacent fields during the years
(approximately 4.5 acres) and were slaughtered at various ages. The animals were not placed on a
controlled diet, and consumed the dietary components ad libitum. As with other free-ranging studies,
samples of each component were taken at different seasons over a two-year period to provide an
average isotopic composition of the diet (Heaton et al. 1986; Ambrose & DeNiro 1986; Sealy et al.
1987; Schoeninger 1989). The major dietary components were: grass pasture; wheat hay (UK,
bought-in); and protein concentrates (Lamb Pellets, ARGO, UK; Sheep Concentrate Pellets, BATA,
UK). The average dry weight contribution of these components to the diet was estimated to be
85:10:5 (%) (pers. comm. C. Chapman'?). The isotopic composition of the individual dietary
components is provided in Table 6.2. These results are comparable with data from other livestock
feeds, and exhibit the relatively higher 6°N values seen in other UK samples due to the cumulative
effect of long-term organic manuring, and relatively depleted 6**C values due to greater humidity
and temperature (Gonzélez-Martin et al. 1999; Piasentier et al. 2003; Schwertl et al. 2003; Camin et
al. 2007).

To account for the varying contribution of these component, particularly the dominance of grass, the

813C and 8N of the diet was calculated using a mass balance equation:

L — (Wgrass) X (pgrass) X (SXgrass) + (Whay) X (Phay) X ((thay) + (ered) X (Pfeed) X (SXfeed)
det (Wgrass) X (Pgrass) + (Whay) X (Phay) + (ered) X (Pfeed)

(Eq.7)

where W is the estimated average contribution of the dietary component to the diet, P is the average
measured proportion of X element in the component, and 6X is the components average -value. The

calculated diet isotopic ratios are reported in Table 6.1.

12 Dr Cluny Chapman is a zooarchaeologists, farmer and embroider who currently manages a small flock of
Shetland and Wensleydales in Seaton Ross, East Yorkshire. Further information regarding Cluny and her
flock of sheep can be found at Highfield Textiles website
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Diet Component % intake (@ %C 8N %N

Grass 2 (dry) 85 -29.05  42.26 3.35 3.83
Hay ° (dry) 10 -29.83  44.13 2.69 1.18
Feed ° (dry) 5 -26.92  44.69 3.05 3.18
Mean Diet —28.44 3.08
Eq. 9 -29.02 3.31

Table 6.2: Isotopic ratios of dietary components
a Average of 16 samples from five fields across two years; ® Average of 6 samples from three bales

across two years; ¢ Average of 12 samples from two suppliers.

6.2.1.1 Preparation and analysis of food samples

Grass and hay samples were cleaned with distilled water, dried at 40°C for 24 hrs, and subsequently
homogenised using a pestle and mortar. Feed samples from each batch were also homogenised before
analysis. All samples were defatted via solvent extraction DCM: MeOH (2:1 v/v), by ultrasonication
for 1 hr, with the supernatant removed and solvent replaced every 15 mins. 1-2 mg of each sample
was weighed out into 4 x 3.2 mm tin capsules (Elemental Microanalysis, Okehampton, UK) for
analysis. Isotopic analysis of food samples was undertaken at BioArCh, Department of Archaeology,
University of York. 3*3C and 8N isotope ratio determinations were carried out on a Sercon GLS
analyser coupled to a Sercon 20-22 Mass Spectrometer (Sercon, Crewe, UK), and are reported in per
mille (%o) in reference to VPDB and AIR (Eq.1, Eq.2). An internal standard of gelatine (Sigma-
Aldrich, St. Louis, US) was used, alongside international IAEA standards. The isotopic composition

and accuracy of control standards are reported in Table 6.3.

6.2.1.2 Preparation and analysis of bone samples

Shortly after death, the left metacarpal was removed from the carcass and stored at -20°C prior to
analysis. Of the 26 individuals analysed, bone samples were only obtained from 14 due to legal
requirements around carcasses entering the meat industry. Adhering tissue was removed, and a 0.5-
1.5 g sample taken from the mid-shaft. Bone samples were cleaned with distilled water, freeze-dried
for 48 hrs to remove excess moisture, and then ground to a coarse powder using a ball mill (Retsch
MM400). The lipids were removed via solvent extraction DCM/MeOH (2:1 v/v) by ultrasonication
for 2 hrs, with the supernatant removed and solvent replaced every 15 mins. The samples were

demineralised in 0.6M HC1 at 4°C for 4 days, rinsed with distilled water and gelatinised in pH 3
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0.001M HC1 at 80°C for 48 hrs. The supernatant containing the soluble collagen was filtered (60-
90um Ezee-Filter™, Elkay Laboratories, UK), frozen, and freeze-dried. 0.8-1.1 mg of each sample
was weighed out in duplicate into 4 x 3.2 mm tin capsules (Elemental Microanalysis, Okehampton,
UK) for analysis.

Isotopic analysis of bone was carried out at the Natural Environment Research Council Life Sciences
Mass Spectrometry Facility (NERC LSMSF) in East Kilbride. 8*C and &N isotope ratio
determinations were carried out on a ThermoElectron DeltaPlusXP (Thermo Fisher Scientific,
Bremen, Germany) with an Elementar Pyrocube elemental analyser (Elementar, Langenselbold,
Germany). The samples were analysed in the same run as skin and parchment, therefore, please see
Chapter 5 for information on the composition and accuracy of control standards. Reproducibility
between samples was better than + 0.2%o (1o) for 5*3C, %C, 5'°N and %N. %C ranged from 39.6-
45.7%, %N from 15.2-16.8%, and C/N rations were between 3.2-3.4, all indicative of well-preserved
collagen (Ambrose 1990; van Klinken 1999).

813C (%o, vs. VPDB) 3N (%o, vs. AIR)
Standard n Observed True Observed True
Fish Gelatine (SIGMA) 14 -1536+04 -15.32* 15.19+0.3 15.2#
Cane Sugar (IA-R006) 3 -11.7+0.06 -11.64+0.03 - -
Caffeine (IAEA 600) 3 -27.67+0.12 -27.77+£0.04 1.4+0.3 1+0.2
Ammonium Sulfate (IAEA N2) 3 - - 2056+0.3 20.3+0.3

Table 6.3: Isotopic analytical precision of standards run during analysis at BioArCh, University of

York. @ Standard deviation not defined, - = not measured

6.2.2 Inter-tissue isotopic spacing study

The isotopic relationship between tissues was examined using the same individuals in the diet to
tissue analysis, along with paired skin and bone samples from additional 10 sheep obtained from an
abattoir in Newark-on-Trent, Nottinghamshire, UK, and 2 from a flock in Leicestershire. For those
from the abattoir, husbandry information could not be confirmed from the farmer, but they were
believed to be from a single commercial flock, slaughtered at around 9 months of age all on the same
day. The two from Melton Mowbray, Leicestershire, UK, were Leicester Longwool’s, farmed under
small-scale conditions, and aged 20 months (LLO1) and <7 days (LL02).
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6.2.2.1 Preparation and analysis of bone, skin and parchment samples

Bone samples were prepared and analysed as those in Section 6.3.1.2. See Chapter 5 for the
preparation and isotopic analysis of skin and parchment samples.

6.2.3 Statistical analysis

Statistical analysis was carried out using the IBM SPSS Statistics 22.0 software package (IBM 2013).
Shapiro-Wilk tests for normality showed that the distribution of 3°N values in all tissues were
normal, as were 33C values in bone, but that 3*3C values in skin and parchment were not (p <0.01).
Therefore, non-parametric statistical tests were used in this study. The statistical significance of
differences between group and tissues were determined using a Mann-Whitney U test for paired
samples, and a Kruskal-Wallis test for multiple samples. Correlations were assessed using the

Pearson correlation coefficient test.

6.3 Results & Discussion

6.3.1 Diet to tissue spacing

51%C and 8N values of the analysed tissues are presented in Table 6.4, and Agiettissue Offsets
summaries in Table 6.5 Additional elemental results are presented in Table A1. Mean and range Adiet-
tissee Values were calculated excluding foetal and new born lambs due to the potential enrichment
resulting from nutrients received through the ewe in utero and the consumption of milk (Hedges &
Reynard 2007; Jay 2009, 169; de Luca et al. 2012). The distribution of Agiettissue Values in sheep <1-
month-old was not significantly different from older individuals (Mann-Whitney U test, p >0.05), as
they had either not suckled at all or only for a couple of days (pers. comm. C. Chapman). However,
as they had not directly consumed the dietary components being analysed they were not included in

the calculations.

Consistent with the results of previous studies, consumer tissue was enriched over diet. This was
greatest in parchment, along with a considerable degree of variability (A**Cgiet-parchment +3.9%o0 £ 2.23,
ANiet-parchment +5.1%o + 4.38), although as demonstrated in the previous chapter, this is likely due in
part to the impact of production. Statistical analysis will therefore focus on bone and skin. The range
in Adierissue Values was greater in skin than in bone, likely reflecting the faster turnover rate of skin

collagen than bone collagen, but the smaller samples size for bone must also be acknowledged.

83



The enrichment between diet and collagen observed in this study are on the upper range of those seen
in controlled feeding studies (8*°C: 2-4%o, 8"°N: 3-5%o0) (Bocherens & Drucker 2003), although
slightly lower than those observed in other free-ranging studies (5-6%o) (DeNiro & Epstein 1978;
Vogel 1978; Heaton et al. 1986; Ambrose & DeNiro 1986; Sealy et al. 1987; Lee-Thorp et al. 1989;
Schoeninger 1989; Schwartz & Schoeninger 1991). This likely reflect the increasing uncertainty over
the ‘true’ isotopic signature of the diet, which is at its most variable in wild animals. Two skins,
JSK25 and JSK26, presented lower §'°N than the rest of the flock and were much closer to the isotope
value of the diet. The driving factor behind this depletion is unknown, as they grazed over the same
location, but may highlight the significant degree of individual metabolic variation. Using the
husbandry information available, the impact of sex, age and season of slaughter on Agietissue Values

was explored:

e There was no significant difference in Agierissue €Nrichment between male (n=14) and females
(n=6):
ABCiet-bone — Mann-Whitney U test, U=20.0, p=0.797
A¥Nyiet-none — Mann-Whitney U test, U=22.0, p=1.000
ARCliet-skin — Mann-Whitney U test, U=29.0, p=0.958
A Niet-skin — Mann-Whitney U test, U=25.5, p=0.635

e There was no significant difference in Agiettissie ENFichment between juveniles (6-17 months)
(n=15) and adults (>18 months old) (n=7):
A Cliet-bone — Mann-Whitney U test, U=9.0, p=0.833
A% Nuiet-none — Mann-Whitney U test, U=7.0, p=0.515
ACliet-skin — Mann-Whitney U test, U=25.0, p=0.462
A¥Nyiet-skin — Mann-Whitney U test, U=28.0, p=0.635

Grass 8C values display seasonal variation consistent with changes in water availability (Smedley
et al. 1991), which is mirrored in perpetually remodelling hair and wool (Zazzo et al. 2015;
Mosbacher et al. 2016). Despite the rapid turnover of skin, there was no statistically significant
variation in values for either isotope depending on the season of slaughter, with the slower turnover

of skin likely smoothing out the seasonal signal:

e Winter—DJF (n=4); Spring — MAM (n=16); Summer — JJA (n=2); Autumn — SOC (n=10):
ABCliet-none — Kruskal-Wallis test, p=0.140
AP Niet-vone — Kruskal-Wallis test, p=0.537
ACiiet-skin — Kruskal-Wallis test, p=0.075
A®Nyiet-skin — Kruskal-Wallis test, p=0.195
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- = ® 83C (%o) 8N (%o0)

e £ @

< % % Bone Skin Parchment  Bone Skin Parchment
JSKO1 6 - - -25.4 -25.0 - 9.7 9.9
JSK02 6 3.2 —24.7 -25.8 -25.4 8.2 9.2 9.5
JSKO3 6 3.2 —24.2 —-26.0 -25.7 7.9 10.0 10.1
JSK04 11 3.2 —24.5 -25.8 -25.5 7.9 8.4 8.5
JSKO05 10 3.2 —24.6 -25.7 -25.3 7.4 8.4 8.6
JSKO06 10 3.2 —24.6 -26.0 —-25.6 7.2 8.9 9.2
JSKO7 10 3.2 —24.7 -25.8 —-25.6 8.4 9.0 9.0
JSK08 13 3.1 —24.8 —-26.0 -25.3 8.5 9.7 9.9
JSK09 <1 3.2 -23.9 —24.7 —24.7 7.7 8.4 8.7
JSK10 SB 3.2 —24.4 -25.1 -25.1 7.7 8.7 8.8
JSK11 SB 3.2 -23.9 —24.9 —24.4 7.4 8.1 8.5
JSK12 60 3.2 —24.6 -26.0 -25.5 6.4 9.3 9.4
JSK13 <1 3.2 -23.3 -23.3 -23.4 7.0 7.6 7.9
JSK14 18 - - -25.7 -25.6 - 9.3 10.0
JSK15 18 - - —24.6 —24.8 - 8.3 9.0
JSK16 18 3.2 —24.5 —-25.4 -25.2 3.6 8.0 8.5
JSK17 9 - - —24.9 —24.7 - 8.5 8.8
JSK18 25 - - -25.3 -25.8 - 9.2 9.6
JSK19 16 - - —26.0 -25.8 - 8.6 8.8
JSK20 17 - - -25.1 -24.9 - 8.6 9.1
JSK21 26 3.2 -25.3 -25.3 —24.8 5.6 8.9 8.5
JSK22 15 - - -25.7 -24.9 - 8.3 8.5
JSK23 15 - - —-25.8 -26.0 - 8.4 8.6
JSK24 15 - - -25.7 -25.4 - 8.2 8.7
JSK25 10 - - -23.8 -23.8 - 6.1 6.5
JSK26 120 - - -25.7 —25.4 - 5.1 5.7

Table 6.4: Isotopic composition of tissues from a single flock used for diet to tissue analysis. SB =

Stillborn, - = not available for analysis.

8BC (%o) SN (%o)

Bone Skin  Parchment Bone Skin  Parchment
Raw:
Mean —24.47 -25.36 -25.14 7.67 8.49 8.77
Range +0.5 +1.1 +1.1 +1.3 +25 +2.2
ATissue-
Diet:
Mean +4.1 +3.7 +3.9 +4.6 +4.8 +5.1
Range +1.1 +2.23 +2.23 +251 +4.93 +4.38

Table 6.5: Summary of isotope data and tissue to diet offset. Mean Arissue-piet Calculated from sheep

>6 months of age.
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Figure 6.2: Isotopic relationship between diet and tissues, A) §3C, and B) §'°N (Seaton Ross sheep only)




6.3.2 Isotopic relationship between bone and skin

The isotopic composition of tissues used to explore the relationship between bone and skin are
detailed in Table 6.4 and Table 6.6, and summarised in Table 6.7. Pairwise comparison reveals that
skin is more depleted in *C than bone (0.8 + 0.8%o), but more enriched in N (1.1 + 1.9%o). This
pattern is consistent with data from archaeological populations, and modern grass eating ruminants
(Vogel 1978). Parchment was depleted in 3C relative to bone, though not to the same extent as skin
(0.6 = 0.8%o), and more enriched in N than both (1.3 + 1.8%o), although as noted earlier, this likely
due to the loss of lighter compounds through deamidation and saponification during production.
Using the husbandry information available, statistical analysis indicated:

e There was no significant difference in Apone-skin OffSet between male (n=11) and females (n=5):
A Chone-skin — Mann-Whitney U test, U=65.5, p=0.724
A¥Npone-skin — Mann-Whitney U test, U=51.5, p=0.261

e There was no significant difference in Anone-skin OffSet between juveniles (6-17 months) (n=12) and
adults (>18 months old) (n=4):
A%Chone-skin — Mann-Whitney U test, U=43.5, p=0.324
A¥Npone-skin — Mann-Whitney U test, U=54.0, p=0.794

e There was no significant difference in Apone-skin Offset depending on the season of slaughter Winter
— DJF (n=4); Spring — MAM (n=17); Summer — JJA (n=2); Autumn — SOC (n=4):
AChone-skin — Kruskal-Wallis test, p=0.106
A Npone-skin — Kruskal-Wallis test, p=0.787

Although the §C and §'°N values of bone and skin are significantly correlated (§°*C: r=0.877,
p=<0.001; §°N: r=0.908, p=<0.001), they are not identical, as would be expected if the amino acids
from the diet were similarly apportioned to both tissues (Finucane 2007, 2121). The protein
component of both is dominated by Type 1 collagen (COL1al) (Ambrose 1993, 76-77; Covington
2009, 23), and are thought to have analogous biosynthetic/dietary origins of amino acids (Corr et al.
2009). Part of this **C-depletion in skin may be due to the greater quantity of carbon-depleted lipids
relative to bone, although all samples underwent lipid extraction prior to analysis reducing its
potential impact (Liden 1995; Guiry et al. 2016). While the faster turnover rate of dermal collagen
than that of bone collagen (el-Harake et al. 1998; Babraj et al. 2005; Hedges et al. 2007) undoubtedly
influences this difference, the skins of two stillborn lambs and a two-day old lamb all showed a
depletion in *C (0.7 to 1.1%o) and enrichment in **N (0.7 to 1.1%o) consistent with the wider pattern.

These individuals had received all of their nutrition from their mother in utero and could not have
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developed any turnover-related difference between these tissues. The observed difference in paired
samples of modern sheep skin and bone cannot be attributed to short-term variation in location (Corr
et al. 2009), diet (White & Schwartz 1994; Finucane 2007; Williams 2009; Corr et al. 2009), health
(Finucane 2007; Norris 2009), or differential decomposition of the collagen (Finucane 2007).
Therefore, some doubt is cast upon the interpretations presented by these archaeological studies. This
analysis suggests that some of the observed isotopic variation likely results from small variation in
the amino acid composition of these tissues, and the routing of nutrients from the diet.

While the presence of elastin and keratin in the skin may alter the amino acid composition between
these two tissues, it is unlikely that they significantly impact on the isotope offset between skin and
bone collagen. The higher glycine content in elastin has the potential to elevate *C values (Hare et
al. 1991; Corr et al. 2009), but this was not seen. Moreover, keratin is depleted in °N relative to
collagen (Tieszen & Fagre 1993; O’Connell et al. 2001), but skin nitrogen values were higher than
bone. At the moment we do not fully understand the factors underlying this difference, however,
amino acid profiles of paired samples may shed light on the importance of composition differences,

as well as monitoring the incorporation of radio-labelled amino acids to examine nutrient routing.

- 7 @2 8C (%) 8N (%o)

E £ =g

c (5] zZ

< & O Bone Skin  Parchment Bone  Skin  Parchment
LLO1 20 32 -252 -253 -25.3 58 7.3 7.6
LLO2 <1 32 240 247 -24.6 7.1 8.0 8.2
NwWo1 -9 32 253 -256 -26.0 8.5 9.7 9.8
Nwo2 -~9 32 -251 -255 -25.4 8.0 9.5 9.4
NW03 -~9 32 -250 -254 -25.9 9.1 10.1 10.3
NwWo04  ~9 32 253 -256 -25.5 9.0 10.0 10.3
NWo05s -~9 32 -253 -258 -26.1 8.8 10.0 10.2
NWo6 -~9 32 -255 -26.0 -25.8 9.4 10.5 10.8
NWO07  ~9 32 248 254 -25.5 1.7 1.4 7.8
NW08 ~9 3.2 248 -259 -25.9 8.2 7.2 7.6
NW09 ~9 32 249 -264 -25.8 6.6 9.1 9.4
NW10 -~9 3.2 -254 -258 -25.9 8.0 9.6 9.7

Table 6.6: Isotopic composition of tissues from additional sheep remains, used in the analysis of

inter-tissue spacing
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n 88C (%0) Range  8™N (%) Range

Abone-skin 26 0.8 +0.8 -1.1 +1.9
Abone-parchment 38 0.6 +0.8 -1.3 +1.8

Table 6.7: Summary of inter-tissue isotopic spacing (all sheep)

6.3.3 Implications for parchment

The results from this study confirm that **C and “°N isotope values in skin and parchment are higher
than values for the sheep’s diet. The offset between diet and skin collagen is comparable with that of
bone collagen, although show substantial individual variability. Parchment §*C values can be
elevated over diet by as much as 5.2%o (JSK25), although is more likely to be around 4%o.. Parchment
values were closer to diet than bone in this study, and therefore should enable dietary patterns to be
inferred from historic skins. The results from this analysis indicate that §*°N values in parchment
may be elevated by as much as 3%o over that of bone collagen (JSK12), and as much as 6.7%o over
diet (JSK01). Both Campana et al. (2010) and Pollard & Brock (2011) have observed considerably
enriched 8'°N values in parchment, with one early-19" century skin as high as 14.2%o. While these
high values may reflect farming practices such as organic manuring (Bogaard et al. 2007; Bateman
& Kelly 2007) and or the limited consumption of leguminous crops (Treasure et al. 2016), or
physiological issues such as nutritional stress (Hobson et al. 1993; Hatch et al. 2006), this elevation
is likely due in part to the preferential loss of N during metabolism, the loss of N through

deamidation during liming, as well as variations in the amino acid composition and routing in skin.

The isotopic variability within a flock increases with the turnover rate of the tissue analysed, due to
the increasing potential to incorporate short-term seasonal variation. Based upon the analysis of
modern sheep, isotopic variability is seen to follow the pattern: wool > skin > muscle > bone (Camin
et al. 2007; Perini et al. 2009; von Holstein et al. 2013; Zazzo et al. 2015), a progression that parallels
increasing turnover rates. The sheep raised in Seaton Ross grazed an area of ~4.5 acres, and
consumed a restricted range of food. Nevertheless, bone collagen §3C and 8°N values displayed a
range of 2.1%o0 and 2.5%o, respectively, highly comparable with those from the English Heritage
Sheep Project (8§C — 2.2%o; 8N — 2.5%o0) (von Holstein et al. 2013). The resulting parchment from
these sheep displayed a range in §3C values of 2.7%o and 8'°N values of 4.3%o. This high degree of
individual variation is perhaps not surprising, because terrestrial herbivores consuming identical diets
can vary in §3C by up to 0.8%o and 8*°N by 3.6%o (Sponheimer et al. 2003a; 2003b), and plants can
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vary by over 10%o over a small area due to varying mycorrhizal activity and areas of localised

defecation (Hobbie et al. 2000; Dawson et al. 2002).

6.4 Summary

This study examined diet to tissue offset through a free-ranging diet study, and inter-tissue isotopic
spacing through the analysis of paired skin and bone samples. Consistent with the result from other
feeding studies, sheep tissue was isotopically enriched over diet. The extent of enrichment varied
between tissues, with bone *3C values more enriched than skin and parchment, while **N values were
most enriched in parchment. The study revealed no relationship between diet to tissue offset with
sex, age, or season of slaughter. This enrichment therefore, most likely reflects variations in the
amino acid composition of tissue, the routing of amino acids, and individual metabolism. This study
indicates that parchment §*°N values can be enriched by as much as 6.7%o over diet, due both to the
diet to skin offset and the impact of production. This may, however, caution the interpretation of high

8N values which have previously been observed in parchment.

Skin and bone are both dominated by Type 1 collagen, display highly similar amino acid
compositions, and are through to have analogous dietary/biosynthetic origins of amino acids. Despite
this, skin 8'3C values were typically depleted relative to bone (mean = 0.8%o), and §*°N values were
enriched (mean 1.1%o). This pattern has been observed in archaeological human remains, and
previously explained through a range of environmental and cultural factors due to the different
turnover rates of these tissues. These explanations are not possible for these modern sheep, whose
location and diet did not differ, and suggests that variations in the amino acid composition of these

tissue and the routing of amino acids contributes to this isotopic difference.
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Chapter 7

81°C and 8N isotope analysis of post-medieval sheep

bone collagen

This chapter presents the isotopic analysis sheep bones from 15" to 20" century York and London,
which are synthesised with published results to explore broad temporal trends in ¢**C and ¢*°N
values. These results are integrated with zooarchaeological and historical evidence to explore the

influence of nutritional and husbandry change on conformational change.

7.1 Introduction

Large-scale meta-analyses of archaeological data have the potential to address issues typically
beyond the scope of site-level studies. Many of the big themes in contemporary archaeology, such
as human evolution and migration, the adoption and adaption of agriculture, and trading network,
necessitate the synthesis of data on a large scale (Kintigh et al. 2014; Orton & Morris 2016; Orton et
al. 2016; Slatkin & Racimo 2016; Cooper & Green 2017; Olalde et al. 2018). Zooarchaeology has
long embraced inter-site comparison and online repositories for data (e.g. ABMAP 2003), and in the
era of ‘big data’ has led the field in highlighting the value of meta-analysis in addressing
archaeological questions (e.g. Thomas et al. 2013; Orton et al. 2014; 2016). In archaeological stable
isotope studies, inter-site comparison is routinely undertaken, but the large synthesis of data has been
less common, and has so far focussed on human mobility through oxygen (8'80) and strontium
(3%'Sr) isotope analysis (Evans et al. 2012; Pellegrini et al. 2016). Meta-analyses and shared
databases have been championed (Britton 2017; Pauli et al. 2017) but, perhaps unsurprisingly, the
major temporal and inter-site studies have been those which integrate zooarchaeological and stable
isotope analysis (e.g. Barrett et al. 2011; Fisher & Thomas 2013; Madgwick et al. 2012; Sykes et al.

2016). Building upon these studies, this chapter presents the analysis of forty-seven sheep bones
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from 15" to 20" century York and London, and integrates them with published isotope and
zooarchaeological data to examine long-term trends in sheep management and diet. Unfortunately,
this dataset remains limited, with much of the published data broadly dated, and few pertaining solely
to the post-medieval period. In an effort to address this, the remain analysed in this study were
selected from tightly dated contexts and focus on the post-16" century.

7.1.1 Stable isotopes and post-medieval zooarchaeology

Post-medieval faunal remains are a particularly profitable source of isotopic information due to the
significant agricultural and landscape changes of the period, as well as the ability to integrate results
with textual sources (Guiry et al. 2012). A range of historically important husbandry and farming
practices have the potential to alter the isotopic value of sheep tissue, including: organic manuring
(Commisso & Nelson 2006; Bogaard et al. 2007; Heaton et al. 2009; Fraser et al. 2011; Szpak et al.
2009); intensive folding (Aranibar et al. 2008); the use of synthetic fertilisers (Choi et al. 2002; 2003;
Bateman & Kelly 2007); foddering (Balasse et al. 2006; Madgwick et al. 2012); deeper ploughing
(Ledgard et al. 1984; Koopmans et al. 1997); the cultivation of nitrogen-fixing crops (DeNiro &
Epstein 1981); the introduction of maize (O’Leary 1988); as well as the increasing mobility of
livestock and prepared meat due to transport improvements.

While this technique has been widely applied to North American and Australian historical remains,
particularly in the analysis of urban provisioning and long-distance meat trade (e.g. Guiry et al. 2012;
2014; 2017), much of the available post-medieval faunal isotope data from the UK comes from the
construction of terrestrial herbivore baselines to aid the interpretation of human collagen data (Table
7.1). These results, however, show considerable inter-site variability in sheep 6*3C and 5'°N values,
but little temporal variation in mean values until the 21% century. Unfortunately, most of these data
are broadly phased, and is therefore difficult to integrate with documentary sources, but may indicate
that the agricultural developments of this period had little effect on the isotopic composition of sheep
tissues. As Trow-Smith noted, even in the 19" century, sheep were ‘less responsive to improvement’,

and were managed under more ‘natural’ and simple practices (1959, 319).

At Dudley Castle, West Midlands, Fisher & Thomas (2012) integrated zooarchaeological, textual
and stable isotope evidence to examine potential nutritional and husbandry factors behind
conformational change in cattle, and a reduction in slaughter age. Biometrical analysis indicated a
statistically significant increase in the size of post-cranial elements between Phases 5 (1262-1321)
and 6 (1321-1397), and 8 (1533-1647) and 9 (1647-1750), as well as a gradual reduction in cattle
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age between Phases 6 and 8, with an increasing emphasis on the consumption of ‘prime’ young
adults. These changes could not be linked to shifts in the sexual composition of the herd, and the
paucity of teeth measurements made it difficult to determine if there was any genetic change. §**C
and 8'°N isotope analysis was conducted on 135 targeted bones covering this period, but revealed
generally static values, with no significant variation in either isotope, aside from a period of more
513C-depleted values in Phase 7 (1397-1533). They concluded that the gradual increase in size and
reduction in slaughter age was not accompanied by and major dietary or environmental change, or
they were insufficiently distinct to alter the isotopic values of the cattle tissue. With conformation
change noted in post-medieval sheep from York (O’Connor 1995) and London (Thomas et al. 2013),

stable isotope analysis here may prove useful in exploring potential nutritional and husbandry factors.
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33C (%o) SN (%o)
Site Period n Mean SD Range  Mean SD  Range Reference
Swinegate, York 13" century 16 -21.88 0.44 1.63 6.98 1.67 5.45 Cooper 2011*
Wharram Percy, Yorkshire 101-16" century 5 -21.82 0.32 0.80 5.88 1.01 2.60 Mildner & Richards 2005
St Giles, Yorkshire 12"-15" century 9 -21.67 0.27 0.90 6.05 1.23 430  Mildner & Richards 2005
Fishergate, York 13"-16" century 3 -21.03 0.89 1.60 4.86 0.12 0.20 Mildner & Richards 2007
Portmahomack, Ross 15" century 1 -22.00 - - 8.80 - - Curtis-Summers et al. 2014
Durham 16M"-17" century 15  -21.51 0.81 2.63 5.36 1.10 3.94 Millard et al. 2015
Hungate, York 19" century 3 -22.63 1.62 2.90 4.50 0.14 0.20 Brown 2014*
Queen’s Chapel of the Savoy, London 19" century 5 -21.82 0.27 0.70 7.24 2.16 5.70 Bleasdale 2016*
Modern 21 century 20 -26.31 0.47 2.20 7.03 0.62 2.50 von Holstein et al. 2014
Modern 21 century 26 2473 0.54 2.22 7.83 0.88 3.60 This study (Chapter 6)

Table 7.1: Available sheep bone collagen 6*3C and 3*°N values from late-medieval and post-medieval Britain.

*MSc theses held at the Department of Archaeology, University of York



7.2 Material & Methods

7.2.1 Sites

Samples of sheep bone were taken from multiple post-medieval sites in York (Figure 7.1) from
contexts dating from the 15" to 20" century, and from 16" to 19" century contexts from Prescot
Street, London (Figure 7.2). Samples were taken from bones which were fused. Unfortunately,
available comparative data does not indicate if sampled bones were fused or unfused (Muildner &
Richards 2005; 2007; Brown 2014 Millard et al. 2015), therefore there is the potential for some
young animals in the data, potentially exhibiting a weaning signal. No attempt was made to
distinguish between sheep or goat, as goat bones were not previously identified at any of these sites
(O’Connor 1984b; Scott 1985; Reilly 2010; Rainsford 2012). Every effort was taken to ensure that
the same individual was not sampled multiple times, by ensuring a range of contexts were analysed

and sampling elements from a single side.

Hungate, York (YAT 2006-11; YORMA5000)

Located adjacent to the River Foss, within in the historic walled centre of York, Hungate is a large
complex site with a sequence of use from a 3™ century Roman cemetery through to early-20" century
tenements and industrial complexes (YAT 2015). Between the 15" and 17" century, the area was
used for refuse pits, horticulture and the Cordwainers Hall, before more intensive use from the 18"
century onwards, with dense terraced housing, gas works and warehouses. By the 19" and early-20™"

“«

century, the tenements of Hungate had proliferated to become “one of the main slum districts in
York” (Rowntree 1901, 199), before being cleared in the 1930s (Harrison 2015). Preliminary
assessment of the post-medieval faunal material indicates that they reflect this domestic and
industrial land use, with a diverse range of taxa and elements present, along with multiple caches of
sheep metacarpals indicative of skin processing (Rainsford 2012). Metrical analysis was conducted
on 86 sheep metacarpals from the 16™-20" century (measurements according to von den Driesch
1976), and are presented later in the discussion. As with other multi-period sites, the excavation
presented complex stratigraphy, with residual and intrusive material observed in the pottery and finds
assemblages; an issue likely to also affect the faunal material (Rainsford et al. 2016). Only the most
securely dated and least mixed material was retained after assessment, and samples with the tightest

dating were utilised in this analysis.

Walmgate, York (YAT 1978-9; 1978.9.8)
18" and 19" century Walmgate was also a slum area, and considered “one of the poorest in the city”
(Rowntree 1901, 199). Located in the south of the walled centre, extensive deposits of sheep

metapodia were recovered from clay lined pits. They were associated with industrial rather than
96



domestic activity, and believed to be the refuse from nearby tanners and skin processors (O’Connor

1984b).

The Bedern, York (YAT 1976-83; 1983.13)
Located east of York Minster, the Bedern was an area of residential occupation and light industry
(Richards 1993), with faunal evidence for domestic activity and some skin processing recovered

from pits and garden soil deposits (Scott 1985).

Prescot Street, London (LP Archaeology; PCO06)

Located just to the east of City of London, Prescot Street, is a multi-period site, which like Hungate,
saw use from a 2™ century Roman cemetery through to dense terraced housing of the 19" century
(Hunt 2008). In the 16™ century the area was farmed by the Abbey of St Clare, before taking on an
increasingly residential and commercial nature after the Dissolution of the Monasteries. As the
capital grew, Prescot Street and the East End became an area of dense poor-quality housing, with a
less affluent population (Hunt et al. 2008). Assessment of the faunal remains shows a diverse range
of taxa, along with caches of sheep metapodia presenting evidence for sheepskin processing (Reilly
2010).

7.2.2 Stable isotope analysis

Samples were taken from a range of contexts, and effort made to ensure that each sample represented
a single individual. Samples of bone (~5-10 g) were cleaned to remove the outer surface and any
contaminant, and then demineralised in 0.6M HCL1 at 4°C for up to 10 days. The resulting insoluble
fraction was gelatinised in pH 3 0.001M HCL1 at 80°C for 48 hrs and the supernatant filtered (60-90
pum Ezee-Filter™, Elkay Laboratories, UK), frozen, and freeze-dried. 0.8-1.1 mg of collagen was
weighed out in 4 x 3.2 mm tin capsules (Elemental Microanalysis, Okehampton, UK) and analysed
in duplicate. Isotopic analysis was conducted at BioArCh, Department of Archaeology, University
of York. *C and 8N isotope ratio determinations were carried out on a Sercon GLS analyser
coupled to a Sercon 20-22 Mass Spectrometer (Sercon, Crewe, UK), and are reported in per mille
(%o) in reference to VPDB and AIR. An internal standard of gelatine (Sigma-Aldrich, St. Louis, US)
was used, alongside international IAEA standards. The isotopic composition and accuracy of control

standards are reported in Table 7.2

Reproducibility between samples was better than + 0.2%. (1o) for §'3C, %C, 5°N and %N. %C
ranged from 32.0-44.5%, %N from 11.7-16.3%, and C/N rations were between 3.1-3.2, all indicative
of well-preserved collagen (DeNiro 1985; Ambrose 1990).
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The 20™-century bones from Hungate are thought to date before the slums clearance in the 1930s.

To account for the introduction of 12C into the atmosphere through the burning of fossil fuels during

this time, a Suess Effect (Friedeli et al. 1986) correction value of 0.15%o was calculated from

Hellevang & Aagaard’s (2015) model for these four samples. To aid the integration of 21 century

bone, and correction value of 1.7%o was used (see Section 8.2.2).

7.2.3 Statistical analysis

Statistical analysis was carried out using the IBM SPSS Statistics 22.0 software package (IBM 2013).

The statistical significant of inter-site and temporal variation in §*C and 5!°N values was determined

using the non-parametric Mann-Whitney U tests for paired samples, and Kruskal-Wallis test for

multiple samples. The equality of variance between samples was calculated using a Levene’s test.

&13C values
(%o, vs. VPDB)

SN values
(%0, VS. AIR)

Standard n Observed True Observed True
Fish Gelatine (SIGMA) 26 -1532+0.2 -15.32¢ 15.17+0.1 15.22
Fish Gelatine (Bradford) 14 -1558+04 -15.5* 14.40+0.2 14.42
Cane Sugar (IA-R006) 9 -11.78+0.2 -11.64+0.03 - -
Caffeine (IAEA 600) 9 -2763+0.2 -27.77+0.04 0.7+£0.2 1+0.2

Ammonium Sulfate (IAEA N2) 9 -

2047+0.3 20.3%+0.3

Table 7.2: Isotopic analytical precision of standards run during analysis at BioArCh, University of

York. @ Standard deviation not defined, - = not measured

98



)

N
OY

z—>

York Minster
The Bedern/
The Bedern Foundry
* Swinegate
% Hungate
Walmgate
Clifford's Tower
Q Fishergate #
® Scale 1:5200
0 40 80 120 160 200 240 280 320 360 400m
== — — — == 1

published material. OS Data © Crown Copyright 2018

Scale 1:1250 _ B
0 10 20 30 4 5 6 70 8 9% 100m / cébfesfreet

= ——

Figure 7.2: Location of Prescot Street excavations. OS Data © Crown Copyright 2018

Figure 7.1: Location of sites in York sites from which material was obtained, along with previous
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7.3 Results

Full 8°C and 8°N results are presented in Table 7.3, and Figures 7.3 (York) and 7.4 (London). Three
samples showed a deviation greater than 0.2 %o (15) between duplicates and were removed from
further analysis. A significant outlier was observed in the 18"-19" century material recovered from
Hungate (Brown 2014), possessing a §*C value of —24.5, far more comparable with 21%-century
values. Recognising the stratigraphic complexities and mixing at this site (Rainsford 2012; Rainsford
et al. 2016) it is highly likely that this bone is intrusive, and was therefore removed from any
statistical analysis. Statistical analysis revealed no significant difference between samples from the
three York sites for either isotope (Kruskal-Wallis test, §*3C: p = >0.05; §'°N: p = >0.05). There
was no statistically significant variation in 8*N between the 13" and 20" century in York, but 20"
century 8*C values were significantly more depleted than those from the 18™- 19™ century (Table
7.4). The sheep from York were comparable with those from London, but despite being
geographically closer, the §!°C values of the 15"-17"" century material was significantly different to
the 16™-17" century Durham (Millard et al. 2015) (Table 7.5).

There was no significant difference between the London samples from Prescott Street and Queen’s
Chapel of the Savoy, and the values from both sites were comparable with those from contemporary
York and London (Table 7.6). There was no significant temporal difference in §*C values, but there
was a statistically significant enrichment in 8*°N values between the 16"-17™ and 18™-19™ century.
In both York and London, variability was greater in 8*°N values than §'°C values, with all periods in
York and the 18"-19" century material in London showing variations on the scale of trophic
differences (3-5 %o0) (Bocherens & Drucker 2003).
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Sample Site Phase Period Element &BC (%) %C &N (%) %N C/N

PCSG02 PCS EPM 16M-17"C  SCAP -21.9 414 51 154 3.1
PCSG03 PCS EPM 16M-17"C  MAN -21.1 432 55 1538 3.2
PCSG10 PCS EPM 16%-17"C  MT -22.0 427 54 1538 3.2
PCSG12 PCS EPM 16%-17"C  MC -221 432 51 161 3.1
PCSG16 PCS EPM 16M-17"C  HUM -212 441 56 161 3.2
PCSG33 PCS EPM 16M-17"C  SCAP -22.2 438 53 163 3.2
PCSG36 PCS LPM 18M-19"C  MAN -21.7 419 6.2 153 3.2
PCSG38 PCS LPM 18M-19"C  HUM -223 320 8.0 115 3.2
PCSG39 PCS LPM 18%-19"C  FEM -224 341 59 124 3.2
PCSG40 PCS LPM 18M-19"C  MC -21.6 406 6.0 149 3.2
PCSG45 PCS LPM 18M-19"C  TIB -22.4 359 79 131 3.2
PCSG46 PCS LPM 18M-19"C  HUM -22.4 353 54 127 3.2
HUNO1  HUN 3905 19" C MAN -22.3  39.8 72 143 3.2
HUNO2 HUN 3905 19" C MAN -21.9 433 45 159 3.1
HUNO3  HUN 3905 19" C MAN -221 410 9.2 153 3.1
HUNO027 HUN 3946 15% C MC -226 393 6.2 143 3.2
HUNO064 HUN 3917 18%-19"C  MC -21.6 393 46 141 3.2
HUNO080O HUN 3914 18%-19"C  MC -221  39.2 6.1 142 3.2
HUNO082 HUN 3914 18%-19"C  MC -22.2 400 6.5 144 3.2
HUN101 HUN 3904 201 C MC -22.2  39.2 41 143 3.2
HUN102 HUN 3904 201 C MC -22.3 393 53 142 3.2
HUN105 HUN 3904 201 C MC -22.2  38.8 70 143 3.2
HUN108 HUN 3904 201 C MC -23.0 400 70 145 3.2
HUN160 HUN 3911 19" C MC -22.1 390 47 140 3.2
HUN161 HUN 3991 19" C MC -225 384 6.7 139 3.2
HUN162 HUN 3911 18%-19"C  MC -22.3 430 6.1 155 3.2
HUN163 HUN 3911 18%-19"C  MC -220  36.2 89 132 3.2
HUN165 HUN 3911 18%-19"C  MC -22.7 430 82 156 3.2
HUN241 HUN 3910 16%-17"C  MT -225 445 6.4 16.1 3.2
HUN267 HUN 3910 16%-17"C  MT -215 431 6.1 156 3.2
HUN422 HUN 3912 18M-19"C  MC -21.8 427 36 156 3.2
HUN426 HUN 3912 18M-19"C  MT -21.7 396 6.9 145 3.2
HUN331 HUN 3912 18M-19"C  MC -22.1 389 3.9 143 3.2
BEDO1 BED 14.1 15" C MC -22.1 376 3.9 139 3.2
BEDOQ2 BED 14.1 15" C PEL -22.3 408 88 152 3.1
BEDO3 BED 14.1 15" C MC -21.8 3538 55 135 3.1
BED0O4 BED 14.l 15" C SCAP -22.3 387 9.0 142 3.2
BEDO5 BED 14.l 15" C MT -221 357 50 136 3.1
BEDO7 BED 13.X 18%-19"C  TIB -215 385 56 145 3.1
BEDO8 BED 13.X 18%-19"C  HUM -21.8 372 54 142 3.1
BEDO09 BED 13.X 18%-19"C  TIB -215 384 48 145 3.1
BED15 BED 13X 18%-19"C  MC -208 379 8.7 143 3.1
BED16 BED 13.X 18"-19"C  MC -22.2  36.2 80 137 3.1
BED18 BED 13X 18M-19"C  MC -22.3 345 52 129 3.1
WALO1 WAL WB 18"-19"C  MAN -20.8 430 6.3 155 3.2
WALO02 WAL WB 18"-19"C  MAN -21.7 391 44 133 3.2
WALO03 WAL WB 18"-19"C  MAN -21.7 4238 54 156 3.2

Table 7.3: §*3C and 8'°N values from post-medieval sheep bones analysed in this study.
Sites: PCS — Prescot Street (PCCO06); HUN — Hungate (YORM5000); BED — The Bedern
(YAT 1976.13/.14); WAL — Walmgate (YAT 1978.8.9)
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Figure 7.3: Post-medieval York. A) §3C and 8'°N values by period; B) Temporal variation in §3C values; C) Temporal variation in §°N values. Additional data
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Isotope Period Comparison U P

81C 13" Century (n=16) — 15"-17"" Century (n=11) 405 0.15
15"-17" Century (n=11) — 18"-19" Century (n=26) 585 0.17
18M-19™ Century (n=26)— 20" Century (n=4) 155 0.04
8N 13" Century — 15%-17" Century 455 0.26
15™-17" Century — 18™"-19™ Century 79.0 0.70
18™-19" Century — 20" Century 40.0 091

Table 7.4: Mann-Whitney U tests of §*C and §'°N values from York by phase. Data pooled from
this study; Cooper 2011; Brown 2014. Bold values indicate statistically significant differences

(P<0.05)

Isotope Period Comparison U P

81C York (15"-17" Century) (n=11) — Durham (16"-17" Century) (n=15) 27.0 0.03
York (15"-17" Century) (n=11) — London (16"-17"" Century) (n=6) 11.0 0.11

York (18"-19"" Century) (n=26) — London (18"-19" Century) (n=11) 117.0 0.90
London — Prescott St. (18™-19" Century) (n=6) — London — Queen’s

Chapel of the Savoy (19" Century) (n=5) 115054
London (16"-17" Century) — Durham (16"-17t" Century) 41.0 0.80
8N York (15"-17"" Century) — Durham (16"-17" Century) 38,5 0.17
York (15"-17"" Century) — London (16™-17" Century) 13.5 0.19
York (18"-19" Century) — London (18"-19™ Century) 925 0.30
London — Prescott St. (18"-19" Century) — London — Queen’s Chapel of 115 0.92
the Savoy (19" Century) ' '

Table 7.5: Mann-Whitney U tests of §:3C and §*°N values from York, London and Durham. Data
from this study; Brown 2014; Millard et al. 2015; Bleasdale 2016. Bold values indicate statistically
significant differences (P<0.05)

Isotope  Period Comparison U P
§C 16"-17" Century (n=6) — 18"-19"" Century (n=11) 29.5 0.73
5N 16"-17" Century — 181-19" Century 8.5 0.01

Table 7.6: Mann-Whitney U tests of §'3C and §*°N values from London by phase. Data pooled
from this study and Bleasdale 2016. Bold values indicate statistically significant differences
(P<0.05)

The results from this study were integrated with those from published analyses and grouped into
chronological periods (Table 7.7-7.8, Figures 7.5-7.6). It must be noted, however, that this pools
statistically different datasets, which may affect the reliability of this data and the interpretations that

can be drawn. However, statistical analysis indicated the following significant patterns:
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e 88C values from the 20" century are significantly more depleted (mean difference: 0.7%o)
than those from the 18"-19"" centuries (p=0.05)

e 81C values from the 21% century are significantly more depleted (mean difference: 1.4%o)
than those from the 20" century (p=<0.001)

e &8N values from the 21% century are significantly more enriched (mean difference: 1.6%o)
than those from the 20" century (p=0.03)

e Variation in §'°C values decreases significantly between the 16"-17" centuries to the 18-
19" centuries (p=0.05) and then again to the 20" century (p=0.04), before significantly
increasing in the 21% century (p=<0.01). Variation in 8N values increases significantly
between the 16"-17" centuries to the 18M-19"" centuries (p=0.02), and again between the 20"
and 21% century (p=<0.01). Despite this, interpretation of these results is cautioned by the

considerable variation in sample size between periods.

Isotope  Period Comparison U P
8%C 15" Century (n=7) — 16"-17" Century (n=21) 37.0 0.33
16"-17" Century (n=21) — 18"-19'" Century (n=31) 321.0 0.15
18M-19™ Century (n=31) — 20" Century (n=4) 28.0 0.05
20" Century (n=4) — 21 Century (n=46) 0.0 0.00
8N 15" Century — 16"-17"" Century 525 0.17
16M-17" Century — 18™-19™ Century 298.5 0.07
181-19™" Century — 20" Century 63.0 0.71
20" Century — 21%t Century 32.0 0.03

Table 7.7: Mann-Whitney U tests of §°C and 8N values from across Britain by phase. Data
pooled from this study; Mulder & Richards 2007; Cooper 2011; Brown 2014; von Holstein et al.
2013; Curtis-Summers et al. 2014; Millard et al. 2015; Bleasdale 2016. Bold values indicate
statistically significant differences (P<0.05)

81C (%0 v. VPDB) 8N (%0 v. AIR)

Phase

P P
15" century (n=7) — 16"-17" centuries (n=21) 0.06 0.09
16M-17" centuries (n=21) — 18™-19™ centuries (31) 0.05 0.02
18"-19" centuries (n=31) — 20" centuries (n=4) 0.04 0.55
20" century (n=4) — 21% century (n=46) <0.01 <0.01

Table 7.8: Results from Levene’s Tests of homogeneity of variance. Top between centuries, bottom

over 50-year periods (P<0.05)
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7.4  Discussion

Integrating biometrical and isotopic evidence has been shown by Fisher & Thomas (2012) to provide
valuable insight into potential factors driving size change and the reduction in slaughter age of cattle
at Dudley Castle. It is therefore worth applying this to the sheep processed in York and London.
Biometrical data from late-medieval and post-medieval York has highlighted considerable continuity
in the size of sheep entering the city, with the presence of larger individuals not seen until the early-
19" century (Table 7.9) (O’Connor 1984a; 1984b; 1995; Scott 1985). The size and shape of 16" to
20" century sheep metacarpals are presented in Figure 7.7 expressed as log-ratios relative to mean
Soay and Clun Forest measurements. Relative to the Soay sample, greatest length ratios are relatively
lower than for the other medio-lateral measurements, suggesting that the greatest development away
from the ‘unimproved’ form is the developing cross-sectional dimensions of the bone, not length
(O’Connor 1995, 87). Relatively short but robust metacarpals may be taken as potential evidence for
faster growth and early maturing due to foreshortening of the limb with earlier maturation (O’Connor
1982). The log ratios indicate appreciably more robust individuals recovered from early-19" century
deposits at The Bedern. Relative to the more improved Clun Forest, the sheep from 15" to 20™
century York are notably smaller and slenderer, but again the individuals from the early-19™" century
Bedern display greater comparability with this breed, and indicate that in 19" century York there
were sheep which possessed a more improved conformation (O’Connor 1995). Despite this,
contemporary and later metacarpals from Hungate analysed in this study are comparable with those
from earlier deposits, indicating some continuity in form. Due to only summary metrical data

available for some sites, the statistical significance of any changes is unknown.

Bone 61°C and 6N values from York also reveal no statistical change in values until the 20" century.
8'3C values from the 20" century were significantly more depleted, although most were comparable
with other British material. In this analysis, bone from 19"-century context at The Bedern identified
by O’Connor (1995) as possessing distinctly larger individuals were samples, but they presented
values highly similar to those from the same site dating to the 15" century. As at Dudley Castle, the
conformational changes do not appear to have coincided with any nutritional change that can be
detected isotopically. This apparent lack of change, likely reflects the continuity in the economic role
of sheep. At Walmgate and The Bedern, the vast majority of sheep survived beyond three years of
age, some to as old as seven (O’Connor 1984a; 33; Scott 1985, 16), most likely raised primarily for
their wool. As such there may have been little economic or financial incentive to alter existing

feeding or husbandry strategies.
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Site (Period) Mean (mm) SD n

The Bedern GL 119.0 7.1 40
15" Century Bp 21.9 0.9 40
BFd 25.0 1.0 40
sD 13.3 0.8 40
The Bedern GL 120.5 14 25
15M- 16" Century  Bp 22.5 1.2 25
BFd 24.7 11 25
sD 135 0.9 25
The Bedern GL 129.5 8.2 25
19" Century Bp 25.2 1.4 28
BFd 27.2 1.7 22
SD 15.3 13 28
Aldwark GL 115.8 8.9 60
16" Century Bp 21.7 1.1 60
BFd 24.3 1.3 60
sD 13.1 1.0 60
Walmgate GL 120.3 8.2 50
18" Century Bp 22.4 1.3 50
BFd 25.3 15 50
sD 134 1.2 50
Hungate GL 117.9 8.3 49
16M- 17" Century  Bp 22.6 15 98
BFd 245 14 52
SD 13.6 1.0 88
Hungate GL 119 5.7 18
18"-19" Century  Bp 23 1.2 38
BFd 245 0.9 18
sD 13.8 1.0 33
Hungate GL 118.7 6.1 4
20" Century Bp 22.8 11 11
BFd 24.8 11 3
SD 13.3 0.7 10
Soay GL 116.2 4.9 69
Modern Bp 19.8 1.0 70
BFd 22.2 11 70
SD 12.4 0.9 70
Clun Forest GL 131.0 8.2 22
Modern Bp 26.2 2.3 22
BFd 29.2 2.4 22
SD 17.6 1.7 22

Table 7.9: Mean, standard deviation, and number of cases for measurements of sheep metacarpals
from York post-medieval sites. Data from modern Soay and Clun Forest sheep for comparison
(O’Connor 1995, 86; Hungate data from this study). GL = Greatest Length, Bp = Proximal medio-
lateral width, BFd = Distal medio-lateral epiphysial width, SD = Minimum medio-lateral shaft
width
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|:| Relative to Soa -0.042 0.010 1. Bedern - 15™ Century
d -0.036 0.016 2. Bedemn - 15M-16" Century
|:| Relative to Clun Forest -0.054 | |-0.001 3. Aldwark - 16" Century
-0.046 | | 0.006 4. Hungate - 16"-17"" Century
-0.037 0.015 5. Walmgate - 18"" Century
GL -0.042 0.010 6. Hungate - 18™M-19th Century
-0.005 | |0.047 7. Bedern - 19" Century
-0.043 | |o.009 8. Hungate - 20" Century
-0.078 | 1 | 0.044
-0.066 | 2 | 0.056
-0.082 | 3 [0.040
-0.064 | 4 | 0.057
Bp -0.068 | 5 | 0.054
-0.057 | 6 |0.065
0017] 7 | 0.105
-0.060 | 8 [o0.61
-0.067 | | 0.052
-0.073 | [0.046
-0.080 | [0.039
-0.076 | |0.043
BFd -0.062 | | 0.057
-0.076 | [0.043
-0.031 | 0.088
-0.071| |0.48
-0.722 | | 6.030
0.115] | 0.037
-0.128| [0.024
-0.112| |0.040
SD -0.118] |0.032
-0.106 | | 0.046
-0.061 | 0.091
-0.122 | [0.030
I | | I I I I I I I I I I I
-0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 012 0.14
Log value

Figure 7.7: Log-scaled comparison of mean sheep metacarpals measurements from York post-

medieval sites, relative to Soay and Clun Forest sheep (data from O’Connor 1995, 87; this study)

Meta-analysis of post-cranial sheep bones from London had demonstrated an increase in their
breadth, depth and to a lesser extent length, from the 14" to 19" century (Thomas et al. 2013).
Between periods D (1550-1600) and E (1600-1700), F (1650-1725) and G (1700-1800), and between
G and H (1800-1900), statistically significant increases were seen, as they became more robust and
broad. In the 19" century, sheep bones appear to have decreased in size, perhaps due to the
historically documented refinement in low-profit bone and the desire for a lower bone:muscle ratio
(Parkinson 1810; Thomas et al. 2013, 3316-7). §'°N values from 18-19" century were significantly
higher than those from the 16M-17"" century (mean difference: 1.5%o), which suggests some

nutritional change contemporary with increase in size.
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This *N-enrichment may be due to the increased consumption of manured crops, with the improving
farmer known to have fed their sheep a range of root vegetables and cereal grains (Trow Smith 1959,
200-5; Ryder 1983, 508; Williamson 1998, 14; Brassley 2000). Adequate nutrition is required for an
animal to achieve its genetic potential (Hossner 2005, 4-10), and the consumption of these additional
foodstuff may have aided the growth of these sheep. The rising population of the early-modern era,
combined with the limited availability of additional good-quality farmland, necessitated the need for
raising crop Yyields; and with it the need for maintaining and improving soil fertility (Allen 1992;
Broadberry et al. 2015, 73-79). Prior to the emergence of artificial fertilisers in the early-19" century
(Turner et al. 2001, 87; Smil 2005), the primary methods of maintaining and supplying nitrogen —
the most common limiting element in agricultural systems (Touraine et al. 2001) — was through the
recycling of organic wastes (human and animal waste, crop residues/stubble) or adopting crop
rotations which included atmospheric nitrogen-fixing leguminous plants (beans, peas, clover, alfalfa)
which returned nitrogen via livestock manure (Allen 1992; Smil 2005). Of these, manure was the
most important source of fertility to the post-medieval farmer, with mixed farming practiced where
possible (Turner et al. 2001, 66-88). The necessity to increase livestock numbers and the quantity of
manure, thus raising soil nitrogen and crop yields, was central to the agricultural development of the
period (Ryder 1983, 495-6; Overton 1996, 111-121; Williamson 1998; Turner et al. 2001, 222; Allen
2008), with Kerridge (1967, 311) regarding it as the primary driver behind all farming innovations
from the 16" century onwards. An increase in livestock numbers and the intensity of manuring and
folding, is likely to have altered the isotopic composition of the soil and plants, and therefore

influenced the nitrogen values of the consumer tissue.

In the nitrogen cycle, the nitrogenous compounds in decomposing plant and animal matter are
mineralised, and converted into inorganic forms of nitrogen, mainly ammonia (NHs) and ammonium
(NH4%). During nitrification, these compounds are oxidised to produce nitrite (NO2) and nitrate
(NO3), respectively, which can themselves be reconverted to gaseous form of nitrogen (such as N>)
through denitrification (Lewis 1986). In plants which assimilate nitrogen from the soil via their roots,
ammonium and nitrate are incorporated and used in the formation of plant proteins. Nitrogen can be
added to the soil system through manuring, which often has a higher nitrogen isotope value than the
endogenous soil (Szpak 2014, 4). The application of animal excreta has therefore been shown to
elevate 6*°N values in plants, relative to those untreated or fertilised with synthetic fertilisers (Choi
et al. 2002; 2003 Bateman et al. 2005; Bogaard et al. 2007; Lim et al. 2007; Fraser et al. 2011; Szpak
et al. 2009). Organic fertilisers have variable but positive §'°N values (Table 7.9), with mean manure
values placed at around 8%o (Bateman & Kelly 2007, 242), although the extent to which it elevates
plant nitrogen values is dependent upon the amount, frequency and duration, and the amount of

mineralised nitrogen available (Szpak 2014, 4). Around 20-40% of the mineralised nitrogen in sheep
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and cattle manure is available to the plants (Eghball et al. 2002; Castellanos & Pratt 1981). Livestock
urine, however, is typically depleted in 8°N to the diet by around 2-3%o. This is due to variations in
animal metabolism and the excretion of urea, although the difference between urine and manure can
be increased by the latter’s storage and composting which further elevates its §*°N value (Choi et al.
2007). Utilising long-term manuring experiments, Bogaard et al. (2007) and Fraser et al. (2011) have
demonstrated that the application of livestock manure can raise cereal grain §°N values by as much
as 8%o and those of the rachis by 6%o. Nitrogen values in the soil and plant can also be raised by
management practices including shifting between pasture and arable cultivation, such as the
‘convertible husbandry’ of the 17"-18" centuries (Kerridge 1967) and deeper ploughing (Szpak
2014). Synthetic fertilisers in contrast, have low 8§*°N values. Modern synthetic fertiliser fix nitrogen
through the Haber-Bosch process, which reacts atmospheric nitrogen (N2) with hydrogen (H>) at high
pressure to form ammonia (NHs) (Michalski et al. 2015). There is limited fractionation during this
process, and therefore, typically display §°N (%o relative to AIR) around 0%o (Table 7.10). There is
no evidence from these the more modern sheep bones to indicate the use of synthetic fertilisers.

Although the use of organic fertilisers dramatically increased in the 19"-century (Turner et al. 2001,
86), there was no significant variation in mean §'°N values across all sites until the 21% century. It is
likely that the majority of sheep were not consuming crops from fields which has been intensively
manured, and were instead pastured on fields that received no more than casual droppings. The
systematic application of manure is often restricted to cropped field, cultivating foodstuffs for human
consumption. Elevated nitrogen isotope values, such as those seen in 18"-19" century London, may
reflect animals which have been grazing on stubble after harvest, although access to this crop was
often reserved for cattle (Clark 1993, 250; Lord 2009, 2). Due to livestock typically only consuming
pasture, Mildner & Richards (2005) have suggested that a manuring effect may be invisible in
herbivores. An alternative explanation to the elevation in nitrogen values in 18"-19" century sheep
entering London is that it reflects the increasing geographical range from which they were drawn due
to the increasing population and the improvement in transport (Bagwell 1974). This, however is not

supported by the §3C values which show considerable continuity.

The only temporal variation in §**C values were in samples from the 20" and 21 century which
were more depleted than those from previous centuries. While the recycling of CO; in canopied
environments can lead to the depletion of §!3C in plants and the animals that consume them (Tieszen
1991; Heaton 1999), this is not the case in the modern sheep and unlikely to be true of those from
the 20" century. This most likely reflects the considerably depleted values of modern livestock feeds
due to the introduction of lighter *2C through the burning of fossil fuels (Friedeli et al. 1986;
Hellevang & Aagaard 2015) and increasing humidity (Madhavan et al. 1991) (Table 7.10).
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Type Fertiliser 8N (%o v. AIR)

Reference

Organic
Manure Cattle manure
Cattle manure
Cattle manure
Cattle manure
Pig manure
Pig manure
Pig manure
Pig manure
Pig manure
Farmyard manure
Farmyard manure
Chicken manure
Poultry manure
Poultry manure
Seabird guano
Seabird guano
Non-manure  Blood
Bonemeal
Cattle urine
Cattle urine
Feathers
Horn and Hoof
Seaweed based
Fish Fishmeal

Synthetic Ammonium dihydrogen
phosphate -(NH)H2PO4
Ammonium-nitrate - NHsNO3
Ammonium-nitrate - NHsNO3
Ammonium-nitrate - NH4sNO3
Ammonium-sulfate - (NH4)2SO4
Ammonium-sulfate - (NH4)2SO4
Ammonium-sulfate - (NH4)2SO4
Ammonium-sulfate - (NH4)2SO4
Nitrate of soda — NaNOs
Magnesium nitrate (Mg(NOs).
Potassium-nitrate (KNO3)
Synthetic urea
Synthetic urea
Synthetic urea
Urea-ammonium-nitrate (UAN)
General ‘synthetics’

50+0.38
29+05
3.1+0.2
4.5

13.9

16.9

16.4

11.3

6.5
9.4+6.0
9.5+44
6.2+1.9
8.6+0.3
2.7
26.7+0.6
245+05
59+13
49+0.3
-3.2+05
-1.8+0.8
34+15
6.4+0.2
25+15
8.8+20

-06+0.4

-06+1.7
16+£0.7
-1.7
1.7+34
-1.6
-2.6
-02+15
-21+£1.0
-01+£01
-1.2+0.2
2421
-1.7
-0.7
-0.2+3.6
06+16

Choi et al. 2002

Kerley & Jarvis et al. 1996
Ma & Dwyer 1998

Rogers 2008

Choi et al. 2002

Lim et al. 2007

Yun et al. 2006

Rogers 2008

Rogers 2008

Bateman & Kelly 2007
Verenitch & Mazumder 2012
Bateman & Kelly 2007
Rapisarda et al. 2010

Rogers 2008

Szpak et al. 2009

Verenitch & Mazumder 2012
Bateman & Kelly 2007
Bateman & Kelly 2007
Kobbe et al. 2006

Sutoh et al. 1987

Verenitch & Mazumder 2012
Bateman & Kelly 2007
Bateman & Kelly 2007
Bateman & Kelly 2007

Bateman & Kelly 2007

Bateman & Kelly 2007
Vitodria et al. 2004
Rogers 2008

Bateman & Kelly 2007
Rogers 2008

Choi et al. 2003
Vitoaria et al. 2004
Michalski et al. 2015
Vitodria et al. 2004
Bateman & Kelly 2007
Bateman & Kelly 2007
Rogers 2008

Yun et al. 2006
Michalski et al. 2015
Verenitch & Mazumder 2012

Table 7.10: Nitrogen isotope composition of common organic and inorganic fertilisers
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Livestock Feed 813C (%o) 8N (%o)

Whole pant -29.3t0-22.9 -0.3t04.3
Seeds -35.6t0-21 0.8t06.3
Silage and meal -29.6t0-25.1 -0.2t05.2
Corn-based -14.0t0-11 -4.5t07.2

Table 7.11: Carbon and nitrogen stable isotope composition of animal feeds (after Jahren & Kraft
2008)

7.5 Summary

Stable isotope analysis of 47 sheep bones from York and London were integrated with a further 150
from across Britain between the 10" and 21%t centuries. This study identified considerable variation,
but only signification temporal changes in carbon and nitrogen values in sheep from the 20" and 21
century, although these are through to reflect broad environmental changes, and the considerably

difference in modern farming techniques and those of previous centuries.

Substantially larger sheep of a more ‘improved’ conformation were processed at The Bedern, York,
during the 19" century. Despite this morphological variation, sheep bone collagen §**C and §'°N
values from these contexts showed no statistically significant difference to those from other 15" to
20" century sites across the city. These results suggest that conformational improvement in these
animals was not accompanied by a significant environmental or dietary change, or that they are not
detectable isotopically. The 8*°N values of sheep from London in the 18" and 19" century, however,
are significantly higher than those processed in the 16M-17" centuries (mean difference = 1.5%o).
This is contemporary with an increase in the size of sheep entering the capital, and indicates a
potential nutritional and environmental driver. A possible factor in this enrichment could be the
greater consumption of crops which have been cultivated in well manured fields. Livestock in the
18" and 19" century increasingly consumed fodder crops such as turnips and swede which formed
part of new field rotation systems. Unlike pasture, these fields often received the intensive application

of manure, which in experimental studies has been shown to elevate §*°N values.
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Chapter 8

81°C and 8™N isotope analysis of post-medieval
sheepskin parchment deeds

This chapter presents the isotopic analysis of 663 sheepskin parchment deeds from the 12" to 20
century. The results will be used to explore the provisioning of skins for deeds, as well as temporal
variation in animal and land management. The discussion will consider broad chronological trends
in the geographical origin and age of skins, as well as more focussed analysis on areas such as the
impact of the French Revolutionary and Napoleonic Wars, the emergence of ‘High Farming’ in the
1830-40s, and the advent of the railways.

8.1 Introduction

In 1696, the “first great economic statistician” Gregory King (Stone 1997, xxii) predicted that
Britain’s population would grow from 5.5 to 6.4 million by 1800 (actually 10.6 million) and again
to 7.4 million in 1900 (in fact 41.5 million) (King 1696, In Laslett 1973; Jefferies 2005; Broadberry
et al. 2015, 29). Despite his eminence, King drastically underestimated the population boom of the
following centuries, a surge that was underpinned by the contemporary improvements in British
Agriculture. Between the 16" and 19" centuries, grain yields increased by 320%, the sheep
population grew by 170%, and mutton and wool yields all grew by more than 500% (Broadberry et
al. 2015, 80-124). Yet despite the recognised centrality of agricultural developments to
industrialisation and growth (Deane 1965; Moykr 1985; Williamson 2002; 2013; A’Hern 2004),
there is remarkably little consensus on when, or how rapidly these changes occurred (Overton 1996,
1). Historical enquiry has been hampered the scarcity of farming data, particularly for the pastoral
economy (Williamson 2002, 165), which is typically not of the chronological resolution required to
explore this period of rapid change (Turner et al. 2001). While valuable insight into animal
management has been made by zooarchaeological research, it too has been hampered by the broad
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phasing of post-medieval remains. Sheepskin parchment, dated to the year of use, may therefore be
a unique resource for a time-sensitive analysis of changes in animal and land management through

stable isotope analysis.

8.2.1 Sample preparation and stable isotope analysis

Samples for destructive analysis were obtained from 663 individual parchment skins from a total of
497 legal documents. Species identification by peptide mass finger printing (Chapter 4) identified 640
(96.5%) of these as sheepskin and the remaining 23 (3.5%) as sheep or goat. The majority were
engrossed with the date the agreement was signed (day, month and year), apart from 18 dated more
broadly to the 13" century (Figure 8.1). None of the manuscripts had received any conservational
treatment, or presented any evidence that they had been reused. To avoid possible contamination,
samples were removed from the edge of each skin (~1 x 0.5 cm), from an area devoid of any ink, pencil,
glue, revenue stamp or surface marking. Samples were defatted via solvent extraction, DCM/MeOH
(2:1 vlv), by ultrasonication for 1 hr with the supernatant removed and replaced every 15 mins. The
samples were demineralised in 0.6 M HC1 at 4°C for 1 hr, rinsed with distilled water, and gelatinised
in pH 3 0.001 M HC1 at 80°C for 48 hrs. The supernatant containing the soluble collagen was filtered
(60-90 um Ezee-Filter™, Elkay Laboratories, UK), frozen, and freeze-dried.

The prepared collagen (0.9-1.1 mg) was weighed out in duplicate in 4 x 3.2 mm tin capsules (Elemental
Microanalysis, Okehampton, UK), and isotopic analysis performed at the NERC LSMSF in East
Kilbride. Isotope ratio determinations were carried out on a ThermoElectron DeltaPlusXP (Thermo
Fisher Scientific, Bremen, Germany) with an Elementar Pyrocube elemental analyser (Elementar,
Langenselbold, Germany). The ratios are reported as §**C and §°N values in per mille (%o) in
reference to VPDB and AIR. Samples were referenced against internal standards of gelatine (Sigma-
Aldrich, St. Louis, US), **C-enriched alanine and *N-enriched glycine, and the international standard
of glutamic acid (USGS40). The isotopic composition and accuracy of control standards are reported
in Table 8.1. Sample reproducibility was better than 0.2%o for 8*3C. %C, §°N and %N for 640 skins.
%C ranged from 37.1-47.3, %N ranged from 12.3-16.9, and C/N ratios were between 3.1 and 3.6,
indicative of well-preserved collagen (DeNiro 1985; Ambrose 1990). Twenty-three samples showed
a deviation between duplicated >0.2%o, or elemental composition outside the accepted range
(particularly low %N potentially due to deamidation), and were therefore removed from further

analysis.
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Figure 8.1: Chronological distribution of 663 historic parchment deeds analysed in this study

81°C (%o, vs. VPDB) SN (%o, vs. AIR)

Standard n Observed True Observed True
13C-enriched alanine 44 -847+020 -8.36+0.13 215+0.15 2.08+0.06
N-enriched glycine 44  -38.54+0.11 -3858+0.09 23.53+0.13 23.54+0.08
Gelatine 117 -20.31+£0.09 -20.31+0.18 555+0.17 5.54 +£0.08
USGS40 (glutamic acid) 20 -26.45+0.14 -26.39+£0.09 -458+0.16 -4.52+0.12

Table 8.1: Isotopic composition and precision of control standards run at NERC LSMSF

8.2.2 Suess effect

The extensive burning of fossil fuels since the 19" century has introduced lighter *2C to the atmosphere,
decreasing the 3**C composition of atmospheric CO, from around -6.4%o at the end of the 18" century
to around =7.6%o in 1980 (Friedeli et al. 1986), -8.1%o in 2000 (Keeling et al. 2005), and around -
8.3%0 in 2015 (Hellevang & Aagaard 2015). To account for these emissions and enable the accurate
comparison of pre- and post-industrial period material, Friedeli et al. (1986) suggested a correction
value of 1.1%o, however, with the increased burning of coal, gas and oil over the past three decades,
Hellevang & Aagaard’s (2015) data now places this at 1.7%o. Using their model, a 5-year correction
offset was calculated for seventeen 20" century parchment samples, ranging from 0.1%o in 1905 to
0.7 in 1970 (Table 8.2). Samples were corrected to the closest 5-year date. Raw and corrected values
are presented in Table A.2. A correction value of 1.7 was applied to the modern parchment

manufactured in this study to aid its integration.
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Modelled atmospheric Real atmospheric Calculated 333C

Date CO,6%C value without  CO,8*3C value with frsot
historic emissions historic emissions otise
1905 -6.55 -6.59 +0.05
1910 -6.55 -6.63 +0.08
1915 -6.55 -6.67 +0.12
1920 -6.56 -6.70 +0.15
1925 -6.56 -6.71 +0.15
1930 -6.57 -6.73 +0.16
1935 -6.57 -6.75 +0.18
1940 -6.57 -6.78 +0.22
1945 -6.58 -6.79 +0.22
1950 -6.59 -6.82 +0.23
1955 -6.62 -6.89 +0.27
1960 -6.65 -7.05 +0.40
1965 -6.66 -7.16 + 0.49
1970 -6.66 -7.38 +0.73
2015 -6.64 -8.35 +1.71

Table 8.2: Suess correction offsets used in this study. Offset calculated using Hellevang & Aagaard’s

(2015) model of atmospheric CO, models of with and without historic fossil fuel emissions

8.2.3 Statistical analysis

Statistical analysis was carried out using the IBM SPSS Statistics 22.0 software package (IBM 2013).
While both 6*3C and 5'°N values were normally distributed (Shapiro-Wilks test, 3*3C: p=<0.01; §*°N:
p=<0.01), non-parametric tests were used due to the potential for non-normal distributions to occur
as the data was broken down into smaller chronological intervals. The statistical significance of inter-
collection and temporal variation in §*3C and 3'°N values was determined using a Mann-Whitney U
test for paired samples, and a Kruskal-Wallis test for multiple samples. The equality of variance

between samples was calculated using a Levene’s test.

8.3 Results

Full 3C and 3N and elemental composition results are presented in Table A.2, and summary
statistics provided in Table 8.3. For statistical analysis, samples were grouped by century, and then
into 50-year intervals if the sample size was >50, and into 25-year periods if >20 (Table 8.4-8.7). As
the only skin from the 15" century dated to 1499, it was included in the 16™ century grouping for

statistical analysis.
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Figure 8.2: Bivariate plot of §*C and 8'°N values for all historic samples, 1499-1969. Linear

trendlines for all samples, and without *3C-enriched 20" century samples. R package ‘ggplot2’ used

A negative correlation between 3**C and 5'°N values was observed (Figure 8.2, Pearson correlation
coefficient, p=<0.01), with skins displaying the most enriched carbon values displaying some of the
lowest nitrogen values. This trend is true across all the data, and not just in a number of isotopically
distinct late-19" and 20" century skins. When examined chronologically (Figure 8.3) 6*3C values are
seen to be relatively consistent between the 13" and early-19™ century, with mean values falling
between -22.8%o and -22.4%o. In the 19" century however, there is a significant increase in variability
and the presence of skins with higher §!°C values. Mean &*3C values increase from -22.8%o in the
18 century to -22.4%o in the 19" century, and to -21.0%o in the early-20" century (Table 8.4). These
chronological differences in carbon values are statistically significant over 50 and 25-year intervals
(Table 8.5-8.6). 5*3C values from 1800-49 were significantly more enriched (0.4%o, p=<0.01) than
those from 1750-99, and values from 1850-99, were significantly more enriched again (0.4%o,
p=<0.01). Ata finer resolution, carbon values from 1800-24 were significantly more enriched (0.3%o,
p=0.038) than those from 1775-99, and values from 1850-75 more enriched (0.3%o, p=0.020) than

those from 1825-49. Across the same period, variability increase from 1.8%o in the 18™ century to
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5%o in the 19" century, to 6.8%o in the 20" century (Table 8.7). The most isotopically different skins
are 7 skins from the late-19"" and 20" century which present 5'*C between -19.6%o and -16.2%o.

815N values show considerable variability across the 13" to 20" century, ranging between 5%o and

13%o (Figure 8.4). This variability, however, decreases from 7.8%o in the 18" century to 6.1%o in the

19" century, to 4.1%o in the 20" century, and again to 3.2%o in the 20" century (Table 8.7). Mean

nitrogen values show a small but statistically significant increase in the 19" century between 1800-
49 and 1850-99 (0.4%., p=0.001), which is significant over 25-year intervals between 1800-24 and

1825-49 (0.4%o, p=0.002).

Phase Period

813C (%o v. VPDB)

81N (%o v. AIR)

Mean SD Range Mean SD Range

A 1200 18 -22.66 0.38 1.59 10.09 1.52 5.16
B 1500-1599 4 -22.40 041 0.80 8.43 1.32 3.14
C 1600-1699 65 -22.81 0.45 2.05 9.11 1.62 7.88
C1 1650-1699 50 —22.79 0.45 2.05 9.25 1.55 7.88
D 1700-1799 173 -22.80 0.37 1.88 9.14 1.33 7.87
D1 1700-1749 68 —22.77 0.35 1.50 9.12 1.40 6.94
D2 1750-1799 105 -22.81 0.38 1.88 9.16 1.30 7.36
E 1800-1899 364 -22.41 0.67 5.01 920 111 6.10
El 1800-1849 200 -22.56 0.56 3.32 9.02 1.08 5.61
E2 1850-1899 164 -22.25 0.74 5.01 940 112 5.86
1900-1999 21 -21.02 2.07 6.84 8.88 1.32 4.53

G 2000- 38 -23.67 0.56 2.70 9.07 0.82 3.29

Table 8.3: Mean, standard deviation and range of isotope results by period

§1C (%o v. VPDB)

815N (%o v. AIR)

Phase
U P U P

A (1200) (n=18) — B (1500-1599) (n=4) 25,5 0.386 14.0 0.066
B (1500-1599) (n=4) — C (1600-1699) (n=65) 67.0 0.111 100.0 0.464
C (1600-1699) (n=65) — D (1700-1799) (n=173) 54645 0.738 5534.0 0.854
D (1700-1799) (n=173) — E (1800-1899) (n=364) 19506.0 <0.001 30239.5 0.458
E (1800-1899) (n=364) — F (1900-1999) (n=21) 2405.0 0.004 3175.0 0.192
F (1900-1999) (n=21) — G (2000-) (n=38) 27.0 <0.001 332.0 0.447

Table 8.4: Mann-Whitney U tests of §°C and §°N values by century. Bold values indicate

statistically significant differences (P<0.05)
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§C (%o v. VPDB)

815N (%o v. AIR)

Phase

U P U P
C1 (1650-1699) (n=50) — D1 (1700-1749) (n=68) 15225 0.792 14885 0.645
D1 (1700-1749) (n=68) — D2 (1750-1799) (n=105) 3287.0 0527 34725 0.961
D2 (1750-1799) (n=105) — E1 (1800-1849) (n=200) 7329.0 <0.001 99025 0.439
E1 (1800-1849) (n=200) — E2 (1850-1899) (n=164) 12167.0 <0.001 132015 0.001

Table 8.5: Mann-Whitney U tests of §°C and §'°N values by 50-year periods. Bold values indicate

statistically significant differences (P<0.05)

813C (%o v. VPDB)

81N (%o v. AIR)

Phase
U P U P

Dla (1700-1724) (n=28) — D1b (1725-1749) (n=21) 465.0 0.588 419.9 0.250
D1b (1725-1749) (n=21) — D2a (1750-1774) (n=64) 1034.0 0.546 1063.0 0.696
D2a (1750-1774) (n=64) — D2b (1775-1799) (n=41) 12715 0.256 1367.0 0.582
D2b (1775-1799) (n=41) — Ela (1800-1824) (n=117) 22555 0.038 2577.0 0.346
Ela (1800-1824) (n=117) — E1b (1825-1849) (n=83) 3913.0 0.382 3118.5 0.002
Elb (1825-1849) (n=83) — E2a (1850-1874) (n=102) 2612.0 0.020 3088.0 0.295
E2a (1850-1874) (n=102) — E2b (1875-1900) (n=62) 3303.0 0.377 3088.0 0.121

Table 8.6: Mann-Whitney U tests of §°C and §'°N values by 25-year periods. Bold values indicate

statistically significant differences (P<0.05)

Phase

813C (%o v. VPDB)

8N (%o v. AIR)

P

P

A (1200) — B (1500-1599)
B (1500-1599) — C (1600-1699)
C (1600-1699) — D (1700-1799)
D (1700-1799) — E (1800-1899)
E (1800-1899) — F (1900-1999)
F (1900-1999) — G (2000-)

B1 (1500-1549) — B2 (1550-1599)
B2 (1550-1599) — C1 (1600-1649)
C1 (1600-1649) — C2 (1650-1699)
C2 (1650-1699) — D1 (1700-1749)
D1 (1700-1749) — D2 (1750-1799)
D2 (1750-1799) — E1 (1800-1849)
E1 (1800-1849) — E2 (1850-1899)

0.552
0.989
0.110
<0.001
<0.001
<0.001

0.959
0.961
0.202
0.720
0.002
0.001
<0.001

0.624
0.493
0.460
0.024
0.131
0.007

0.353
0.360
0.494
0.480
0.251
0.482
0.177

Table 8.7: Results from Levene’s Tests of homogeneity of variance. Top between centuries, bottom

over 50-year periods (P<0.05). See Table 8.3 for sample sizes
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8.4 Discussion

It has been repeatedly noted throughout this thesis that previous stable isotope analyses of parchment
have observed higher 6N values than would be typically expected for domestic herbivores
(Campana et al. 2010; Pollard & Brock 2011). ). This pattern is again seen here in 13" to 20" century
British sheepskins. While this is likely due in part to the impact of production (Chapter 5) and the
isotopic spacing between diet and parchment (Chapter 6), it is worth considering the use of young
lambskins, as this may affect the interpretation of the data with regards to post-medieval husbandry
and the procurement of skins.

Over 160 skins display 8°N >10%o, higher than those reported in modern lambs which are still
suckling (5 to 8%o) (Piasentier et al. 2003; Camin et al. 2007; Perini et al. 2009). This is even more
pronounced in British herbivorous livestock which typically display higher nitrogen values than other
parts of Europe, a feature attributed to *N-enrichment in the plant-soil-system from intensive
farming and organic fertilisation (Piasentier et al. 2003; Schmidt et al. 2004; Camin et al. 2007;
Heaton et al. 2008). The 15" to 20" century (fused) sheep bones analysed in Chapter 7 presented a
range in &'°N values of 3.9 to 9.2%o (mean = 6.1%o), while 15" to 20" century parchment ranged
from 5.6 to 13.6%o (mean = 9.2%o). Considering a mean A*®Npone-parchment Offset of 1.3%o, it is clear
that the nitrogen values in parchment are considerably higher, it is likely that many of these skins are
from young lambs displaying a trophic level effect due to the consumption of the ewe’s milk. The
ingestion of milk results in an enrichment in the 8'°N value of the offspring by around 2-3%. over
that of the mother due to consumption of the mother’s tissue (Fogel et al. 1989; Tieszen & Fagre
1993; Fuller et al. 2006). Due to the preferential removal of amide groups with N during the
assimilation of nitrogen (Styring et al 2010, 242), suckling lambs are theoretically one trophic level
above the ewe. Milk consumption also results in an enrichment in 3'*C values by around 1%,
although in sheep, carbon isotope ratio were found to be more reflective of wider geographical and
environmental factors (Piasentier et al. 2003; Camin et al. 2007; Perini et al. 2009). During the
weaning process, the consumption of other dietary components typically results in a depletion in §*3C
and 8N values as the animal’s tissues begin to reflect their wider diet, i.e. pasture, although this

occurs more rapidly for carbon than nitrogen values (Fuller et al. 2006).

Although sheep of any age can be used for parchment, the visibility of imperfections makes the skins
of younger animals more desirable, as the risk of dermatological issues increases with age. Sheep are
susceptible to external parasitic attack, such as flystrike, sheep scab and lice (Bates 2012; Scott 2018),
as well as general injuries, which can all leave visible flaws in the resulting parchment (Ryan 1987).

Moreover, as the widespread docking of tails appears to be a relatively recent practice (Ryder 1983,
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480, 500), the risk of infection in previous centuries may have been even greater. Documentary and
zooarchaeological evidence indicates an increasing consumption and utilisation of young sheep,
including suckling lambs, from the 16" century onwards (e.g. Fitzherbert 1523, 42; Mascall 1627,
220-9; Markham 1631, 105, 108, 113; Beeton 1861, 176-7; O’Connor 1984a; Gordon 2015;
Rackham n.d.). This was driven by the increasing importance of meat over wool production, dietary
preference for lamb, and their faster maturation. In Chester, a city with a large skin processing
industry, domestic and imported lambskins were utilised, with faunal remains from potential skin
processors showing a deliberate selection for younger animals (Gordon 2015, 85-6). By the early-
19 century, around 50% of the sheep processed at 25 Bridge Street, Chester, were killed before six
months old, with some as young as two months (Gordon 2015, 85-6).

There is little documentary evidence on the age of sheep use for parchment, although Ryder (1964,
391; 1983, 732) states that the finest parchment was always made from either young calf or
lambskins. In the 16M-19" century, sheep were typically weaned around 16-18 weeks old (Thirsk
1967b, 187), although recognising their smaller size in this period, it is unlikely that a four months
old lamb could yield a stretched skin of ~70x50 cm, notwithstanding the skill of the parchment
maker. Although as Fuller et al. (2006) noted, the elevated 3*°N may have persisted for some time
after weaning. The 8!°N value in the suckling lambs tissue would have been even higher if the ewe
has been receiving supplementary feed during pregnancy, which was a common practice by the 18%
century thanks to the greater availability of fodder crops (Trow-Smith 1959, 199-201). In a practice
known as flushing, the ewe’s plane of nutrition is elevated prior, during and after lambing to promote
the rate of ovulation; increasing lambing and twinning rates (Clark 1934); improved nutrient quantity
for the foetus; and increase milk yields (National Academy of Sciences 1975, 23). Root vegetables
and grains, were routinely given to pregnant ewes (Trow-Smith 1957, 200-5; Thirsk 1967b, 188;
Ryder 1983, 479, 496), and as these were typically cultivated in well manured field they may have
had elevated 5'°N values. This preferential selection of young skins, and efforts to improve the
condition of ewes during the lambing season, may go some way to explain the high nitrogen isotope

values observed in many parchment samples.

8.4.1 Chronological variation in é *C and é *°N values

Between the 13" and 18" centuries, parchment §*3C values display considerable continuity, with
almost all falling between -24%o and -22%o.. This restricted range and limited change likely reflects
the use of British and Irish skins from sheep primarily grazing on C3 grasses. The 8*C value of
animal tissue is highly influenced by the composition of the diet, with sheep largely reflecting the

location and nature of the pasture on which they graze (Piasentier et al. 2003; Camin et al. 2007;
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Perini et al. 2009; von Holstein et al. 2013; Zazzo et al. 2015). The most fundamental influence on
12C/13C ratios in plans are the photosynthetic pathway used (C3 and C4), due to different isotopic
discrimination capabilities of the carboxylase enzymes involved in CO; fixation (Camin et al. 2016,
869) and atmospheric variation in CO, (Korner et al. 1988; van Klinken et al. 2000; Kohn 2010).
Plants utilising the C3 pathway have an average 6*3C value of -27%o, with a range between -34%o
and -22%o, while C4 plants have an average value of -13%o, ranging from -20%o to -9%o (O’Leary
1988; Heaton 1999). Considering the mean A*C giet-parchment Offset of 3.9%o (+ 2.2), it can be concluded
that except for seven 20"-century skins, all the sheep in this study predominantly consumed C3 plant
protein, and fall within the range typically expected for the UK and parts of north-west temperate
Europe.

Contemporary 8'°N values show a high degree of variability, ranging from 6%o to 14%., although
with no statistically significant difference between centuries. Disentangling the impact of suckling
lamb is challenging, but it does demonstrate the diversity of farming systems during this period,
likely reflecting varying levels of manuring, legume cultivation and stocking densities (Thirsk 1967a;
Turner et al. 2001). Increasing the quantity of manure and fertilisers available to arable land was a
central tenet of the periods agricultural developments (Kerridge 1967; Overton 1996; Williamson
2002; Turner et al. 2001; Allen 2008). The earliest British agricultural writers were well aware of
their value, and recommended a diverse range of animal substances to “fatten the land” (Blith 1649,
100), including dung, blood, fish, ground bone and shavings of horn (Fitzherbert 1534; Tusser 1580;
Markham 1631; Hartlib 1652). Organic fertilisers such as these typically display more positive 3*°N
values than endogenous soil, and their application has been shown to elevate nitrogen values in
plants, and in the tissue of animals that consume them (Bogaard et al. 2007; 2013; Bateman & Kelly
2007; Heaton et al. 2009; Fraser et al. 2011; Szpak et al. 2009; Szpak 2014; Treasure et al. 2016).
With their increasing use in the post-medieval period, it is perhaps surprising that parchment from
the 13th century display the highest mean 6*°N values (10.1%o0). However, Campbell (1983; 2006)
suggest that organic fertilisers were assiduously used at this period, with nutrients transferred to the

land through intensive sheep-folding and the application of human waste.

At the start of the 19" century, carbon values show a significant increase in variability, which is
matched by a constriction in the range of nitrogen values. The increased variability in °N values
seen from the early-19" century, may reflect a potential change in the location from which skins were
sourced or the diet of the animals. Identifying the origin of skins can be very challenging (see Chapter
4), with finished parchment travelling from Ely to Cambridge; Scotland to Bury St Edmunds and
from France to Britain (Gullick 1991; Gransden 2013, 295; Mortimer 1810; Willement 1845, 42).

However, as in the provenancing of modern animal products (see Camin et al. 2016 for a review),
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stable isotope analysis may prove useful. Defining spatial isotopic variation, or isoscape, using ratios
derived from domestic livestock is difficult due to the potential for anthropogenic factor, such as the
consumption of bought-in feeds or manuring, to alter isotope values in the tissue. Despite this,
terrestrial herbivore bone and muscle collagen have been used to examine country-level variation in
813C and 8'°C values, often for assessing the provenance of meat (Table 8.8). Modern UK sheep
displays a range in §*3C values of 8.6%o (-27.7%o to -19.1%o), and a range in §'°N values of 4.7%o
(6.1%o0 to 10.8%o). These ranges are comparable to those in parchment of 8.3%o (-24.6%o to -16.2%o)
and 8%o (5.6%o to 13.6%o), respectively, although the range in nitrogen values in parchment is greater.
Parchment and muscle are more viable than bone, which might reflect differences in turnover rates,
with skin and muscle on the scale of weeks and months, and bone on the scale of years (McAnulty
& Laurent 1987; Mays et al. 1991; Moore et al. 2005; Waterlow 2006; Hedges et al. 2007), enabling
the former to display greater seasonal variability (Lamb 2016). With such broad ranges and inter-
flock variability, it is difficult to separate animals from different countries, let alone on regionally,
even with the additional use of hydrogen, oxygen and sulphur isotope analysis (Piasentier et al. 2003;
Schmidt et al. 2004; Perini et al. 2009; Kelly 2010). Plants and animals raised under ‘organic’
conditions often display a broader range in isotope values than those farmed under modern
‘conventional’ practices (Schmidt et al. 2004; Boner & Forstel 2004; Bateman et al. 2007; Jahren &
Kraft 2008), likely making the variability even greater in previous centuries. Grouping parchment
together by the stationer through which it was sold, highlights this large range, and potentially similar
sources (Figure 8.4), with no significant difference between suppliers for either isotope (Kruskal-
Wallis test, §*3C: p=0.062; §"°N: p=0.197). However, the distinctiveness of three skins from supplier
G.F Gaubert suggests some regional differences in where skins were being obtained from. Despite

this, §13C and 8°N isotope analysis may only be useful for identifying those of a non-domestic origin.
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13C (%o v. VPDB)

55N (%o v. AIR)

County Type Period n Range Min Max Range Min Max
UK!? Beef (muscle)  Modern - 43 272 -229 2.2 5.9 8.1
UK?2 Lamb (muscle) Modern 30 95 -286 -19.1 3.2 73 105
England® Beef (muscle) Modern 101 80 -276 -19.6 5.2 4.9 9.8
Wales® Beef (muscle)  Modern 101 84 -28.0 -19.6 4.0 5.7 9.7
Scotland® Beef (muscle)  Modern 100 3.0 -276 -245 4.9 4.9 9.8
Ireland*  Beef (muscle)  Modern 31 39 -267 -213 5.4 55 9.8
France®  Cattle (bone) Neolithic 94 59 -235 -17.6 1.1 7.2 8.3
France®  Sheep (bone) Neolithic 67 21 -20.1 -18.0 24 7.7 101
France?  Sheep (muscle) Modern 31 1.3 -234 -221 2.6 4.1 6.7
Italy® Lamb (muscle) Modern 95 3.4 - - 4.0 - -
Italy? Lamb (muscle) Modern 55 31 -26.8 -237 4.2 2.2 6.4
UK’ Sheep (bone) Modern 56 43 277 -234 4.7 6.1 108
16"-20™ century sheep bone 70 47 245 -19.8 6.6 36 10.2
16™-20™ century sheepskin parchment 640 83 -246 -16.3 8.0 56 13.6

Table 8.8: Country-wide isotopic variability in various livestock collagen samples. 'FERA 2015;
2Camin et al. 2007; *Kelly 2010; “Schmidt et al. 2004; *Goude & Fontugne 2017; %Perini et al.
2009; "von Holstein et al. 2013 and this study
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Figure 8.4: Isotopic range of parchment skins by stationer and collection. Number of samples in

parentheses. Source of parchment, Lee Collection: G.F Gaubert, L. Houghton Messrs. Boyle. Tye

Collection: Witherbys. Wills Collection: Somerset. Lord Collection: Winskill.
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Arguably, the most important source of imported skins was Ireland, with tens of thousands entering
Britain’s western ports annually. In 1438, The George of Youghal, Co. Cork, alone brought 4,100
sheepskins, 2,800 lamb skins, and hundreds of goat, deer, hare and squirrel skins to the port of Bristol
(Bush 1824). Such gquantities were not unusual, and the trade continued well into the later post-
medieval period (Lough 1916; Armour 1956; Clarkson 1966). Distinguishing between British and
Irish livestock isotopically is very challenging, with considerable overlap in observed values
(Piasentier et al. 2003; Schmidt et al. 2004; Camin et al. 2007; von Holstein et al. 2014; Zazzo et al.
2015), though Irish sheep typically have lower 8*°N values, perhaps due to lower stocking densities
and intensity of farming. Plants and sheep from both regions frequently display more depleted §**C
values than in other parts of Europe, as the higher humidity results in greater carbon isotope
fractionation during plant growth, which is transferred to the animal’s tissue during biosynthesis
(Madhaven et al. 1991; van Klinken et al. 1994; Camin et al. 2007). Fifteen skins from a collection
in Chester, a city known to have imported Irish skin (Armour 1956), have a mean §**C value of -
22.8%o (13™-20" century mean = -22.5%o) and a mean §*°N value of 8.6%o (13"-20™ century mean =
9.2%0). It is tempting to suggest that these lower nitrogen values indicate the use of Irish skins, but
the variation between the two countries is of insufficient magnitude to make a confidence
determination. The stationer through which these skins were sold is unknown, and as highlighted in
Chapter 4, the eventual location of the deed or the area the legal agreement concerns most likely
bears no relation to the origin of the sheep. Genetic analysis of an 18"-century parchment deed
indicated affinity with British midland sheep breeds such as the Leicester Longwool and Border
Leicester, but also affinity with the modern Galway sheep (Teasdale et al. 2015). This may however,
be due to New Leicester sheep being brought to the west coast of Ireland in the 18™ century to
improve the local stock (British Galway Sheep Society 2018), but does highlight the connectivity of
these two countries. Greater understanding of supply routes used by parchment makers would aid

the identification of Irish skins.

After Ireland, France was the next largest exporter of skins to Britain. Along with wine and brandy,
skins were considered one of the principal exports from France in the 19" century (McCulloch 1847,
15), although the trade stretched back centuries (Kowaleski 1990). Due to the comparable
temperature, humidity, precipitation and farming practices between much of northern and central
France and the UK, there is considerable overlap in the isotopic values observed in sheep. Modern
and archaeological collagen samples have produced &*3C values from —23.5%o to —18%o and 6°N
values from 2.4%o to 10.1%o (Camin et al. 2007; Goude & Fontugne 2017), although compared to
the UK, carbon values are typically more enriched and nitrogen values more depleted. Most
parchment samples fall within this range, and it is again difficult to discount the presence of French

skins.

129



One way of assessing the importance of French skins is to examine isotope values contemporary with
the Napoleonic Wars (1803-1815), as Mortimer (1810) suggests that fresh skins and finished
parchment were only imported “in times of peace”. Hostilities between the two counties had long
impeded trading relations (Crouzet 1985), but the volume of imports and exports was disrupted by
the French Revolutionary Wars of the 1790s and again, severely, at the outbreak of war in 1803,
particularly with the imposition of the Continental Blockage which restricted British access to
European goods (Ashton 1975, 120-1; Broadberry et al. 2015, 212). During the war, the range of
8N values in parchment constricts to 2.5%o, compared to 4.5%o in the preceding decade (1792-
1802), and 5.2%0 in the decade after Waterloo (1816-1826) (Figure 8.5). A Levene’s test of
homogeneity of variance indicates that only the increase in variation after the war is significant (A
to B: p=0.061; B to C: p=0.028%). The range of 5'*C values, increases from 1.8%o before the war,
to 2.5%0 during and 2.8%o after, although these changes in variance are not statistically significant
(A to B: p=0.067; B to C: p=0.103). but there is a statistically significant difference between §*C
values from during and after the war (Mann-Whitney U test, U=879.5, p=0.030). Despite these
variations, mean values stayed relatively static across these episodes (8*3C: —22.65%o0 + 0.1; 3*°N:
8.78%o0 + 0.03), and it is likely that this variability if affected by the greater number of samples in
Period C.

Smuggling was rife (Daly 2007), but the restricted access to European goods can be seen in the
doubling of tallow prices, which prior to 1803 had been imported in large quantities from eastern
Europe (Copus 1989), and the rising price of port wine from Portugal to its primary market in Britain
(Maxwell 1995, 42-3). Yet, it cannot be said with any confidence that this isotopic variation reflects
a disruption in the supply of French skins and an increased use of domestic animals, particularly as
there is little change in mean values. An alternative theory is that existing domestic supply was
affected by the war, with skins diverted into the booming leather industry driven by the demand for
clothing and equipment for soldiers (Clarkson 1974, 143; Riello 2006).

Following Britain’s enforced protectionism at the turn of the 19" century, the range of §**C values
in parchment significantly increases, with the presence of more enriched skins, potentially more
typical of a French origin (Camin et al. 2007; Goude & Fontugne 2017). French parchment in the
19" century was considered superior to that of any other country (Mortimer 1820; Willement 1845),
and with extensive production in Flanders, it was ideally suited for importing into Britain. Post-
medieval sheep from northern France and the Low Countries have produced 6*3C values between —
22 and —15%o and 3'°N between 6 and 10%o (Ervynck et al. 2014; Colleter et al. 2017), and therefore

may suggest the presence of skins from this region in British parchment. If this is the case, a potential

13 A = 1792-1802 (n=23); B = 1803-1815 (n=33); C = 1816-1826 (n=90)
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motivation may have been the improvement of sheep in the late-18" and 19" century, with a drive
for meatier and fatter sheep. Fat makes the processing of skin difficult, inhibiting the penetration of
aqueous reagent, and also reduces the tensile strength. Potentially, skin processors were seeking
leaner skins from France. Despite this, the values still fall within the range expected for British sheep.
Sheep bone collagen presented in Chapter 7 had a mean 5*3C value of —22.0%o, and ranged from —23
to —20.8%o, while parchment over the same period has a mean §*3C value of —22.5, and ranges from
—24.6 t0 —16.4%o, with a mean A*Cpone-parchment SPacing of 0.6%o, this suggests a likely domestic origin
for the majority of skins.
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Figure 8.5: The impact of the Napoleonic Wars and the Continental Blockade on A) §3C values, B)
8N values, C) and the price of mutton, tallow and port wine in Britain (prices from Clark 2004;
2007)
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With most 8*C between 1800-1900 falling within the range typically expected British sheep, an
alternative interpretation of this increasing variation is that it reflects the expanding range sheep were
transported internally in the 19" century. As with agriculture and industry, historians have asserted
that the transport developments of the period amounted to a ‘revolution’ (Deane 1965, 72-86;
Bagwell 1974; Bogart 2005). The ease and distance with which people, livestock, raw material and
goods could move increased dramatically, facilitated by improvements in roads, inland waterways,
the development of steamships, and the arrival of the railways. Agricultural ‘improvement’, markets
and transport interacted on each other, particularly in the decades following the Napoleonic Wars
when there were improvements in all three (Blackman 1975, 48). The surging urban population
created greater concentrated demand, which shaped farming and production decisions, and were
connected over long-distances by increasing faster and cheaper forms of transport.

Livestock had been driven to towns and markets ‘on the hoof” for millennia, navigating an extensive
network of ancient roads and paths that by the 16" century formed the ‘King’s Highway’ (Webb &
Webb 1963). The Crown invested few resources in road maintenance, although improvements were
made between 1500 and 1700 (Overton 1996, 142), supporting the movement of sheep towards large
towns, and off the Welsh hills into England (Trow-Smith 1959, 7-10). In many areas the poor
condition of roads hindered the progress of livestock, with sheep often unable to travel in winter,
increasing the price of mutton (1959, 16). Starting in the 1660s, Turnpike Acts transferred temporary
control and the right to collect tolls to private bodies, who maintained the principal roads of the
country (Bogart 2005). Money raised was used to pave and widen roads, and lower gradients,
increasing their capacity and speed with which they could be travelled (2005, 488). Between 1750
and 1770 the turnpike system diffused across much of the country, peaking in the 1830s.

A long-distance walk to market was often detrimental to the animal, losing considerable weight and
condition, and with it the farmer’s profits. Over the 100-mile journey from Norfolk to London, a
yearling sheep could lose 6 Ib of mutton and 4 Ib of fat, as much as one-fifth of its weight (Perren
2000, 974; Turner et al. 2001, 190). The emergence of steam powered ships in the early-19" century
cut journey times from weeks to days, and were used to bring animals from areas such as Aberdeen,
Carlisle, Tyneside and Lincoln down to the rapacious London meat markets (Trow-Smith 1959, 323-
4; Hill 1974, 100; Perren 2000, 968-70). Sheep were also shipped from north Wales to the hungry
industrial towns of Liverpool and Manchester (Scola 1992, 45; Armstrong & Williams 2011, 268-
9). The steamers not only increased domestic trade, but also from across the Irish Sea, with 400,000
live lambs imported between 1815 and 1825 alone (Armstrong & Bagwell, 1983, 159; Bagwell &
Lyth 2006, 28). With the advent of the railways in the 1830s the range and speed increased further
(Armstrong, 1991, 81-2). Moving freight by rail took one-tenth of the time it did by horse drawn
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wagon, at only one-twentieth of the cost (Bogart 2013, 2). The rapidly expanding rail network
revolutionised the droving industry, bringing an end to the long-distance drive ‘on the hood’, and
enabling large quantities of animals to be transported at short notice across the length and breadth of
the country (Overton 1996, 142; Perren 2000; Trow-Smith 1959, 232-5).

London’s population surged from 960,000 in 1801 to over 2.3 million in 1851 (Great Britain Census
Office 1854, 15), requiring a dramatic increase in the range from which livestock were drawn. By
the mid-19" century, livestock entering the capital’s main meat market at Smithfield came not only
from across the British Isles, but from France, Belgium, Denmark, Holland, Norway, Spain, Portugal,
Sweden, Brazil, Argentina and the United States (Metcalf 2012, 17; Bridger 2013, 64). In 1830, a
designated skin market at Leadenhall was opened to deal with the sale of these animal’s hides.
Writing a few years after its opening, Charles Knight notes that sheepskins were often bought here
in bulk by fellmongers who prepared the skin to be later sold to parchment makers (Knight 2014,
27). The location of the market was perfect for the parchment makers, who by the late-19" and 20"
century, were increasingly located around the Greater London area (Kelly 1936).

Figure 8.6: Skins being unloaded from wagons at the Leadenhall Skin Market, 1850 (Exploring
Southwark 2018)

A potential farming practice driving this enrichment in 3*3C values but limited change in 3!°N values,
could be the increased use of seaweed as a fertiliser. Seaweeds from the British coast display 6**C

values between —18.5 to —13.1%. (Balasse et al. 2006), but unlike fishmeal, can have relatively low
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51°N values between 1.7 and 3.1%o (Bateman & Kelly 2007), comparable with livestock manure. The
use of seaweed to improve soil fertility is documented in early farming manuals (i.e. Markham 1676,
68), although its use increased in the mid- to late-19"" century (Turner et al. 2001, 84). However,
Turner’s et al. (2001, 84) analysis of 979 farm records suggests that even at the height of its use only
5% of applied it, so is unlikely to be responsible for the significant change we see. Alternatively, the
increased consumption of C4 plant protein, particularly maize and millet which have §3C values
between —14.0 and —11.0%o (Jahren & Kraft 2008), could have had an impact, although it was not
until the late-19™ and 20™ century that they were imported in large quantities and were more likely
to be fed to cattle (Mitchell 1971, 98-99; Brassley 2000, 577; Turner et al. 2001). Oil cakes too are
an unlikely source, as the sunflower and rapeseed oils commonly used for their production, typically
have depleted values between —35.6 t0 —26.2%o (Jahren & Kraft 2008), not dissimilar from pasture.

The clearest evidence from enrichment due to manuring comes from the statistically significant
increases in 6N values, contemporary with ‘High Farming’ of the mid-19th century. There was a
major intensification in manuring during the 1830s and 1840s (Turner et al. 2001) as livestock
numbers climbed, and use the use of pigeon manure, bonemeal and human excrement became more
widespread (Turner et al. 2001, 81-8; Broadberry et al. 2015, 106). The quantity of fertilisers retained
in the country increased from 26,000 tons between 1810-14 to 781,000 in 1872-76 (Turner et al.
2001, 86). Assuming, naively, a uniform distribution, this would have facilitated an increase in
manuring rates on arable land from 0.23 kg/acre to 56.6 kg/acre!*. The quantity and variety available
is epitomised by the practices of a farmer in Saltmarsh, East Yorkshire, who in the early-19th century
used cow manure, horse manure, bone dust, rape dust, wheat dust, whale blubber, guano (Turner et
al. 2001, 87). In the 1840, the highly nitrogenous guano excrement from Peruvian seabirds was first
imported into Britain (Nesbit 1852) and the first investigations into synthetic fertilisers were made
(Jones 2012, 1). This increasing use of organic fertilisers perhaps explains the statistically significant
increase in 8*°N values from 9%o (6.3-11.9%o0) between 1800-49 to 9.4%o (6.5-12.4%o) between 1850-
99. This potential manuring signal is supported by the statistically significant increase from 8.8%
(6.3-11.5%0) in 1800-24, to 9.2% (6.4-11.9%) between 1825-49, contemporary with this period of

intensification.

The most isotopically distinct samples are seven skins from the late-19" and 20" century, which
present 5*3C values greater than —20%o (—19.68%o t0 —16.27%o). In modern studies, —20%o has been
used as a discriminator between livestock raised with or without the addition of C4 plant protein in

the diet (Boner & Forstel 2004). Two samples with values of —19.6%, are on the limit of those seen

14 Calculated with 11.35 million acres of arable land in the 1810s, and 13.83 million acres in the 1870s
(Broadberry et al. 2015, Table 2.10)

134



in modern UK samples and therefore could be assumed to British, but those from —18.7%o to —16.2%o
are more enriched than modern livestock from Europe, Turkey or north-west Africa and show the
greatest comparability with livestock raised in the US on maize (Piasentier et al. 2003; Schmidt et
al. 2004; Hedges et al. 2005; Jahren & Kraft 2008; Camin et al. 2007; Perini et al. 2009; von Holstein
et al. 2013; Zazzo et al. 2015; Mekki et al. 2016). Maize was imported by the late-19"" century, and
used as a livestock fodder (Mitchell 1971, 98-99; Turner et al. 2001), so these animals could
potentially have been raised in the UK.

In the 20" century, British skin processors increasingly turned to using imported skins of hair-sheep
breeds from parts of East Africa (Covington 2009, 67; Redwood 2016, 22-3). The sheep of Egypt
and Ethiopia had long been known for their lack of wool fibres and limited fat content (Youatt 1840,
115-6), and possessed strong but soft skins, with a tight dermal fibre network and limited dermal
lipocytes (Briggs 1981, 35; Covington 2009, 67). Although C4 plants prevail in the warmer and drier
lowlands of East Africa, Cs plants thrive in the cooler and wetter highlands (Tieszen et al. 1979;
Smith et al. 2002), where in Ethiopia at least, extensive sheep farming is often located (Wint &
Robinson 2009; Gizaw et al. 2010). Predominantly C; eating terrestrial herbivores from East Africa
have presented comparable §*°C values (between —21.2 and —17.6%o) and 3'°N values (between 5.6
and 10%o) (Ambrose & DeNiro 1986), although due to the aridity of the area, 3*°N values can often
be even higher (Ambrose & DeNiro 1986). The *3C values of these samples is considerably different
to British sheep bone from the 20" century, supporting a non-domestic origin. Modern sheepskins
display highly depleted in 3C, likely due to variations in atmospheric CO; and increasing humidity.
Mean &*°N values from the 20™ century are lower than any previous century, and may reflect the
increasing use of synthetic fertilisers. Synthetic fertilisers are produced by the oxidation of NHs,
which in turn is produced by the reduction of atmospheric nitrogen (N2) (Michalski et al. 2015). As
such, synthetic fertilisers have 6*°N values (relative to AIR) of around 0%, resulting in lower 3'°N

values in crops fertilised by synthetics than those receiving manure (Bateman & Kelly 2007).

The continuity and restricted range of 3*3C values in 13" to early-19" century parchment was also
seen in bone collagen from Chapter 7, supporting the domestic origin of the vast majority of these
skins. It is highly likely that similar supply routes were used, with sheep processed in town making
use of their meat, bones and skin. The trend for increasing higher *C values in the 19" century,
however, is not seen in bone. Interpretation is hampered by the small and broadly-dated dataset for
bone collagen, however, this may lend weight to the increasing use of non-domestic skins.
Alternatively, this may reflect a divergence in existing supply routes, although as most of the 18-
19" century material also came from animal craft-waste, this seems unlikely (Scott 1985; O’Connor

1995; Reilley 2011). Values in excess of -20%o seen in late-19™ and 20" century parchment were not
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seen in bone, supporting the conclusion that this parchment was manufactured utilising skins which
had been imported from considerable distances. The significant variation in parchment 5°N values
is also seen in bone, confirming the high degree of variability in land management strategies in post-

medieval Britain, particularly with regards to the manuring and the grazing of sheep on stubble.

8.4.2 Case study - Lower Winskill Farm

The majority of the deeds analysed in this study come from artificial collections, put together by
archives and private collectors, but bear no relation to each other. The exception of this are 48 deeds
relating to Lower Winskill Farm, Settle, North Yorkshire (Figure 8.7), which has been in the
ownership of the Foster-Lord family since the late-16" century. These manuscripts offer the
opportunity to explore changes in the provisioning of skin through isotopic analysis, as well as
integrating the results with the history of the farm which has been compiled by its current owner
Tom Lord (2009; 2010).

Following the dissolution of Sawley Abbey in 1537, its lands and property were transferred to the
barony of Darcy de Darcy (Bush 1996, 218), and Lower Winskill Farm was sold to the sitting tenant
Thomas Foster in 1591 (Lord 2009, 1). The farm consisted of stone-walled fields, with some area
devoted to arable cultivation, probably oats (Kerridge 1967, 164), but particularly focussed on raising
cattle for milk and sheep for wool (Lord 2009, 1). The Foster’s also had the right to graze a number
of livestock on nearby communal pastures. Although an exposed location, the Craven District was a
profitable area for sheep farming, with its ‘sweet and healthy grass’ (The Farmer’s Magazine 1874,
308) producing animals of an excellent constitution (Kerridge 1967, 164) and over twelve tonnes of
wool a year (Trow-Smith 1957, 119). Typical of the area, the cattle ran on the grain stubble during
winter, and were provided with hay indoors, but the same ‘luxury’ was not afforded to sheep (Lord
2009, 2). Between February and May all the livestock were taken off the pasture, allowing the early
grasses and plants to grow, so that when the sheep lambed in May there was enough forage for them
to produce milk (2009, 2). The farming practice stayed much the same until 1789 when an Act of
Parliament enclosed the communal pastures, some of which were incorporated into the Foster’s farm.
Technological advances came in the 19" century with an improved system of manure collection in
the cowshed, which was pumped into a spreader on a horse-drawn cart and applied to the 15 acres of
meadow (Lord 2009, 3). Lord (2009, 2-3) estimates that in the 16" and 17"" century stocking densities
were around 1 sheep per 0.75 acres, but would have increased with enclosure, and again in the late-

19" century as the farm focussed on sheep farming.
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Figure 8.7: Lower Winskill Farm, Settle, North Yorkshire. The lower photos show the prolific
Swaledale mules and Texel crosses currently raised on the farm; suckling minutes after birth,

bonding, and seeking out grass amongst the snow (Photos by T. Lord)
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Figure 8.8: Isotope results from the Winskill Collection. A) §'*C and B) §°N

The Winskill deeds do not present any stationer’s marks until the 18" century, and with the more
localised markets of the 16" and 17" centuries, one might speculate that the parchment used for the
earlier documents was produced locally, utilising sheepskins from the Craven District. The earliest
thirteen skins (1592-1686) show comparatively lower 6*°N values (5.6 to 10.9%o, mean = 8%o), and
largely fall below the mean value for all parchment samples (9.18%o) (Figure 8.8). Relating this to
the historical information complied by Lord (2009), this could reflect the regions focus on wool
production, resulting in a greater availability of older skins not exhibiting an elevated nitrogen value
from the ingestion of milk; lower stocking densities; and the consumption of non-systematically
manured pasture alone. These earliest skins have a range in 6*3C values of 0.5%o (—22.9 to —22.4%o,
mean = 22.6%o), while across the next three skins from 1696 to 1699 this range more than doubles
to 1.2%o (—23.1t0 —21.9%0, mean 22.5%o). This dramatic increase in the range of values occurs shortly
after the enactment of the 1694 Stamp Act (5 & 6 Wm. & Mar. ¢.21) which required a revenue stamp
to be fixed to every individual sheet of a legal documents prior to engrossing; an action which could

only be carried out at the Stamp Office, Lincoln’s Inn, London, or one of the forty regional stamp
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distributors (Hughes 1941; Dagnall 1994). The location of distributors is unknown, but in 1826 their
distribution was considered “arbitrary and capricious ... [with] none at Bristol, and as many as
seven in York” (Hallam 1826, 11). Wherever located, the supply of parchment for deeds became
concentrated in the hand of a few suppliers, and it appears that by the early-18™ century regional
isotopic signatures were lost. From 1694, the carbon isotope values from Winskill show greater
variability, and nitrogen values become more enriched, likely indicating that we can no longer be

confident of their origin.

8.5 Summary

The results of this study highlight the time-sensitive analysis in trade, craft and animal husbandry
that can be revealed by the isotopic analysis of parchment. The majority of deeds display 6**C and
8N values comparable with those of archaeological bone collagen, and fall within the range
expected for modern British sheep. Historical records indicate the skins were imported in vast
quantities from Ireland and France, although carbon and nitrogen isotope analysis was not
discriminating enough to confirm their presence. A constriction in the range of 3°N values is seen
contemporary with the Napoleonic Wars, although this may reflect a change in domestic supply,
rather than a restriction on imports. A number of 20" century skins have §'°C values considerably
more enriched than those of 20" and 21 century British sheep, and are likely to have been imported

from some distance.

5'°N values display considerable variability across the centuries, likely reflecting the use of both
young and mature skins, as well as the diversity of geographical origin and farming practices.
Parchment makers like Noah Crook, who supplied Witherbys & Co., and whose hands may have
produced a number of early-19™" century deeds analysed in this study, undoubtedly sourced their
skins from a wide range. Located on the main road from Oxford to London, Crook, for example, may
have utilised animals being driven to the capital from across the West Country and Wales. Analysis
of a collection of deeds associated with Lower Winskill Farm, North Yorkshire, suggest that regional
isotopic signatures in parchment may be lost as early as the 1690s as the supply of deeds was
restricted to a number of approved regional distributors. The range in nitrogen values potentially
indicates variability in the consumption of crops from manured fields, as well in the additional

feeding of grains and root vegetables to ewes to improve their condition during lambing.

139



Chapter 9

Conclusions

9.1 Outcomes of the study

This thesis aimed to explore the potential of using parchment as an isotopic resource. For this, |
undertook experimental parchment production, the analysis of paired bone and skin samples, and
conducted a free-ranging diet study. | then applied this information to historic sheepskin parchment
deeds, identified by peptide mass fingerprinting, to investigate sheep husbandry in post-medieval

Britain. The results from this studies enable the research aims to be addressed:
1. To identify the species used for parchment legal deeds

Prior to this study, only 8 deeds had been identified using modern scientific techniques; this total
now stands at 671. Identifying the species used for parchment via visual features can be challenging,
due to the removal or distortion of follicle patterns during manufacture. Peptide mass fingerprinting
of 663 legal deeds from the 12" to 20" century using MALDI-ToF MS (Chapter 4) indicates that
they were predominantly written on sheepskin. 640 (96.5%) were identified as sheep, and the
remaining 23 (3.5%) classified as sheep/goat. 3*3C and 6*°N values from these two groups showed
no statistically significant difference, likely suggesting that many of these 23 skins are also those of

sheep.

The root of this preferential use may lie in the unique characteristics of sheepskin, with its high
potential to delaminate due to excessive fat deposits at the papillary-reticular junction. As such, ink
erasure and attempts to alter the document may have been more visible than if they had been written
on goat or calfskin. However, a more parsimonious explanation is their increased availability and
cheaper cost. Between 2-5 million sheepskins were yielded annually (Broadberry et al. 2015, 100-
5), and the finest quality parchment was cheaper than the poorest quality vellum (Gullick 1991). The
result from this analysis aided later isotopic interpretations, as we can be confident that potential

isotopic variation in historic parchment does not come from the presence of multiple species.
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2. To explore the use of parchment as an isotopic resource

Campana et al. (2010) and Pollard & Brock (2011) have previous published the stable isotope
analysis of parchment, yet both have speculated that values in finished parchment may not be the
same as the fresh skin. In particular, both studies have noted 5°N values considerably higher than
would be expected from terrestrial herbivores. Through the experimental manufacture of 47
parchment skins, and the further analysis of parchment supplied by a commercial producer, this study
confirmed that parchment production impacts on measured values in (Chapter 5). Using traditional
methods (straight-lime) a mean enrichment in §'*C values of 0.15 + 0.68%o was observed, and a
mean enrichment in in 8°N values of 0.23 = 0.84%.. Using more industrialised methods (additional
sulfides) a mean enrichment in values of 0.23 + 0.47%o was observed, and a mean enrichment in in
81N values of 0.57 = 0.29%o. There was no statistically significant difference in the skin to parchment
offset between these two methods, suggesting that the technological change of the Victorian period
is unlikely to have a significant impact on isotope values in historic parchment.

Four potential factors were identified as the main drivers behind this isotopic variation: amide
sidechain hydrolysis; the removal of lipids and non-collagenous proteins; and the removal of keratin.
The main chemical modification during liming is the conversion of some amide function groups of
asparagine and glutamine to carboxyl groups (deamidation). Side chain hydrolysis favours bonds
containing lighter isotopes, and results in an enrichment in the remaining residues (Bada et al. 1989;
Silfer et al. 1992; McClelland & Montoya 2002; Chikaraishi et al. 2007; 2009). More than half of
available side chains are likely to have been hydrolysed during liming (Menderes et al. 1999),
contributing to the mean enrichment in parchment. Further enrichment may have resulted from the
removal of *C-depleted lipids and non-collagenous proteins during liming and fleshing, resulting in
a proportional increase in collagen and the relatively enriched amino acid glycine (Koppenhoefer
1939; Pollard & Brock 2011; McMahon et al. 2015). Finally, the structural modification of removing
the keratinous wool and epidermis, which is typically isotopically depleted relative to collagen
(Tieszen & Fagre 1993; O’Connell et al. 2012; von Holstein et al. 2013), may too have contributed

to this mean enrichment.

To further aid the interpretation of isotope values from historic parchment, a free-ranging diet study
was undertaken to explore the relationship between diet and skin (Chapter 6). As expected, skin and
parchment was enriched over diet. The isotopic spacing between diet and parchment was influenced
by production, but displayed an enrichment in §*C values between 3.0 to 5.7%o over diet, and
enrichment in 3N values of 2.3 to 6.8%o. This was not a controlled feeding study, and therefore

there was some uncertainty over the ‘true’ isotopic composition of each sheep’s diet, but the level of
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enrichment was consistent with the findings of other studies (Hedges et al. 2006). These results
indicate that some parchment can possess high 6°N values due to individual metabolism, and not

solely due to farming practices such as high levels of manuring.

There is currently no widely accepted method for checking the integrity of collagen from skin or
parchment (Lamb 2016, 6), although C/N ratios (a standard for bone collagen and dentine; DeNiro
1985; Ambrose 1990; van Klinken 1999) were found to be useful. C/N ratios in modern skin ranged
from 3.1 to 3.4, 3.2 to 3.4 in modern parchment, and 3.1 to 3.6 in historic parchment (Chapter 8).
Parchment production had a variable impact on C/N ratios in skin, although may prove useful in
identifying skins with has undergone significant deamidation and the loss of nitrogenous compounds.

3. Toenable 62°C, 5°N and §*%0 isotope data from parchment to be integrated with those from
bone collagen

Due to variations in tissue composition, rate of turnover and the routing of amino acids, skin and
bone collagen within the same individual has been seen to display different isotopic signatures (Lyon
& Baxter 1978; Finucane 2007; Corr et al. 2009). Prior to this study, the offset between bone and
parchment had not been calculated, therefore to address this, the isotopic spacing was explored
through the paired analysis of 30 samples from modern sheep (Chapter 6). As with skin, parchment
813C values were seen to be depleted relative to those in bone (0.6 + 0.8%o), while 5!°N values were
enriched (1.3 £ 1.8%o).

This pattern has been seen in the paired analysis of archaeological human remains, and previously
explained through the different temporal resolution of these tissues, with the skin indicating an abrupt
change in diet, location or health prior to death (lacumin et al. 1996; 1998; Corr et al. 2009).
However, this explanation is not feasible for these modern sheep. Bone and skin are both dominated
by Type 1 collagen, and thought to have analogous dietary/biosynthetic origins of amino acids
(Ambrose 1993; Collins et al. 2002; Covington 2009; Corr et al. 2009). This research suggests that
the small variation the amino acid composition of these tissue may influence their isotopic difference,
as well as the routing of amino acids. The different collagen synthesis rates of these tissue
undoubtedly plays a part, but this isotopic difference was also seen in the skins of stillborn lambs

who could not have developed a turnover related variation.

The calculation of this offset aided the interpretation of values from historic parchment by permitting
the integration with those from contemporary sheep bone collagen (Chapter 8). 15" to 20" century

bone collagen presented a mean 8'°N value of 6.1%o, ranging from 3.9 to 9.2%. (Chapter 7).
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Parchment across the same period had a mean value of 9.2%o, and ranged from 5.6 to 13.6%e.
Considering a mean bone to parchment spacing of 1.3%o, this supports an interpretation that young
lambskins with minimal fat and visual flaws were used, as well as those from more mature sheep.
Similarly, bone had a mean 3'*C value of —22.0%o, ranging from —23 to —20.8%., while parchment
had a mean 8"3C value of —22.5%o, ranging from —24.6 to —16.3%.. With a mean bone to parchment
spacing of 0.6%o, this supports the domestic origin of the majority of skins, but also suggests that a

number of 20" century skins may have been imported.

4.  To apply these methods to parchment and bone from post-medieval Britain to examine
sheep husbandry and land management

The insight gained from the analysis of modern specimens aided the interpretation of 3*3C and 6*°N
isotope results from 47 sheep bones from the 15" to 20" century York and London (Chapter 7), and
663 British parchment deeds from the 13" to 20" century (Chapter 8). This analysis facilitated an
examination of the age of animals used, their geographical origin, and farming practices such as

manuring.

With the exception of seven skins from the 10" century, 638 deeds from the 13" to late-19" century
displayed §*3C values between —24.6%o and —20.8%o, indicating that the overwhelming majority
of sheep were grazing on C3 plants. Despite the importation of C4 plants such as millet and
maize in the 19" century (Seemann 1866; Mitchell 1971), they do not appear to have been
used as sheep feed, supporting historical accounts that they were more likely to be fed to
more profitable cattle (Brassley 2000). As noted above, these values are comparable with
those from archaeological bone collagen and the range observed in modern British terrestrial
herbivores, suggesting the use of domestic sheepskins (FERA 2015; Camin et al. 2007).
Documentary records indicate that sheepskins were imported in large quantities from Ireland
and mainland Europe throughout this period, unfortunately due to the comparable climate
and farming practices across north-west Europe 3*3C and *°N isotope analysis did not prove
sufficiently discriminating to confidently identify skins from these countries. *°N values fluctuated
contemporary with the Napoleonic Wars, however this may be due to disruption in domestic supply,
rather than an embargo on French skins and parchment. With the lifting of the Continental Blockade,
an increasing presence of parchment with elevated 33C values was observed, perhaps more similar

to those of a French origin (Goude & Fontugne 2017), therefore the presence of imported skins

cannot be discounted.
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18" and 19" century stationer’s accounts (Chapter 4) indicate that parchment for legal deeds was
sourced from considerable distances. For example, although located in London, Witherbys & Co.
procured their skins from parchment makers in the south-west of England. The fresh skins were also
likely to have been obtained from a wide geographical range, with parchment makers such as Samuel
Bishop of Bristol potentially utilising skins that came up the Bristol Channel, and Charles Franklin
of London potentially selecting from sheep driven to the capital from across Britain. Contemporary
with transport developments of the 19" century, such as turnpikes, steamships and steam locomotives
(Bagwell 1974), 5'*C values shown increasing variation, likely reflecting the greater range which
livestock, skins, feed and fertiliser could move. Seven skins from the late-19" and 20™ century
displayed &*3C values from —19.7%o to —16.3%o, suggesting C4 plants may have formed part of the
diet. The use of maize was more widespread by this period, but skins were also obtained from an
even greater range, and may potentially have come from East Africa (Covington 2009, 67; Redwood
2016).

The potential use of imported skins, and those from young lambs, makes examination of sheep
husbandry and land management challenging, but it is clear that British agriculture underwent
significant change in the early-19" century. §*3C values in bone and parchment remain remarkably
static across the 13" to late-18th century, suggesting a rather restricted diet, with sheep primarily
grazing on pasture, but occasionally receiving supplementary forage and fodder crops. Contemporary
5'°N values, however, highlight some variability in management strategies, particularly over access
to crops from well manured fields, such as grain, stubble and root vegetables. When integrated with
zooarchaeological evidence, it appears that the size increase seen in the 16" and 17" centuries was
not accompanied by any significant, or isotopically distinguishable, change in diet. These results are
at odds with some historical interpretations of ‘improvement’, particularly Eric Kerridge, whose
Agricultural Revolution announced that “the agricultural revolution took place in England in the 16"
and 17" centuries and not in the 18" and 19" (1967, 4).

The isotopic data presented in this thesis instead indicates a change in animal management during
the 19" century, the period traditionally ascribed to the Agricultural Revolution (Chambers &
Mingay 1966; Overton 1986; 1996; Turner et al. 2001). From this period onwards, 8°C values
become increasingly variable, with many skins exhibiting increasingly higher values; in contrast,
8N values become less variable, but mean values increase. The major technological developments
of this period were clover and turnips, which were gradually integrated into arable rotations,
removing the need for bare fallows (Turner et al. 2001, 71-3). The importance of these humble crops
lay in their ability to increase livestock carrying capacity, and therefore manure, the main fertiliser

of arable land. These new crops were often cultivated in rotation with wheat and barley as part of the
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‘Norfolk four-course’, with their restorative function contributing to an almost 50% increase in grain
yields between 1750 and 1850 (Broadberry et al. 2015). The increased use of manure and other
organic fertilisers is visible in the parchment, with a significant increase §*°N in the early-mid 19"
century contemporary a major intensification in their use (Turner et al. 2001, 86). Other late-18" and
19" century improvements included selective breeding, which changed the size and shape of animals,
and improved the rate at which feed was converted into meat (O’Connor 1982; 1995; Overton 1986;
Thomas 2005b).

These changes in animal and land management were intimately associated with enclosure. The shift
from collective farming to private ownership facilitated far greater control, and the opportunity for
farmers to experiment with new feeds, fertilisers, rotations, and may well be why we see greater
isotopic variability in carbon values. New ‘scientific’ approaches to farming diffused across the
country, propagated through societies, journals and handbooks. In 1800 there were 35 English
agricultural societies, but more than 360 by 1845 (Tarlow 2006, 36). Chamber & Mingay (1966)
regarded these post-1750 changes as ‘revolutionary’ as they estimated British agriculture fed an
additional 6.5 million people in 1850 than it did in 1750 (Overton 1986, 2).

Despite these results, the limitation of using isotope evidence to explore animal husbandry must be
noted. A major issue is the variability that livestock can exhibit over small geographical areas. As
seen in Chapter 6, sheep from Seaton Ross, East Yorkshire, were raised across a 4.5-acre farm and
consumed near identical diets. Despite this, bone collagen §3C and §°N values showed a range of
2.1%o0 and 2.5%o, respectively. Due to the rapid turnover of skin collagen, it exhibited a greater range
of 2.7%o and 4.3%o. This high degree of individual variability makes identifying small changes in
diet very challenging, but may also lead to the erroneous interpretation of results. For example, two
of these sheep (JSK24 and JSK25), had much lower 8N than the rest of the flock, which in an
archaeological population could be incorrectly interpreted as the result of consuming a different diet.
Moreover, due to the high degree of similarity in the isotopic composition of livestock feeds (Jahren
& Kraft 2008) it is possible that changes in diet may not be detectable isotopically. It is therefore
possible that the diet of sheep during the 13" and early-19™ century did change, but it was

insufficiently distinct to alter the isotopic values of the tissue.

Although this study identified variation in isotope values which are likely the consequence of
changes in farming practice (i.e. increased manuring), they may not be the result of ‘improvement’.
Agricultural developments had different trajectories, and the size increase of the 16" and 17"
centuries, and the shape change of the 18" and 19", may not have been associated with nutritional

development. They could have been brought about by changes in flock composition or through
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selective breeding — management decisions which would not be identifiable isotopically. As such,

isotope analysis provides evidence which must be integrated with zooarchaeological and historical

enquiry to fully examine the post-medieval ‘improvement’ of sheep.

9.2

Future research

The results of this study highlight a number of areas where further historic, biomolecular and

zooarchaeological research may be beneficial, and enable interpretation of the data presented here in

greater confidence. Although a range of techniques were employed, a number wee beyond the scope

of this thesis due to financial, time and technical constraints, but could be applied to further our

understanding of parchment as a molecular archive and sheep husbandry in the post-medieval period.

Historical

The examination of unpublished stationer’s accounts may provide further insight into the
provisioning of skins and the distribution of deeds. The accounts examined in Chapter 4 dated
from between 1705 and 1806, therefore information prior to the introduction of the 1694 Stamp
Act and again after the advent of steam transport would be useful in examining their impact.
Unfortunately, surviving stationer’s accounts are rare, and not detail the location of where skins
were purchased from. For this study the accounts of stationers in Nottingham, Derby and

Birmingham were examined, but did not list any parchment suppliers.

The examination of import records from along the southern coast may provide useful

information on the importing of French skins and parchment.

Biomolecular

Analysis of the amino acid composition of skin before and after processing may provide further
insight into the impact of chemical and structural modifications to collagen. This may
potentially measure deamidation levels, and the proportional increase in glycine, which could

be examined alongside the extent of 3*C and 6*°N enrichment.

Analysis of the amino acid composition of bone and skin from the same individual may aid the
interpretation of the isotopic difference between these tissue. Compound specific isotope
analysis of paired samples from stillborn lambs could be used to examine variation in the routing

of amino acids, any potentially help explain the isotopic variation seen in these young animals.
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To aid the identification of skin from Ireland and France, post-medieval parchment deeds
through to have been manufactured in these regions could provide a useful dataset. It is not
known how beneficial isotopic analysis may be, as sheep from these countries have a similar
range of 3*C and 8'°N values and it is possible that finished parchment was exported from
Britain. Genetic analysis of parchment from these area may therefore provide greater evidence
on the use of imported skins. At present aDNA analysis has only been conducted on a small
number of post-medieval parchment samples (Teasdale et al. 2015; 2017). A more
comprehensive analysis of these deeds may highlight genetic affinity with breeds from these

regions.

3180 and 8D isotope analysis may prove useful in identifying the geographical origin of skins.
Animals derive oxygen and hydrogen isotopes from their diet, which are closely associated with
precipitation and local drinking water. Both have been use for provenancing on a regional scale,
and therefore may provide information on the distribution of skins across Britain. The impact
of production on both isotopes would need to be examined first, as it is highly likely that isotopic
fractionation or exchange may occur when the skins are submerged in water and calcium

hydroxide.

Zooarchaeology

Direct “C dating of bones would provide greater confidence over phasing. This would be
particularly beneficial at sites which present evidence for size and shape change to better identify

when this is occurring.

Greater emphasis should be placed on publishing dental measurement data, as well as depth
measurements from long bones. These would provide the opportunity to better examine the role

of environmental and genetic factors on shape change.

While the ‘slenderness’ and ‘conformation’ indices examined by O’Connor (1982) provide a
great deal of information about the changing shape of sheep in the post-medieval period,
geometric morphometrics (GMM) may be useful in examining these changes at a finer scale.
GMM could be used to examine the refinement of the carcass in the 19" century, and examine

how the skeleton responded to breeder’s desires to reduce the bone-to-muscle ratio.
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9.3 Concluding remarks

This thesis demonstrates that parchment is a valuable high-resolution and isotopic resource, through
which centuries of craft, trade and animal husbandry can be explored. When discarded by the Sun
Fire Office Archives, deed RT215, for example, was just another contract concerning the sale of land
in London on the 3 September 2011. However, it is now a piece of sheepskin parchment which
contributes to our understanding of the disruption in the domestic and international supply of raw
materials during the Napoleonic Wars. Samples EB04 was just a mortgage from Essex in 1927, but
is now the skin of a sheep that may have travelled from East Africa, and offers insight into the
movement of skins over considerable distances. This research makes a significant contribution to
archival research, demonstrating the value of post-medieval deed. For historians and archaeological
scientists this thesis contributes to our knowledge on the provisioning of skins and trends in animal

and land management.

While the text of post-medieval legal deeds may be of limited historical significance, this does not
negate the physical value of dated mammalian collagen. Through proteomic and stable isotope
analysis, information can be gathered on the species used, their geographical origin, and the
conditions under which the animal was raised. This is, however, only a fraction of techniques that
can be applied to this extraordinary archive: genetic analysis can provide further information on
provenance and the development of breeds in this period; palaeopathological analysis can be applied
to the dermatological issues preserved in the parchment; microscopic and imaging analysis can
examine changes in fibre colour and diameter; and further imaging can be used to examine

technological changes in the shaving, smoothing or splitting of skins.

For agricultural historians and zooarchaeologists, this research provides new information into sheep
husbandry in post-medieval Britain. This time-sensitive analysis suggests significant agricultural
developments in the 19" century, the period traditionally ascribed to the Agricultural Revolution.
While recognising the use of young and imported lambskins, the isotopic data indicates that farming
practices were diverse, with considerable variation in manuring practices and management strategies.
Significant variation in §*3C and 6*°N values did not occur until post-1800, which most likely reflects
the impact of enclosure, new cropping rotation, as well as the increased distance skins and feed were
transported. For the wider field of archaeological science, this data provides a baseline for sheep
throughout the post-medieval period, as well as new data on the isotopic spacing between, diet, bone,
skin and parchment. It is hoped that this research will enable a much more extensive proteomic and
isotopic analysis of parchment from across the UK and Europe, as parchment reveals a history not

only written in ink, but in the protein itself.
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Appendix

Table A.1: §*3C and 5'°N values and elemental composition data for all modern skin, bone
and parchment samples. Species: S = Sheep, C = Calf, G = Goat, P = Pig. Season: SP =
Spring (MAM), S = Summer (JJA), A = Autumn (SON), W = Winter (DJF).

Table A.2: Species identification results (peptide mass fingerprinting), §**C and 5'°N values
and elemental composition data for historic parchment samples

Table A.3: 3C and 8N values and elemental composition data for post-medieval sheep
bone collagen from York and London
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