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Multi-proxy palaeoecological analyses were conducted on late Holocene cores taken 
from six sites in Cumbria. The project had three major objectives: to study regional 
abandonment, phases during the Medieval era (particularly in the I+' century AD), to 
rigorously test the possible impact of environmental changes (climatic deterioration 

and soil nutrient depletion) on any such phases, and to investigate the potential of 
diatoms as alternative proxy indicators of human impact. 
Two major Medieval abandonment phases were identified in the pollen spectra. One 

in the late Th century AD was extremely widespread and associated with substantial 
woodland regeneration - suggesting the near-total abandonment of extensive areas of 
the county during d-iis period. This phase can probably be linked to the Danish 
invasion of Cumbria in the 870s. Another decline in the 14: h century AD was more 
subtle, only affecting arable-type indicators; pollen records from this period suggest a 
general reduction of population rather than complete regional abandonment. 
Plant macrofossil and hurnification data from Walton Moss and Hulleter Moss 

showed three major episodes of climatic deterioration in the Medieval era (AD 920- 
970, AD 1160-1190 and AD 1370-1430). Only the 14ýh century decline had any 
discernible impact on settlement patterns. Surprisingly, the more populous lowland 
sites appeared more vulnerable to climatic forcing during this phase. These results 
suggest that traditional conceptions of marginality are misleading, and that lowland 
Medieval communities were actually more vulnerable to environmental impacts due 
to their low levels of economic and ecological diversity. Tests at Mockerkin Tam on 
the impact of catchment nutrient depletion were inconclusive. Geochemical and 
diatom data showed a significant decline in catchment phosphorus from AD 4SO- 
1000, but this had no definite impact on land-use patterns. 
Diatom records from Mockerkin Tarn showed evidence for cultural eutrophication 

from AD 650 onwards. Diatom responses to catchment disturbance contradicted 
current limnological theories- eutrophication was strongly associated with landscape 
openness and erosional intensity, whereas Cannabis retting mainly impacted lake 
system pH. The results suggest that diatoms can act as highly sensitive indicators of 
anthropogenic impact within lake catchments, and question the supposed primacy of 
Cannabis retting as an agent of pre-industrial cultural eutrophication. 
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The Palaeoccology of Recent Human 

Impact in the Lake District 

"When from a long-dist. ant past nothing subsists, after the people are dead, after the 

things are broken and scattered, taste and smell alone, more fra ile but more g 

enduring, more immaterial, more persistent, more faithful, remain poised for a long 

time, like souls, remembering, waiting, hoping, amid the ruins of all the rest; and 
bear unflinchingly, in the tiny and almost impalpable drop of their essence, the vast 

structure of recollection. " 

Marcel Proust: Overture, Sivann's Wav 

(tr. C. K. Scott Moncrieff & Terence Kilmartin) 

"Autumn" bi Pieter Brueghel the Elder (I D-2S- 1369) 
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CHAPTER ONE: INTRODUCTION 

"Hence buildings, which, in their veryform call to mind the processes of nature, appear to be 

received into the bosom ef the living principle of things, as it acts and exists among the woods 

andfields, and, by their colour and their shape, affectingly direct the thoughts to that tranquil 

course ofnature and simplicity, along which the humble-minded inhabitants have through so 

manly generations been led. " 

William Wordsworth 

A Description of the Lakes (1822, pp. 57-58) 

The unchanging nature of traditional rural life is one of England's most cherished 

national myths. Commentators ranging from Stanley Baldwin to William Morris have 

all at some time harked back to the prelapsarian idyll supposedly destroyed by the 

agricultural and industrial revolutions (Giles & Middleton 1995). Wordsworth's 

rustic nostalgia has its echo in the modern-day belief in pre-industrial societies as the 

epitome of environmentally sustainable development (Ingerson 1994). This charming 

picture disregards the often brutal realities of life in pre-industrial England, a country 

that was far from tranquil and, it may be argued, far from sustainable. In truth, the 

landscapes of the Middle Ages were no more natural than our own, and the marriage 

of man and nature was seldom happy. Perhaps the most striking example of this is the 

catastrophic period of depopulation that brought the High Medieval era to a close 

(Postan 1973, Bailey 1998). The fourteenth century saw England lose perhaps two- 

thirds of its population, a demographic collapse unparalleled in the country's history. 

I The reasons for this collapse have been the subject of intense historical debate 

over the last fifty years, a debate that palaeoecologists have largely ignored. Studies of 

the historical era have long been the poor cousins of Holocene palynology (cf. Morris 

2001); indeed, in many areas of the British Isles researchers are far more familiar with 

landscapes five millennia past than with those that existed only five centuries ago. 
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However, to disregard an era purely because of the wealth of its historical and 

archaeological records is to do a disservice to the unique insights that palaeoecology 

may offer. Far from being a handicap, the fact that we already know so much about 

the Medieval period from other sources should be seen as an opportunity, allowing 

one to frame research questions with far greater precision than has hitherto been the 

case. Many historians now believe that the Late Medieval demographic collapse was 

closely linked with environmental controls such as climate (Bolton 1996, Campbell 

1996) and soil fertility (Clark 1992, Newman & Harvey 1997), themes that 

palaeoecology should be supremely well-placed to study. This is thus the primary aim 

of this project: to use the techniques of modern palaeoecological research to provide a 

critical test of the causes of population decline in Late Medieval Cumbria. 

The second aim concerns the methodological basis of palaeoecological 

research and of human impact research in particular. Palaeoecology has seen dramatic 

shifts in practice and underlying philosophy in the past two decades, with perhaps the 

most notable progress being made in palaeoclimate research and palaeolimnology 

(Oldfield 1993). Many human impact researchers, in contrast, could be forgiven for 

feeling left behind by these developments. Whilst certain researchers (e. g. Gaillard et 

al. 1991 a, Hodell et al. 1995) have pioneered new research strategies and 

experimental techniques, much work carried out in Britain today still uses an 

inductive pollen-based approach that would be instantly recognisable to a researcher 
from the 1960s or 1970s. If palaeoecology is to provide an effective adjunct to 

historical and archaeological research, one must be prepared to move beyond such 

traditions, both in the range of palaeoecological techniques used and in the broader 

issues of research design. The tools that would allow such an approach are readily 

available; this project will attempt to integrate some of these advances into a more 

coherent whole, giving a more holistic, and hopefully more accurate, understanding 

of past changes in the cultural landscape. 
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Thesis structure: 

The thesis consists of eight chapters; a brief outline of each of these from Chapter 2 

onwards is given below: 

Chapter 2 describes the Medieval history of Cumbria, and considers 

local evidence for Late Medieval population decline in the context of 

changes across north-western Europe. Current hypotheses explaining 

this decline are reviewed, and the main objectives of the project are 

identified. 

Chapter 3 discusses current thinking on palaeoecological research 

strategies and environmental determinism, reviews the experimental 

techniques adopted in this project, and defines the key hypotheses to 

be investigated. 

Chapter 4 considers the principles of lacustrine and peatland sediment 

accumulation, and describes the geological history of Cumbria and the 

specific study sites investigated in this research. 

Chapter 5 reviews the techniques used in Holocene geochronology, 

and reconstructs the chronologies of the cores studied in this project. 

Chapter 6 presents the results of the palaeoecological and geochernical 

analyses conducted on these cores. 

Chapter 7 discusses the palaeoenviromnental significance of these 

results, and tests the hypotheses defined in Chapter 3. 

Finally, Chapter 8 considers the broader implications of these findings 

for palaeoecological and historical research, and outlines a possible 

course for future research in the field. 
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CHAPTER TWO: HISTORICAL BACKGROUND 

2.1: The Landscape of Medieval Cumbria 

This project will investigate the environmental history of the northern English county 

of Cumbria, and particularly that of the Lake District. The geology of this region will 
be considered in section 4.1, but a brief outline of its Holocene development and 
Medieval economic structure will be given here. The modem county of Cumbria is a 

recent invention, created in 1974 by the amalgamation of the counties of 
Cumberland, Westmorland and Lancashire North-of-the- Sands. Nevertheless, the 

region has a distinct cultural identity that can be traced back into its early history. 

Before around 3000 BC, Cumbria was covered by a mixed deciduous 

woodland that reached as far as 500 metres altitude in the central Lake District 

(Pennington 1965). It was in these uplands that the first sustained agricultural impact 

was recorded, as Neolithic and Bronze Age farmers gradually cleared the mountains 

of their native woodland (Pennington 1970), leaving in their wake the bare highland 

landscapes of the present day. Elsewhere in Cumbria, the spread of agriculture was 

more haphazard (Fig. 2.1). Few of the valleys in the Lake District were cleared in 

prehistoric times; the area around Windermere, farmed in the Iron Age, appears to 

have been exceptional in this regard (Pennington 1947). Large areas of Westmorland 

were apparently untouched even at this late stage (Smith 19S8). Roman occupation 

led to some locally significant clearance (Dumayne 1992), but it was not until the 

development of the iron plough in the 5'h century AD that many areas of the county 

were brought into permanent cultivation (Turner 1969). 

By this time, Cumbria was the core of the Romano- Celtic kingdom of Rheged 

(Phythian-Adams 1996). The influence of this period can still be found in many local 

place-names - notably that of the county, derived from the same etymological root as 
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Fig. 2.1: Summary of human impact in Holocene Cumbria (Pennington 1969) 

the Welsh Cymru. Although Rheged was conquered by the Anglians in the 7" century, 

the Brythonic culture persisted, and English would not become the dominant 

language of the region until the 12 th century. The following centuries of Cumbrian 

history were turbulent; political control was exchanged several times between the 

English and the Brythonic kingdom of Strathclyde (Rollinson 1996), and the ethnic 
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mixture was further complicated by the arrival of Irish-Norse colonists on the 

southern and south-western coasts. In southern Cumbria, a brief period of woodland 

regeneration in the 1 1'h century appears to show a temporary pause in the expansion 

of agricultural land (Oldfield 1963, Fig. 2.2). It has been suggested that this was 

caused by the destructive campaigns of William I in northern England in 1069-1070 

(Oldfield 1969), though this interpretation has since been disputed (Wimble et al. 

2000) and certainly contradicts historical records showing little Norman military 

activity west of the Pennines (McCord & Thompson 1998). William II finally brought 

stability to the region by the conquest of Cumberland in 1092 (McCord & Thompson 

1998); despite occasional Scottish incursions in the later Medieval period, the 

northern border was effectively fixed at the Solway Firth. 

By the time of the creation of the counties of Cumberland and Westmorland 

in the mid- 1 2th century, the region was firinly established as a part of England. The 

area was divided between twelve large baronial estates (Fig. 2.3); the abnormal size 

of these possibly inherited from traditional Celtic patterns but more probably a 

Fig. 2.2: Pollen spectra from Ellerside Moss (Oldfield 1969) 
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simple reflection of the low value of this land (Winchester 1987). Cumbria was 

certainly extremely poor, even by the standards of the time, with Westmorland 

particularly noted for its backwardness (McCord & Thompson 1998). 
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Despite this, the period 11 SO- 1300 saw a huge increase in Cumbria's 

population; permanent settlements were established throughout the Lake District, 

whilst most of the remaining woodland in lowland areas was cleared (Oldfield 1963, 

Dumayne-Peaty & Barber 1998). By 1300, it seems likely that the royal forest of - 

Inglewood was the only extensive woodland left in the region (Winchester 1987). 

This population boom was encouraged by favourable tax laws, as the Crown was keen 

to establish Cumbria as bastion against Scottish aggression (McCord & Thompson 

1998); it may also have been in part a reflection of the increased pressure on land in 

other parts of England. By the 13thcentury, the increasing competition for arable land 

could be felt; the local practice of partible inheritance was leading to extreme 

subdivision of peasant landholdings (Appleby 1978), and a large class of landless 

cottagers appeared (Winchester 1987). 

Two distinct communities were emerging in Cumbria in this period: the 

subinfeudated vills (manorial estates) of the lowlands and the dispersed settlements of 

the seigniorial forests. Both were based on the infield-outfield system characteristic of 

upland Britain at this time (Astill 1988); cultivation was confined to a restricted 

infield area and fertilised with manure from the extensive pastures of the outfield. 

The demesnes of the lowlands, in contrast to those of the English agricultural 
heartland, were largely devoted to subsistence agriculture, with Hordeurn and Secale 

the major crops (Campbell 1997). Triticurn was seldom grown, and then largely as a 

cash crop; this, along with the occasional cultivation of Lin uni and Cannabis, accounted 
for virtually all commercial production in the agricultural economy. Settlement in the 

forests was under closer baronial control, though paradoxically a considerably higher 

proportion of the population were freemen (Winchester 1987). Arable production 

was limited to Avena monoculture in these harsher environments, and stock rearing 

was far more important part of agriculture in these areas. At the time, this meant 

cattle husbandry; sheep, when kept, were used mainly as dairy animals (Campbell 

1997), and wool exports were virtually non-existent across Cumbria. 



28 

Finally, the impact of monasticism on the economy of the region should be 

mentioned. The Cistercian order first arrived in Britain in 112 8, and unlike the 

Dominicans and Benedictines established their priories in the new territories on the 

margins of England (Rackham 1986). To many palaeoecologists (cf. Walker 1966, 

Oldfield 1969) the Cistercians played a crucial role in opening up the interior of 

Cumbria to agriculture. However, historical accounts reveal that the Cistercians were 

far from pious pioneers, often seizing the prime agricultural land in a region 

regardless of the tenurial rights of the local peasantry (Postan & Hatcher 1978, Taylor 

1983). Indeed, the task of pushing back the frontiers of cultivation was frequently left 

to these displaced peasants, as they sought to rebuild their communities away from 

ecclesiastical interference. In Cumbria only one priory (Shap) was actually established 

in an upland location. This is not to deny that monasticism played a significant role in 

the economy of the Medieval Lake District, particularly in commercial cattle 

husbandry (Winchester 1987). However, most of the initial clearance of this area was 

the work of unsung smallholders, and the landscape they created was one of 

subsistence rather than commercial production. 

2.2: Demographic Change in Medieval England 

The huge population growth experienced in Cumbria in the High Medieval period 

was reflected across England (Smith 1988). Precise demographic reconstructions for 

this era are problematic: only Domesday (1086) and the Poll Tax registers of 1377 

wholly reliable nation-wide sources of data, and figures for the intervening periods 

must be painstakingly reconstructed using evidence from local seigniorial and 

ecclesiastical accounts (Postan 1973). Nevertheless, it is clear that England's 

population underwent at least a threefold increase in the two centuries following the 

Norman Conquest (Fig. 2.4). By 1300 the population had probably reached seven 

million (Dodgshon & Butlin 1990), a figure not to be reached again until the 19 th 

century (Campbell 1996). This population increase led to a considerable increase in 
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Fig. 2.4: English population 1086- 1 S61 (sources Mayhew 1995, Campbell 1997) 

the extent of arable land (Mackay & Tallis 1994, Dunsford & Harris 2003), with 

much of England's remaining wilderness brought into permanent cultivation. 

This level of growth evidently proved unsustainable; the 14ýh century was an 

era of unprecedented demographic collapse, its effects recorded across north-western 

Europe (Postan 1973, Bailey 1998). By the 1370s, England's population had fallen by 

two-thirds from their 1300 peak (Fig. 2.4). Population levels then stagnated, 

remaining at little above two million until the mid- I 6h century (Bailey 1996). This 

decline may be reflected in the huge numbers of abandoned Medieval villages 

uncovered in Britain during the last century (Platt 1996); at least 3,000 of these are 

now known. It should be noted that these finds may not always indicate complete 

desertion of land; Medieval settlements were less permanent than their modern 

equivalents, and it was not uncommon for an entire community to be relocated on 

the whim of a landowner (Taylor 1983). Nevertheless, the sheer scale of settlement 

abandonment can only be explained by a catastrophic fall in population. 
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Most recorded village abandonment took place in the prosperous lowlands of England 

(Fig. 2.5); only three such villages are known in Cumbria (Beresford 1954). This is 

almost certainly a reflection of bias in archaeological sampling; the nucleated villages 

that research has been concentrated on were very rarely present in the uplands, 

where the loss of small townships and isolated farmsteads left a far more fragmentary 
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historical record (Burkett 1970). Indeed, it has been suggested that settlement 

abandonment in the uplands was actually more severe than in the lowlands (Dyer 

1989), and historical literature frequently refers to the "retreat from the margins" in 

this period (cf. Postan 1973, Winchester 1987). 

Palaeoecological records of this decline are very rare; when found, a decline 

in anthropogenic indicators during the past millennium is usually ascribed to the 

dissolution of the monasteries (cf. Oldfield 1969). Only three studies have overtly 

linked such a decline to the demographic crisis of the 10' century: Barber (19 8 1) at 

Bolton Fell Moss, Mackay and Tallis (1994) in the Forest of Bowland, and Roberts et 

a]. (1973) in Weardale. In both these instances, the same pattern of a short-lived 

increase in cereal-type pollen, Poaceae and weed taxa. is found, followed by a sudden 
decline; a pattern that accords with historical accounts of the short-lived expansion of 

arable land onto wilderness areas in the 13'bcentury. 

Two questions are immediately apparent from this record of demographic 

crisis in late-Medieval England. Firstly, why did population decline so suddenly in the 

14ýhcentury; secondly, why did a formerly-dynamic society take so long to recover 
from this collapse? 

2.3: The Black Death 

For many decades, the orthodox explanation of the decline in Wh century population 

has been the impact of the Black Death. Plague, endemic in southern Asia, spread 

across the Eurasian continent in the late 1340s, causing catastrophic loss of life from 

China to the Atlantic periphery (Fig. 2.6). In England, the first recorded outbreak 

took place in the Dorsetshire village of Melcombe Regis in the summer of 1348 

(Ziegler 1969); within eighteen months, an estimated 2S-40% of England's 

population were dead (Smith 1988). Some idea of the scale of the devastation can be 
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found in the account of'Giovanni Boccaccio, resident in Florence when the Black 

Death reached the city in 1348: 

"Asjor the common people and a large proportion of the bourgeoisie, thev presented a much more 

pathetic spectacle, fir the majoriti, of them ivere constrained, either b;, their povertv or the hope 

of surviral, to remain in their houses. Being confined to theii own parts ýf the cjýv, thývjell ill 

dadv in their thousands, and since thev had no-one to assist them oi- attend to their needs, thev 

inevitabýi perished almost without exception. Marýv dropped dead in the open streets, both ki 

dav and bt, night, whilst agreat mam others, though dving in their own houses, drew their 

neighbours' attention to thefact more ý1, the smell of their rotting corpses than 4ý apv other 

means. 

Giovanni Boccaccio 

The Decameron (1972, pp. 55-56), tr. G. H. McWilljam 
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The Black Death was caused by the spread of the bacterium Yersinia pestis 

(Appleby 1978). The most common form of the disease, bubonic plague, was carried 

by the plague flea Xenopsylla cheopis, particularly associated with the black rat (Rattus 

rattus) that bad been introduced to Europe via the lucrative trade routes established 

with the Middle East in the High Medieval period. Once infected, the victim rapidly 

succumbed to the effects of the disease. Within a week, sufferers would develop 

enflamed lymph nodes around the armpits, neck and groin (the "bubos" from which 

the disease is named). The appearance of these would be accompanied by nausea, 

vomiting and fever, leading to the death of the host in around 60% of cases. 

Plague was by no means unknown in European history; the Great Plague of 

Athens (430-425 BC) and the Justinian Plague of the early 540s are both believed to 

have been bubonic (Raoult et a]. 2000). What marked the Black Death as unique was 

the appearance alongside this relatively benign form of two other strains of the 

disease, the pneumonic and septicemic plagues (Platt 1996). These forms directly 

attacked the lungs and respiratory systems of victims, leading swiftly to the almost- 

certain death of the host. The impact of these diseases was heightened by their 

extreme infectiousness: the bacterium needed no carrier to spread and could pass 
directly from sufferer to sufferer. In England, the different types of plague appear to 

have acted in concert, with the bubonic form spread during the summer and the more 
lethal pneumonic and septicemic forms active during the winter (Bolton 1996). 

What followed has been described as the "Golden Age of Bacteria" (Bailey 

1996). The bubonic plague was e ndemic in urban centres after 1349 (Bolton 1996), 

and again reached epidemic levels in 1360-62,1367-69 and 1373-1375. By the end of 
1375, it is estimated that a cumulative total of 40-50% of England's population had 

succumbed to the plague, and the catastrophe was exacerbated by major outbreakZs of 

typhus, dysentery, tuberculosis and influenza (Moore 1993). Throughout the 1 S'h 

century, these epidemics kept mortality rates raised to such a level that any sustained 

recovery of population was impossible. 
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The above view was the almost universally-accepted consensus until fifty years 

ago. At the 1949 Annual General Meeting of the Economic History Society, the 

Cambridge historian Sir Michael Postan highlighted a critical flaw in the hypothesis 

(Postan 1950). At the time, the orthodox belief was that two hundred years of 

uninterrupted economic development were abruptly halted by the arrival of the Black 

Death. However, Postan was able to produce an array of evidence showing that the 

agricultural population and economy were already in severe decline by 13 20, a 

generation before the arrival of the plague. An account of the Cumbrian hamlet of 

Langdale, dated 1324, is typical in its record of rural decay: 

"There are eleven tenants at will who render 66s. OY2d. Yearly; a water mill there worth 1 Os. 

yearl ?f theyear ýy, but the profit only comes between Michaelmas and Christmas and all the rest 

it stands emptýyfrom want of corn ... Two tenements in the said hamlet ofLangdale which used 

to render 3s. S V2d. yearly were in the lord's hand on the day of his death through lack of 

tenants and now he waste ... The herbage of theforest ofLangdale used to be worth 40s. yearly 

but now nothing, because of the lack ofstock. " 

(cited Winchester 1987, p. 37) 

Much subsequent research has confirmed Postan's findings, notably on the pattern of 
late-Medieval village abandom-nent, which had virtually no connection with the 

effects of the plague (Ziegler 1969, Dodgshon & Butlin 1990, Lamb 1995). It is 

evident that some other causal factor was working in parallel with, and in advance of, 

the plague. 

Problems are also encountered in using endemic diseases to explain the static 

English population of the 15th century. Such explanations use the plague as their 

centrepiece, but by the late 1370s this disease was confined to the towns and cities 

(Hatcher 1986). In contrast, the rural population - who formed at least 90% of the 

English total at the time (Hilton 1985a, Campbell 1997) - appear to have been 
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largely untouched by the plague in the 1 S'h century. Indeed, given the isolation of 

many agricultural communities and the difficulties encountered by the black rat in 

surviving the extremes of the English climate, it is possible that many upland regions 

survived even the 1348-49 pandemic essentially unscathed (McCord & Thompson 

1998). The changing age structure of the population also contradicts the idea of a 
disease-controlled populace. Even in times of prosperity, the demographic structure 

of Medieval England was "high-pressure" (Smith 1988); that is, characterised by high 

birth rates and high death rates. In the first half of the 14'h century, there is a sharp fall 

in English fertility rates (Considerably more dramatic than simultaneous changes in 

mortality), which do not recover until at least I SOO (Thrupp 1965). In other words, 

the explanation for the plateau of low population in the 15 0 years following the Black 

Death lies not in increased mortality but in a fall in fertility. 

It is clear from the above that the demographic crisis experienced in England 

in the late Medieval period cannot wholly be explained by the Black Death. An 

alternative hypothesis is required, one that can account for two anomalies: the 

collapse of rural population a generation before the arrival of the plague in England, 

and the apparent decline in fertility in the subsequent two centuries. 

2.4: Alternative Hypotheses 

Over the past fifty years, many models have been advanced to explain the collapse of 

the 14thcentury. Bailey (1998) has divided these into three broad categories, based on 

the mechanisms used to explain the decline. The first category, which uses the Black 

Death as the sole agent of change, can be largely discounted from the evidence 

contained in the previous section. The second category views the problem as 

essentially economic, with instabilities in the feudal economy held accountable for the 
fall in population. Finally, a third group sees external environmental influences as the 

most important factor. 
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Offering a full account of all the models that have used to explain the late 

Medieval crisis is beyond the scope of this project; what follows is merely a summary 

of some of the more significant theories, with brief notes on their success in 

explaining the patterns of demographic change in Medieval England. 

Livestock Epidemics: 

One view is that the diseases associated with the decline were affecting livestock 

rather than humans. There were certainly several major outbreaks of murrain in this 

period, notably a scab epidemic in sheep around 1300 (Bailey 1998) and a major 

outbreak of rinderpest affecting cattle from 1319-21 (Winchester 1987, Campbell 

1996). These diseases would certainly have had a severe effect on the agricultural 

economy in many areas, especially upland regions where stock rearing was a major 

component of agriculture. Seeing this as the major cause of population decline, 

however, is less tenable. Most of the English population was supported by subsistence 

arable cultivation at the time, and in most areas of the country animal husbandry was 
becoming an increasingly marginalised part of agriculture (Campbell 1997). Whilst 

declining stock numbers would have caused problems for many peasants, nor least in 

manuring practices, it is unlikely that this would have pushed many into starvation. 

Wa rfa r e: 

The direct impact of warfare is unlikely to have been significant in most parts of 
England, but Cumbria may be regarded as an exception. Tensions on the Scottish 

border increased after a series of deaths in the Scottish royal family in the 1290s 

(Winchester 1987), and the next three centuries saw near-continuous skirmishing 

along the frontier. In the early years of the conflict, military activity was mainly 

conducted by formal armies, but by the end of the 14'hcentury attacks on both sides 

mainly came from the Border Reivers (Rollinson 1996). To term this group a military 
force is perhaps an overstatement - officially-licensed brigandry would be a more 
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Fig. 2.7: Extent of the 1345 raid on Cumberland (Windiester 1987) 

accurate description of their activities - but they were certainly responsible for 

widespread destruction along the border. 

However, the damage caused by this conflict was very geographically limited. 

The Reivers rarely raided south of Carlisle, and even the major raids of the early 14" 

century (Fig. 2.7) were largely restricted to northern Cumberland; it is unlikely that 

any of the Lake District communities were attacked at any stage (Winchester 1987). 
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Furthermore, the raids were in some ways designed to minimise damage; the Reivers 

operated only from late autumn to spring, and were careful to avoid any damage to 

harvests (Barber 1981). 

A less direct mechanism is the economic cost of supporting a prolonged 

military campaign. The 13'h century was largely peaceful, but from the 1280s Edward 

I's campaigns in Wales and Scotland placed a greatly increased demand on the 

agricultural economy, a demand that was intensified by the declaration of war on 

France in 1337 (Campbell 1996). These costs were generally met by an increase in 

taxation, though in poorer regions such as Cumbria military service was substituted 

for this requirement (Appleby 1978), often draining communities of essential 

manpower (Winchester 1987). Although this would have increased the stress on rural 

communities, it is unlikely that this would have caused any great loss of life. 

Customary limits on seigniorial rents and fines were widely enforced from -the mid- 

13th century onwards (Postan and Hatcher 1978), and these would have been imposed 

long before local landowners were able to tax their peasantry to destruction. 

Economic Crisis: 

The most comprehensive economic model of the 14ýh century decline was developed 

by the Marxist historian Robert Brenner (1976), who based his argument on the 

unresponsiveness of the feudal economy to major economic shifts. Villeins in the late 

Medieval period had extremely restricted economic rights; land could only be 

inherited after the payment of an often-ruinous heriot (inheritance duty) to their lord, 

and most surplus agricultural production was the property of the landowner. With 

these conditions, there was little incentive for the peasantry to improve the 

productivity of their land, even if they had had access to the necessary capital to do 

so. Meanwhile, seigniorial revenues for the most part depended on direct taxation of 

the tenants, and landowners wishing to increase their revenue were for the most part 
happier raising rents rather than trying to improve the total productivity of the 
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demesne. Economic slowdown in the second half of the 13th century saw seigniorial 

revenues in crisis; landowners responded by huge rent increases that crippled many 

sections of the peasantry. Agricultural collapse and famine soon followed. 

This model ignores the wide range of economic systems that existed in Britain 

at the time (Bailey 1998). Large numbers of the peasantry were freemen by the end 

of the 13'hcentury - perhaps as much as 40% of the total population (Harvey 1991) - 

and in upland Britain usually formed the majority of the rural population. These 

communities should have escaped the worst excesses of Brenner's model, yet it is 

precisely these freemen who appeared to be most affected by the decline of the 14' 

century (Dodgshon & Butlin 1990). Brenner's hypothesis clearly contains much truth 

concerning the plight of the peasantry on the eve of the crisis, but it cannot be 

regarded a success when explaining the actual causes of the crisis. 

Other economic explanations are similarly flawed. The rural market 

hypothesis (Harvey 1991) sees the emergence of a cash economy in some regions and 

the replacement of customary by monetary rents as a development that left poorer 

peasants dangerously marginalised. However, the capital-based agricultural systems 

required by this model were in reality extremely limited in extent: although local 

markets were widespread, even in Medieval Cumbria (cf. Millward & Robinson 

1972), large-scale commercial production was restricted to the hinterlands of the 

major urban centres of London and Norwich (Campbell 1997). A proposed 

deflationary phase in the European economy, caused by the exhaustion of the 

Bohemian silver mines (Harvey 199 1), seems unlikely to have had a major impact on 

the subsistence economies of the more remote parts of England, and is in any case 

called into question by the lack of any debasement of English coinage in the 14 th 

century (Bolton 1996, Allen 2001). To summarise, the various economic models 
devised to explain the late-Medieval crisis can explain why English agriculture was so 

sensitive to adverse events by 1300. What they cannot do is explain how the point of 

collapse was actually reached. 
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Social Change: 

The hypotheses considered above were all devised to account for the sudden collapse 

in population that occurred in the early 14th century. However, a second 

phenomenon must also be explained: the strange fall in birth rate in the subsequent 

two centuries. Traditionally, the cultures of Western Europe have been distinct from 

their Asiatic counterparts in their social structure: dispersed settlement based on 

small nuclear family groups, with late female marriage (Jones 1987). However, by 

the 12dcentury there seems to have been a shift towards a more "oriental-style" 

demographic structure; settlement density and family size increased dramatically and 

women typically married soon after puberty. This pattern lasts until the 14'h century, 

when there is a sudden and final reversion to the former system (Thrupp 1965). The 

causes of this sudden shift are uncertain, but it is tempting to relate it to the 

population decline that occurred at the same time. 

Many historians (cf. Taylor 1983, McCord & Thompson 1998) have seen the 

aftermath of the Black Death as a great period of liberation for the English peasantry; 

indeed, some view the Black Death, rather than the Magna Carta, as the defining 

point in the development of common civil liberties. The fall in population had greatly 

increased peasants' value as workers, and they were able to negotiate much improved 

tenancy agreements with landowners; a trend that would eventually create an 

independent class of yeomanry. This greater financial autonomy provided an incentive 

for limiting family size; for the bulk of the populace, wealth creation suddenly 
became a more attractive prospect than procreation. 

Bailey (1996) has placed particular emphasis on the role of women in this 

social shift, noting that during the 14ýh century the average age of marriage for women 

rose by almost ten years. The 1348-49 plague appears to have been noticeably more 
lethal to men than women (Platt 1996), creating a demand for female labour in many 
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industries. Although still not permitted to join guilds, in the immediate aftermath of 

the Black Death women did work in many roles that had hitherto been closed to 

them. These new opportunities for employment naturally led to a deferment of the 

age of marriage in English women, which would have led to considerable decline in 

the mean birth rate. 

This optimistic reading of the effects of the plague is sadly not borne out by 

the historical record. Although limited improvements in the position of the peasantry 

and of women did occur in the years immediately following the Black Death, these 

benefits were short lived, and by the time of the Peasants' Revolt in 1381 the 

traditional structures of feudal society were very much back in control (Bolton 1996). 

An independent class of yeomanry would not truly emerge until the end of the I S' 

century, and female emancipation would take considerably longer. 

Famine and Environmental Catastrophe: 

The one agent that does seem to be a plausible mechanism for population decline is 

famine. In 1315, rain damage of the harvest created food shortages across north- 

western Europe (Abel 1980, Bois 1984), leading to the Great Famine of 1315-17. At 

least 10% of the British population is thought to have succumbed to starvation in this 

period (Bailey 1998), and the following centuries would see famine become endemic 

in rural England (Platt 1996, McCord & Thompson 1998). 

The direct impact of famine probably lessened slightly after the crises of the 

early 14'h century, but malnutrition may have had another, more insidious effect. 

Widespread first-degree malnutrition amongst the population would have had a 

severe effect on the birth rate. In part this would have been due to its impact on 

infant mortality (Scott et a]. 1998a) - young children always being the group most at 

risk during famines - but long-term food shortages would also have had significant 

physiological effects. In a study of Penrith's inhabitants during the famines of the early 
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17th century, Scott & Duncan (1999) demonstrated the catastrophic effect that 

malnutrition could have on female fertility (Fig. 2.8). The span of years in which a 

woman was capable of d-iild-bearing were drastically reduced; menarche is unlikely to 

have occurred before the age of 18-19 years, the menopause no later than the late 

thirties. In between these ages nutritional disorders would have led to sustained 

episodes of amenorrhea, not to mention a heightened risk of still births (Frisch 1983). 

Although severe by any modem standard, the famines of Jacobean England 

were localised and short-lived when compared to the endemic famines of the 14 th and 
156 centuries. It thus seems reasonable that the limitations upon human fertility in 

the Late Medieval era would be at least as severe as that encountered in the 17'h 

century, and it is unsurprising that birth rate underwent such a decline in the closing 

years of the Medieval period. In the long term, the inability of a population to replace 

its numbers through reproduction would become a Malthusian control quite as 

effective as heightened levels of mortality (Thrupp 1965). 
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The famines experienced in the Wh and 1 S'h centuries were probably created 

by a combination of many factors. Livestock diseases, warfare and the iniquities of the 

feudal economy were doubtless contributory causes, but by themselves seem 

insufficient to explain the collapse from the prosperity of the High Medieval period. 

An external trigger for the collapse appears necessary, and one may be provided by 

the third category of Bailey's (1998) explanatory models: external environmental 

forcing. Two hypotheses in particular have attracted considerable attention in recent 

years, and these will be examined in detail in the next two sections. 

2.5: The Impact of the Little Ice Age 

The Little Ice Age and its temperate counterpart, the Medieval Warm Period, are 

probably the most intensively researched climatic episodes in the Holocene. The first 

major studies of these periods were conducted by historical climatologists such as 

Hubert Lamb (1966), who used documentary records to reconstruct the global shifts 

in climate that had taken place over the past millennium. Palaeoclimatologists were 

sometimes slow to acknowledge this research; indeed, early ice-core researchers 

were reluctant to believe that any major climatic shifts had occurred within the 

Holocene (de Menocal et a]. 2000). This picture has changed over the past twenty 

years, and a wealth of climatic reconstructions have now been published using 

techniques as diverse as plant macrofossil analysis (Barber et al. 1994a) and oceanic 

8180 variations (Bond et a]. 1997). It is important to recognise that these events were 
highly variable - in their chronology, their impact on different regions of the world 

and in the short-term patterns contained within larger climate cycles (Pfister et al. 
1998). A cold phase in Europe would often correspond with heightened aridity in 

North America (Lamb 1995), and anomalously warm summers could be found in the 
depths of the Little Ice Age. 

Large scale, global climate variations in the late Holocene are predominantly 
driven by changes in the thermohaline circulation of the "global conveyor" (Broecker 
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1987, cf. Bond et a]. 1997, Basil & Bush 2001). In the North Atlantic, periodic 

variations in the strength of deep-water flow in the South Iceland Basin (Bianchi & 

McCave 1999) result in abrupt shifts in the position of the Polar Front, modifying the 

continental climate. The latest cycle of climatic change probably began around 900, 

when a northwards movement of the Polar Front resulted in a period of exceptionally 

warm and dry weather in Western Europe (Pfister et a]. 1998): the Medieval Wann 

Period. The extent of this warming is disputed, but at their peak European mean 

temperatures were probably around I 'C higher than the present day (Dahl-Jensen et 

a]. 1998). 
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The end of this phase was not wholly synchronous across the region: 
Greenland was cooling rapidly by 1250, whereas England experienced its warmest 

period of the late Holocene in the 1280s (Lamb 1995). Nevertheless, there appears to 

have been a general shift to a colder and wetter climate around 1300 (Figs. 2.9, 

2.10). Central Europe experienced a series of exceptionally cold winters in the first 

three decades of the 14: 6 century (Pfister et al. 1996); England endured a run of 

storms and wet summers in the same period that had ruinous effects on grain harvests 

(Titow 1960, Lamb 1995). These changes heralded the start of the Little Ice Age, a 

cold phase lasting from 1300 to the late 19thcentury (de Menocal et al. 2000). The 

Little Ice Age appears to have been divided into two stages: two cold periods reaching 

their respective nadirs at around 1450 and 1850 - mean temperatures falling up to 

0.70C below present day levels at these times (Dahl-Jensen et al. 1998) - divided by a 

short period of climatic amelioration in the late 16thcentury. 

Factors Relating Climate and Society 
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Fig. 2.11: Mechanisms of climate-society interaction (Messerli et a]. 2000) 

The timing and rapidity of the shift from the Medieval Wann Period to the 

Little Ice Age appears to make it an ideal candidate for the factor triggering the 
famines of the 14w' century. However, assessing the impact of climate change on 
human populations is a problematic field. Although celebrated studies of Norse 
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settlement in Greenland (McGovern 199 1) and the collapse of the Classic Mayan 

civilisation in Yucatan and Guatemala (Hodell et a]. 1995, Curtis et a]. 1996) appear 

to show a close correlation between climate change and settlement abandonment, 

establishing a causal link is a difficult procedure (cf. Jones 2000). Messerli et a]. 

(2000) have addressed this problem, showing that the interaction of climate and 

society is a process that can involve many intermediary agents (Fig. 2.11). Humans 

are an intrinsically adaptable species, and the extent to which a climatic sl-dft will 

influence a population will largely depend on how it affects the cultural support 

systems that the population has constructed, rather than through any direct impact. 

(A fuller discussion of the difficulties of inferring environmental controls on 

sociocultural systems will be given in section 3.2. ) 
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In most cultures the key influence will be upon arable systems; climatically 

marginal land will be abandoned as climate changes increase the risk of crop failure 

(Parry 1974). What constitutes an adverse climatic change will depend on the region 
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and type of agriculture considered. In England, drought was seldom a threat, the 

crisis of 1637 being exceptional in this regard (Scott et al. 1998b). The lower 

temperatures and increased precipitation encountered from 1300 onwards were a 

more serious threat. The first phase of the Little Ice Age was marked by a Europe- 

wide fall in grain production (Fig. 2.12); cold, wet summers in particular severely 
damaged grain harvests (Scott et al. 1998b). These impacts were most acutely felt in 

the high-altitude arable laný established during the Medieval Warm Period; Parry 

(1974) has shown that the altitude limits of cultivation in the Lammermuir Hills fell 

by around 180 metres during the Little Ice Age (Fig. 2.13). However, damage caused 
by extreme events could be far more widespread; storm surge flooding in eastern 

England in the 1340s caused disruption quite as severe as that experienced in the 

uplands (Campbell 1996). 

It has been suggested by many historians (cf. Taylor 1983, Bolton 1996, 

Campbell 1996, McCord & Thompson 1998) that the onset of the Little Ice Age may 

have been the factor responsible for the famines of the 14ýh century. However, this 

belief has yet to be firmly established; the only major study that has attempted to 

resolve this problem (Parry 1974) is limited by poor chronology and imprecise 

climatic data (Tipping 1998). The techniques of palaeoecology offer an alternative 

means of testing this hypothesis, and the marginal communities established in the 

Lake District in the High Medieval period are ideal study sites. 

2.6: The Postan Hypothesis 

In his 1949 speech, Postan (1950) used environmental constraints to explain the 

collapse of the early 14th century. However, he did not have climate change in mind; 

in his view, the crisis was ultimately self-inflicted. 

The population explosion of the High Medieval period had pushed agriculture 
far into wilderness areas. But England is a small country, and the absolute limits of 
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arable cultivation were soon reached. Between 1086 and 1300, the country's 

population grew from around two million to around seven million; in the same 

period, the area of cultivated land only increased from 3.4 million hectares to 4.7 

million hectares (Campbell 1997), more than halving the available land per capita. 

These population pressures (frequently exacerbated by the custom of partible 

inheritance) let to extreme subdivision of an increasingly finite reserve of arable land: 

by 1279,60% of smallholdings in the East Midlands and East Anglia were less than six 

acres in size (Kanzaka 2002). The feudal economy provided few incentives for 

improvements in agricultural practice, and the peasantry could only keep pace with 

the growth in population by an increasingly intensive use of the land available to 

them. The marginal areas brought into cultivation could only support such use in the 

short term, and by 1250 agricultural production was stagnating (Hilton 198Sa, Bailey 

1998). Accounts from the second half of the 13th century make frequent reference to 

the recent infertility of farmland (Taylor 1983, Dyer 1989), and by the early 14' 

century soil fertility has fallen to the point where a classic Malthusian crisis ensued 

(Postan 1950,1973). In Postan's own colourful description: 

"The hone7moon ofhigh yields was succeeded by long periods ofreckoning when the marginal 

lands, no longer new, punished the men who tilled them. " 

(Postan 1950, p. 246) 

The long-term maintenance of soil fertility depends on a number of factors, 

but perhaps the most important is the continued availability of macronutrients such as 

nitrogen, potassium and phosphorus (Newman & Harvey 1997). In recent years, 

most attention has been focussed on the role of nitrogen (cf. Clark 1992). In pre- 
industrial agricultural systems, nitrogen could only enter the soil via two routes: the 

recycling of manures and plant wastes, and through direct fixation from the 

atmosphere by legumes or soil micro-organisms (Dodgshon & Olsson 1988). 

Medieval farmers were aware of the delicate balance that had to be preserved, and 
local bye-laws were full of regulations controlling the provision of manure and fallow 
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land (Clark 1992). The ratio of arable to pastoral land was crucial in maintaining the 

supply of manure (Astill 1988, Olsson 1991), but the expansion of the 13'h century 

brought the latter under increasing stress. In the Lake District, transhumance 

"shieldings" were turned into arable plots (Winchester 1987), an expedient that could 

only have met with short term success (Appleby 1978). With inadequate manuring 

destabilising the soil's nutrient balance, sustained production on these sites would be 

impossible (Dodgshon & Butlin 1990). 

This account of Postan's hypothesis may not be viable. Although 

undermanuring was a widespread problem in the 13'h century, farmers were able to 

compensate for this by growing leguminous crops. Vicia and Lathyrus were 

increasingly common as fodder plants (Campbell 1996, Stone 2001), and even in 

poorer areas beans were a widely-used supplement to the diet of the peasantry 

(Winchester 1987). In their classic study of the agricultural history of Cuxham 

Manor, Newman and Harvey (1997) demonstrated that soil nitrogen had been in 

balance throughout the 14ý' century, despite increasing pressures upon arable land. 

Their study highlighted a quite separate nutrient deficiency. Phosphorus is the 

least abundant of the major macronutrients, forming around 0.1 % of the lithosphere 

(Foth 1990). Unlike nitrogen, phosphorus has no gaseous phase, and may only be 

introduced into an ecosystem via the breakdown of apatite (Cas[PO413X), a highly 

weathering-resistant mineral (Newman 1995). For this reason the cycling of 

phosphorus in natural ecosystems is extremely efficient. In agroecosystems this 

"closed" cycle degenerates; even in subsistence systems where no organic material is 

exported from the ecosystem, losses from soil erosion and the leaching of labile 

fractions in manures are a constant threat (Olsson 1988, Entwistle et a]. 1995). If 

chemical fertilisers or natural phosphorus sources such as guano are not available, 
losses from the system exceeding the natural rate of apatite weathering will inevitably 

lead to phosphorus deficiency (Newman 1997). Manuring may only provide a partial 

solution to the problem - livestock do not create nutrients, merely moving them 



51 

around an ecosystem - and can merely spread the problem to pastoral areas 

(Newman & Harvey 1997). Furthermore, overstocking will intensify soil erosion in 

the system, accelerating the rate of nutrient loss (Dearing 1990, van der Post et al. 

1997). 

At Cuxham Manor, phosphorus and potassium were utilised at similar rates by 

production on the demesne (Table 2.1). However, the far lower rate of replacement 

of phosphorus in the soil meant that its natural reserves would have been exhausted 

by 200-300 years of intensive production at the site (Newman & Harvey 1997); it can 
be safely assumed that more marginal lands would have been even more rapidly 

depleted. 

Balances: 
Losses in produce (kga-') 

Phosphorus: 
104.4- 136.6 

Potassium: 
135.1 - 184.2 

Input in hay bought (kga-') 8.5 85.4 
Deficit (kga") 95.9-128.1 49.6-98.8 
Deficit per hectare in whole demesne (kgha-a-) 0.70-0.94 0.36-0.72 
Release by weathering of rock material (kgha-a-1) 1 0.05-0.50 0.50-20.0 

Table 2.1: Phosphorus and potassium balances at Cuxharn Manor, Oxfordshire 

(Newman & Harvey 1997) 

From the above, it seems probable that phosphorus deficiency was the most 
likely mechanism for a Late Medieval loss of soil fertility. However, it has yet to be 

established that this was the major problem that Postan suggests (Harvey 1991). 

Newman and Harvey's study (1997) is limited by its dependence upon historical 

records, which are by themselves insufficient for reconstructing the fine details of the 

phosphorus cycle. Palaeoecological methods have been successfully applied to similar 

problems in the past (Deevey et a]. 1979, Whitmore a al. 1996), and may offer a 

solution to this long-running historical controversy. 



52 

2.7: Conclusions 

Messerli et a]. (2000) have characterised the history of the Holocene as a progression 

from a world dominated by natural environmental changes to one dominated by 

anthropogenic impact. In terms of the interactions of nature and society, this means a 

transition from crises of environmental adaptation to crises of environmental 

degradation. Exactly when this transition was reached is a controversial topic 

(Ingerson 1994). Popular sentiment would see major ecological damage as a 

phenomenon of the industrial era, yet studies of Roman North Africa and Classic 

Mayan Yucatan have shown that classical civilisations could cause environmental 

devastation on a massive scale (Campbell 1996). In Medieval England, two very 

different environmental crises have been proposed to explain the demographic 

collapse of the early 14: hcentury. The impact of the Little Ice Age (Parry 1974) is 

typical of the challenges that humans have faced since the Palaeolithic; the Postan 

Hypothesis (Postan 1973), on the other hand, suggests problems of a type hitherto 

unknown in English history. Whichever turns out to be the dominant factor, the 

period seems a crucial one in England's development: either the country was facing 

the last great natural catastrophe of its history, or its first self-inflicted ecological 

disaster. 

Sir Harry Godwin (1975) once expressed the hope that episodes such as the 

Mistingsperiode and the Black Death would one day prove amenable to 

palaeoecological study. Palaeoecology is now in a position not only to fulfil, but also 

to expand upon these hopes. The methodological advances of the past twenty years 
(cf. Oldfield 1993) mean that researchers can now move from merely describing 

patterns of ecological and cultural change to uncovering the causes that lie behind 

them. This project will attempt to follow this credo by unravelling the web of 

environmental changes surrounding the crisis of the early 14 th century. Three 

objectives are central to the research: 
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1. To use the techniques of palaeoecology to determine the 

timing of episodes of marginal settlement abandonment in 

the Medieval period. 

To establish whether a causal link between this 

abandonment and patterns of climatic change can be 

demonstrated. 

3. To reconstruct the history of phosphorus cycling in 

marginal sites, and determine if this would have had an 

impact on settlement abandonment. 

These objectives will be explored more deeply in the next chapter, which will 

demonstrate how they may be achieved. 
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CHAPTER THREE: METHODOLOGY 

"There are two kinds ofbiologists, those who are looking to see if there is one thing that can be 

understood, and those who keep saying that it is very complicated and that nothing can be 

understood. " 

Cy Levinthal (cited Platt 1964, pp. 348-349) 

3.1: The Philosophy of Palaeoecological. Research 

Physical geographers have traditionally shunned discussion of the epistemological 

principles underlying their research (Rhoads 1999), and this is certainly true of 

palaeoecologists. However, an awareness of the potential philosophical pitfalls 

awaiting the unwary researcher will afford scientific discoveries a far greater degree 

of certainty, and can have a profound influence on hypothesis and experimental 
design. Oldrield (1993, cf. Birks 1998) believed that the years since 1980 had seen a 

radical shift in palaeoecological thought; the established inductive methodologies of 

the discipline were giving way to a critical rationalist approach. The classic exemplar 

of this change was held to be the SWAP palaeolimnology programme (Battarbee & 

Renberg 1990, cf. Barber 198 1); in Oldfield's description a "classic, deductive, 

hypothesis testing approach". In this section, it will be discussed how such an 

approach can be made viable in palaeoecology, and whether a palaeoecologist can, as 
Oldfield did, claim to be an "unrepentant Popperian". 

Contemporary scientific philosophy largely exists in support of, or reaction 

to, the work of the Austrian philosopher Sir Karl Popper (1972). The challenge that 

Popper faced can be traced back to the work of David Hume (19 39): the impossibility 

of proving an hypothesis using inductive means. Stated simply, in an effectively 

infinite universe it is impossible to delineate the character of any general phenomenon 

using a finite set of observations or experimental results. Universal statements - 
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Popper gives the example "all ravens are black" - cannot be known to be universally 

true; they are merely true for the infinitely small proportion of cases that have been 

studied. 

Popper believed that the defining characteristic of scientific statements was 

not that they were unarguably true, but that they could be falsified using empirical 

evidence. The universal statement "all ravens are blacle' can never be proved with 

certainty, but it will be instantly rejected by the verifiable existential statement "there 

exists at least one white raven". In this inverted philosophy, the value of a theory was 
determined by what it forbade; a good theory would permit a very limited range of 

possible phenomena in a given situation. Empirical evidence was to be used to test 

new hypotheses to destruction. If the hypothesis' predictions were contradicted by 

observed results it was rejected; if, on the other hand, it was able to survive a series 

of severe experimental tests, the hypothesis would be corroborated and accepted into 

the body of established scientific knowledge. 

There are, as Oldfield (1993) conceded, certain problems in applying these 

schemata to palaeoecology. Most scientific philosophy is essentially the philosophy of 

physics (Scheffer & Beets 1994, Baker 1996), and the complex systems studied by 

geographers and ecologists are not always amenable to Popperian methods. 
Palaeoecologists in particular face three key problems: 

Non-Replicability of Experimental Results: 

Palaeoecologists are constrained by their inability to conduct controlled 

experiments; their tests are run by nature, and researchers must use their 

ingenuity to reconstruct the results from the fossil record (Deevey 1969). A 

major problem is that no two sites will ever be entirely identical, and it is thus 

difficult to repeat a particular "experiment". In Popperian philosophy, 

replicability of empirical evidence is held to be essential, and an inability to 
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provide this makes hypothesis falsification vastly more difficult (Simberloff 

1983). 

Non -Deterministic EcoFstem Behaviour: 

Severe testing requires laws that will allow the precise anticipation of 

experimental results. In palaeoecology, the theoretical basis is essentially that 

of modem ecology, mediated by the principle of methodological 

uniformatarianism (Birks; & Birks 1980). Unfortunately, the framework of 

theoretical ecology is fragile (cf. Odum 1977, Harris 1999); despite its 

mathematical veneer, much established ecological theory is metaphysical in 

nature and has limited predictive power (Deevey 1984, Haila 1988). An 

exasperated Daniel Simberloff was once moved to remark: ' 

"The enhanced stature of ecology in the eyes of other sciences ... is, if it exists at all, 

not informed approbation of ecology's achievements. More likely, it would be simply a 

comfortablefeeling that some ecologists are speaking in mathematical terms that 

phlysical scientists understand. " 

(Simberloff 1983, p. 630) 

The problem faced by ecologists is that causality is extremely difficult 

to demonstrate in ecosystems (May 1981, Mayr 1996). In the physical 

sciences, studied systems are usually simple, allowing a definite knowledge of 

the initial state of the system and the interplay of forces governing it. An 

ecosystem is a far more complex amalgam, and it is usually impossible to 

quantify either of the above parameters (Loehle 1987). Changes in ecological 

" outputs" are as often due to cyclic changes in internal ecological structure as 

external forcing factors (MaSnsson & McGlade 1993, Dearing & Zolitschk-a 

1999), and even when a causal link is present, lagged system responses can 

make the demonstration of such a link problematic (Anderson et a]. 1996). 
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ViabihtT of Multiple Hypotheses: 

In the classic critical rationalist model (Platt 1964), multiple hypotheses are 

treated as rivals; only one will survive empirical testing and come to represent 

the "truth". In palaeoecology it may prove impossible to achieve such 

elimination (Quinn & Denham 1983). The problem is not simply one of 

process equifinality (cf. Schumm 1991, Scheffer & Beets 1994); rather, in 

complex systems it is quite possible for several proposed hypotheses to be 

simultaneously true (Chamberlain 1890). The SWAP programme (Battarbee 

& Renberg 1990) offers a fine example of this, as palaeoecological tests 

showed that a wide variety of effects were simultaneously contributing to 

freshwater acidification; the challenge faced by the researchers was to 

demonstrate which of these was the critical factor in the changes experienced 

since the 19th century. 

These problems are not, however, insurmountable. Although the pristine 

corroborations of classical physics may be unattainable, critical rationalist approaches 

can be successfully applied in palaeoecology. Perhaps surprisingly, it was Sir Arthur 

Eddington -a physicist best known for his early experimental work on general 

relativity (Brian 1996) - who first noted a distinction between primary laws that 

determine the impossibility of certain events, and secondary laws that merely 

determine their improbability (Eddington 1928). To adopt tbis second category as the 

model for palaeoecological enquiry will necessarily entail a blunting of our analytical 

tools, as a probability hypothesis can never be wholly falsified (Popper 1972). 

Nevertheless, such methods can still be highly productive, and two approaches in 

particular could prove fruitful. 

The SWAP programme was responsible for many advances in the precision of 
data available to palaeolimnologists - in geochronology, taxonomy, taphonomy and 
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the environmental preferences of individual taxa. Despite this complexity, the testing 

of hypotheses was usually conducted according to simple logical criteria, which bore a 

marked resemblance to the strong inferential methods of Platt (1964). Platt believed 

that many scientists had become method-orientated rather than problem- orientated, 

viewing the generation of experimental data as an end rather than a means, and 

neglecting the vital part explicit hypothesis formulation had to play in science: 

"There are other areas ofscience todq that are sick by comparison, because they havejorgotten 

the necessiVfOr alternative hypotheses and disproof. Each man has onjr one branch - or none - 

on the logical tree, and it twists at random without ever coming to the needfor a crucial decision 

at any point. " 

(Platt 1964, p. 350) 

Although he refrained from open accusation, Platt seemed to regard biological 

scientists as particularly culpable of these offences; many authorities in this field 

claimed that their studies were too complex for an hypothesis-testing approach to be 

useful. Platt countered this by observing that the fundamental issues in any science 

were typically qualitative rather than quantitative, and that hypotheses arising from 

these could be directly tested using basic logical principles (cf. Birks 1993). Battarbee 

et a]. (1 98S) used precisely this approach in assessing the causes of recent lake 

acidification in Galloway. Several causal factors were proposed (Table 3.1), of which 

only one - acid deposition - survived experimental tests. Careful choices of sites and 
hypotheses allowed some of the practical difficulties in palaeoecological hypothesis 

testing mentioned above to be circumvented. Despite this ingenuity, such weaknesses 

meant that the tests were not "severe" in the Popperian sense, and for this reason 
falsification of the alternative hypotheses required many studies rather than a single 

critical test. 

Palaeoecology's problems with experimental replicability can also be 

resolved. One major advance in the field during the past two decades has been a 
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widespread move towards multi-proxy studies. In many cases these have been used to 

broaden the range of palaeoenvironmental data available to the researcher (cf. Birks et 

al. 1996), but they also offer a valuable aid in hypothesis testing. The non-linear 

responses to environmental change (cf. May 1974,1976) exhibited by many 

palaeoecological indicators mean that researchers are often at the mercy of data 

artefacts if they rely entirely on one method; the controversy surrounding Lateglacial 

climates (Atkinson et al. 1987) is perhaps the most celebrated example of this, but far 

from the only one. Mayo (1997a, 1997b) proposed that alternative experimental 

methods should be used in parallel to test hypotheses, as a phenomenon detected by 

two distinct procedures would be far less likely to be a data artefact. This approach 

has become widespread in palaeoclimate research (cfi Mauquoy & Barber 1999a), but 

is still under-used in human impact studies (Edwards 1979). 

Causal Factor: Test: Results: Falsiried). 
Long-term natural Diatom- Stable ecosystem prior Yes 

change reconstructed pH to AD 1840 
Afforestation "Pb chronology Lake acidification Yes 

predated afforestation 
Pastoral abandom-nent Pollen analysis Poaceae/Calluna ratio Yes 

increased since AD 1840 
Acid precipitation Zn, Cu & Pb fluxes Metal flux and lake No 

acidification correlated 

Table 3.1: Mechanisms of lake acidification in Galloway, after Battarbee et a]. (1985) 

An alternative method of falsification, and one increasingly in vogue in 

modern scientific philosophy, is the use of indirect statistical proofs (cf. Birks 1993, 

Mayo 1996). Classical statistical procedures such as the X2 test of Neyman and 

Pearson (193 3) developed in isolation from the work of Popper, yet both are 

implicitly based on the same principle of methodological falsification (Gillies 1995). 

Such methods allow probability hypotheses to be tested directly, an operation beyond 

the means of Popperian falsification. The quantity of data that the palaeoecologist 

typically uses makes standard techniques impractical, but multivariate analysis 

(Overpeck et a]. 1985, Jongman et aL 1987) can offer an attractive alternative. 
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Techniques such as redundancy analysis (RDA) and canonical correspondence analysis 

(CCA) (ter Braak 1986), used in conjunction with Monte Carlo tests (Kleijnen 1974), 

can be used to falsify correlation hypotheses (Birks 1998). These methods have a 

narrow scope of application; chronological control on the data must be strong, and 

asynchronous assemblage changes (cf. Anderson et a]. 1996) will render such tests 

meaningless. Nevertheless, in certain circumstances (cf. Renberg et al. 1993) 

multivariate methods can offer a powerful means of analysing interactions between 

separate ecosystem components. 

In summary, the means to falsify secondary theories (cf. Eddington 1928) are 

readily available to palaeoecologists, even in complex and partially non-deterministic 

systems. In some instances it will be possible to work with multivariate statistical 

tests, but in most cases the strong inferential methods of Platt (1964) will be the only 
feasible route. Certain caveats should be noted: in order to maintain the principle of 

severity in testing, probabilistic hypotheses will need to be tested at a number of sites, 

and preferably using multiple proxy indicators. The systems studied in this project 

present a particular problem, as cultural responses to external forcing are 

unpredictable even by ecological standards (cf. Sauer 1941, O'Meara 1997). 

Although certain historians - notably those working within a Marxist framework 

(Landes 1994) - have been sympathetic to deterministic explanation, the general 

attitude of the subject towards anything suggestive of a scientific method (Popper 

1960,1966; cf. Florence 1927) has traditionally been hostile: 

"Those determined to put theirfaith in "sophisticated" mathematical methods and to appý' 
It general laws" to the pitfZUIIY meagre and very uncertain detail that historical evidence often 

providesfor the answering ofjust such interesting and important questions, are either to be 

pitied because they will be sinking in quicksand while believing themselves to be standing on 

solid earth or to be combated because they darken counsel with their errors. " 

(Elton 1967, p. 50-51) 
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The caveats noted above for palaeoecologists are felt even more strongly by 

historians: the limited number of examples offered by the historical record make any 

form of "experimental" testing virtually impossible, and the perils of monism 

(reducing causal relationships to a single explanatory factor) even more pronounced 

(Landes 1994). 

Nevertheless, traditional attitudes have begun to shift over the course of the 

past decade. Modem mathematical historiographers (Berry 1999, Pefia 1999) differ 

from their Marxist precursors in one crucial respect: their use of probabilistic, 

empirically-testable models, closely based on those used in ecological theory. It has 

been previously demonstrated that the difficulties inherent in testing ecological and 

palaeoecological hypotheses are by no means insurmountable. Therefore, if strong 

inferential methodologies can be applied successfully to ecological systems, there is 

no reason why they should not be equally successful when applied to a clearly-defined 

hypothesis in a sociocultural system. In the next section, the problems of isolating 

such an hypothesis for environment-culture interactions (and of finding a suitable 

experimental method) will be considered. 

3.2: Environmental Determinism: 

The idea that a society's physical environment can exert a controlling influence on its 

socioeconomic and cultural development is a long-established one, though it could 

claim to have suffered more from the shifting patterns of intellectual fashion than 

most other theories. For much of the second half of the 20th century, environmental 
determinism was shunned by all but a few geographers, and it was left to a new 

generation of researchers - most -of them from outside geography - to reinvigorate 

the field. Many academics (cf. Walker 1990, Erickson 1999) still treat any idea of 

environmental influence with deep suspicion. This section will try to counter these 

suspicions by presenting a detailed review of current thinking on the mechanisms and 
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impacts of environmental control, and will show the possible impacts of 

environmental change on the populations of a pre-industrial society such as medieval 

Cumbria. 

The concept of "environmental determinism" received its first explicit 

treatment in the works of the Baron de Montesquieu (1977), whose The Spirit of the 

Laws was first published in 1748. In Montesquieu's cosmology, the characteristic 

mores of European, Asian and "barbarian" cultures were intimately connected to 

global climatic patterns; "human nature" was thus a construct that could ultimately be 

related to the environment by scientific laws as precise and immutable as those of 

Newtonian mechanics. The late 19'h and early 20'h centuries can be regarded as the 

golden age for this mechanistic tradition, as the great imperial powers of Europe 

sought to justify their subjugation of less fortunate lands with a glut of pseudo- 

Darwinian proofs of their superiority (Livingstone 1992). The tradition culminated in 

the vast climato-anthropological schemata of Ellsworth Huntington (1919) and Ellen 

Churchill Semple (1911); but this was to be the final flourish of classical 

environmental determinism. With the emergence of a new generation of geographers 

after the Second World War, the drive towards quantification, anti-colonialism and 

the backlash against Nazi-tainted eugenic theories combined to produce a new 

geographical paradigm that found the precepts of environmental determinism a 

callow embarrassment (Frenkel 1994). 

Although determinism swiftly fell into disrepute amongst post-war 

geographers, the theme slowly began to re-appear in a new, non-reductionist guise 

and in new academic habitats. In France, the Annales school of historians believed that 

a true understanding of the nature of historic societies could only come through an 
holistic approach (Shermer 1995), and the physical and climatic environment of these 

societies was a factor that merited detailed investigation. One of the strongest 

proponents of this linkage between history and climate was a Medieval historian, 

Emmanuel Le Roy Ladurie (1971,1985), arguably the first researcher to explicitly 



63 

link the demographic collapse of 14'h century Europe to climatic deterioration. This 

interest in the interlinkage of climate and history was paralleled amongst British 

climatic historians such as Gordon Manley (195 2) and Hubert Lamb (1966). In the 

United States, the resuscitation of environmental determinism came in anthropology 

and archaeology, and in particular with a growing interest in the pre- Colombian 

civilisations of Central and South America. In the 1970s, archaeologists investigating 

the collapse of the Classic Mayan civilisation (c. AD 800) grew increasingly interested 

in the patterns of environmental change in the last century of Classic culture. The 

Mayan collapse had long been considered one of the great unsolved mysteries of 

world archaeology; archaeological studies (incorporating, for the first time, detailed 

palaeoecological data) now began to appear linking the Mayan demise with 

heightened levels of soil erosion (Sanders 1973, Willey & Shimkin 1973) and soil 

impoverishment (Deevey et al. 1979). At the same time, Reid Bryson (Bryson et al. 
1974), researching the collapse of the Mycenaean and Hittite civilisations, linked their 

declines to heightened levels of aridity in the eastern Mediterranean around 1200 BC. 

Studies of this type were to remain infrequent for another twenty years. 

However, in the 1990s, concern over anthropogenic impacts on global warming and a 

growing appreciation of the magnitude and rapidity of Holocene climatic changes 

(Baillie 1999, Chambers & Brain 2002) combined to produce an academic climate 

suddenly sympathetic again to the idea of environmentally-triggered catastrophes 

(Manzanilla 1997, Berglund 2003). A succession of high-profile studies (cf. Hodell et 

a]. 1995, Sandweiss et a]. 1999, Weiss & Bradley 2001) appeared, implicating 

environmental (and especially climatic) change in cultural transitions throughout the 

world and throughout the Holocene (Table 3.2). It appeared that environmental 
determinism was suddenly very much back in fashion. However, this title is very 

much a misnomer for the bulk of the studies that have appeared during the past 
decade (Edmonds 1999); the new generation of "environmental determinists" are far 

more closely associated with the possibilism of Paul Vidal de la Blanche (1926) than 

with classical determinism. Vidal de la Blanche's regionalist geography was in direct 
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Event: 
Natuflan Neolithic 
revolution 

Date: 
10000 BC 

References: 
Wright (1993), Weiss & Bradley (200 1) 

Archaic Atacama decline 7500 BC Niffiez et a]. (2002) 
Yangshao decline 4000 BC Huang et al. (2000) 
Western European 
Neolithic revolution 

3900 BC Birks (1986), Karl6n & Larsson (1999), 
Berglund (2003) 

Western European Middle 
Neolithic decline 

3500 BC Molloy & O'Connell (1995), Berglund 
(2003) 

Uruk collapse 3200 BC Weiss & Bradley (200 1) 
Akkadian collapse 2200 BC Weiss et al. (1993), Cullen eta]. (2000), 

Weiss & Bradley (2001) 
Egyptian 6h dynasty 
collapse 

2200 BC Bell (1971), Rosalie (1990), Manzanilla 
(1997), Weiss & Bradley (200 1) 

Greek Early Bronze Age 111 
decline 

2200 BC Peiser (1998), Weiss & Bradley (2001) 

Harappan 3B collapse 2200 BC Renfrew (1979), Weiss & Bradley (200 1) 
Hilmund collapse 2200 BC Peiser (1998) 
Hongshan collapse 2200 BC Peiser (1998) 
Tenere collapse 2200 BC Peiser (1998) 
European Bronze Age 
decline 

1200 BC Young & Simmonds (1996), Buckland et al. 
(1997), Ralska-jasiewiczowa et al. (1998) 

Mycenaean & Hittite 
collapses 

1200 BC Bryson et al. (1974), Wendland & Bryson 
(1974), Kuniholm (1990), Neumann (1993) 

Shang dynasty collapse 1200 BC Kunihol 
,m 

(1990) 
Western European decline 700 BC van Geel et al. (1996), Tinner et al. (2003) 
Moche collapse AD 500 deMenocal (2001), Van Buren (2001) 
Western European decline AD 540 Ambrosiani (1984), Baillie (1996,1998a), 

Jones(2000) 
Axumite collapse AD 800 Butzer (19 81 
Classic Mayan collapse AD 800 Hodell et al. (1995), Curtis et al. (1996), 

Leyden eta]. (1998), Haug eta]. (2003) 
Nabatean collapse AD 800 Brown (1995) 
T'ang dynasty collapse AD 900 Brown (1995) 
Tiwanaku collapse AD 1000 Ortloff & Kolata, (1993), Binford et al. 

(1997), Williams (2002) 
Anasazi collapse AD 11SO Lekson & Cameron (1995), Jones et al. 

(1999) 
Ntusi decline AD 1300 Taylor et al. (2000) 
Norse Greenland collapse AD 1350 

1 
McGovern (1991), Buckland et al. (1996), 
Barlow et al. (1997) 

Table 3.2: Proposed environmental impacts on past civilisations 
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opposition to the environmental fatalism of his Anglo-American contemporaries, 

treating human actors as participants within, instead of passive victims of, their 

physical environment. 

This conception of the environment as a delimiter of possible action, rather 

than a prescriptive agency forcing society down a preordained path, was strengthened 

by the increasing involvement of anthropology in the research field. Contemporary 

studies of environment-culture relationships (cf. Ortloff & Kolata 1993, Young & 

Simmonds 1996, Jones et al. 1999, Williams 2002) display an intense concern with 

the micro-scale mechanisms by which environmental change can impact 

socioeconomic systems, detail that was formerly neglected in the field. However, this 

shift from binding deterministic laws to hazy suggestions of influence leaves 

researchers with a fundamental epistemological problem: if environmental controls 

only represent generalised trends, how can an hypothesis concerning their impact be 

adequately tested? The answer is that, as in any experiment, a critical test must be 

found. In most instances, environmental impacts on society will be masked by myriad 

other influences. Only in key marginal communities, where slight changes in the 

physical environment will have a major impact on the subsistence base of the local 

population, will it be possible to establish any sort of causal linkage between 

environment and society. 

Although an extremely-widely used term in both geographical and historical 

literature, marginality is an amorphous and frequently ill-defined term. It must first 

be noted that marginality is not an intrinsic property of the physical environment; as 
Brown et a]. (1998, cf. Thomas 1989) have observed, "Marginality can only be 

considered a meaningful idea in relation to a particular economic and social system". 
Late Medieval Greenland was an extremely marginal landscape for Norse 

agropastoralists, but the Inuit cultures who lived alongside the Norse considered the 

region exceptionally rich (McGovern 1994). It follows from this that the concept is 

not a static one, and social and technological changes will modify a culture's 
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perception of a particular landscape. The term also covers a variety of forms; Coles 

and Mills (1998, cf. Young & Simmonds 1996) identified three broad strands of 

marginality - environmental, economic and sociopolitical - though in practice most 

examples will be composites drawing on all of these elements. 

Environmental znarginahtýy is the human parallel of the stress experienced by any 

biological population living at its environmental limits. All societies place a certain 

number of demands on their environment; when these demands exceed the ability of 

an area to satisfy them, the society will become increasingly marginal. Marginality of 

this type is typically due to climatic or ecological controls, though all forms are linked 

by their dependence upon external factors. In contrast, economic marginahýr is a social 

response to these factors; environmental constraints will limit the benefits of 

particular forms of economic activity, with the population deterred from these by low 

investment returns and high risks of failure. Finally, sociopolitical marginality concerns 

the position of particular communities in a wider society; the landless cottagers and 

" selfhulds" of Medieval Cumbria provide an obvious example of this (Winchester 

1987). 

Perhaps the first detailed academic treatment concerning the demographic 

impact of marginal stress was Thomas Malthus' Essay On the Principle of Population, As It 

Affects the Future Improvement of Society, published in 1798. The essay was a 

passionately-argued review of the effects on the poorest members of British society 
(sociopolitical marginality sensu Coles & Mills) of the Poor Law, which he saw as a 

naive scheme that was exacerbating an already ruinous situation (Malthus 1985). His 

central hypothesis was that, left unchecked, growth in human population would 

always exceed the growth of the means of subsistence. Thus, any attempt to 

ameliorate the living conditions of the poor that made no attempt to regulate rates of 

population growth (such as the Poor Layvs), would only postpone an inevitable 

catastrophe. Ultimately, any human society would find itself teetering on the brink of 
famine; this could only be averted by either preventative checks (to the level of 
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reproduction) or positive checks (factors such as war or disease increasing mortality 

rates). Under these constraints, population growth could be described by the logistic 

equation: 
dIV 

_ rN 
K-N) 

dt 

(K 

g (where N= population, r (constant) = birth rate minus death rate and K (constant) = carrvin 

capacity ofthe environment. ) 

Malthus took a simplistic view of demographic growth, considering food 

production to be the sole limiting factor on population levels (Seidl & Tisdall 1999). 

In reality, many different factors, internal and external, will simultaneously control 

population levels. If one considers reproductive rates, there will be limitations due to 

food supply (quantity and quality), disease, altitude, levels of physical labour amongst 

the population, child mortality, the cost of child-raising, the age of marriage, social 

taboos and the age structure of the population (Frisch 1983). Similarly, carrying 

capacity (K) will vary through time: even if one considers only internal controls, 
long-term degradation of land will reduce it, whereas social, economic and 

technological advances will see it rise. 

Other criticisms may also be made of the basic Malthusian model. Seidl and 
Tisdall (1999) stress the important distinction between the biophysical carrying 

capacity (KB) and the smaller social carrying capacity (Ks): although an area of land 

may be capable of supporting a theoretical maximum of population (KB), this will be 

at minimum subsistence levels. The economic expectations of the population will 

create a secondary, lower maximum (Ks), above which individual levels of wealth and 

welfare will decline rapidly. In addition, the long-term growth of population will not 

always follow the smooth logistic pattern suggested. May (1974) demonstrated that 

many of the controls on ecological (and human) populations carry significant time 
lags; thus, a more accurate representation of population growth will be obtained by: 
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dIV(, ) = rN(, ) 
K-N(t-T) 

dt K 

If the value of r is raised above a certain level, this equation will generate complex 

quasiperiodic or even chaotic variation in population levels. 

The most elegant Malthusian model produced for pre-industrial societies in 

recent demographic literature is that of Wood (1998). A brief outline of the model 

will be given below; some additional features of the model will be examined later in 

this section. Wood started by replacing the carrying capacity constant (K) used in 

traditional Malthusian models with a more flexible figure, "demographic saturation" 

(S). S, is a function of available land (L), usable resources (R), productive technology 

(T) and organisation of production (0), expressed as: 

f (4RTO, ) 

St is the only exogenous variable in the model; its behaviour affects the system output 
but is not controlled by it. When S, is stable, population fluctuates around a stable 

point, but will still exhibit considerable variation due to second-order interactions 

between fertility and mortality. These variations in birth rate (b) and death rate (d, ) 

can be more comprehensively expressed as: 

b, = 00 + 01 In w, +02d, d, = 80 - 8, In w, +82b, 

(HIere fl, is a preventative check onfertility, 61 is a positive check on survival, 82and b2are 

the second-order interactions betweenjertiliV and mortality, and w, is the average well-being of 

the population. ) 

These second-order interactions will generate the medium-scale, medium-term 

variations in population; it is only the larger, longer-term shifts that are determined 

by changes in the underlying value of S,. 
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Minimal subsistence 
requirements 
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Fig. 3.1: Output and population relationships in pre-industrial societies (Wood 1998) 

The relationship between population and the point of demographic saturation 

in the system can be expressed graphically (Fig. 3.1). The minimal subsistence 

requirements 0 (8N/5t = 0) for the system are expressed as a linear relationship 
between population and output: those areas above this line have a surplus of 

resources, those below are in deficit. If unchecked, population will always try to 

approach the line 8N/5t = 0: surpluses will allow additional population growth, and 

shortfalls in the subsistence base will lead to population reduction. The actual level of 

output will change in a logistic pattern with increasing levels of population: as the 
demographic saturation point S, of the system is approached, progressively higher 

levels of population will bring a progressively lower level of system output per capita. 

The intersection of this curve with 8N/5t =0 creates two equilibria, marking 

the minimum and maximum sustainable populations for the system. The minimum 

population point represents an unstable equilibrium; if the system is not balanced 
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perfectly on the point, positive feedbacks will move population successively further 

away from it. Conversely, the maximum population point is a stable equilibrium (the 

sole nontrivial point on the curve), which all neighbouring populations will tend 

towards. The span between these points, where output exceeds population, 

represents the span of possible populations that the system can support. A third point 

on the curve, that of optimal population, represents the period of maximum 

production surplus, and hence the point of maximum well-being (w, ) amongst the 

population. The point of optimal population is not an equilibrium; unless additional 

controls on growth exist, the surpluses will drive the population on towards the point 

of maximum population. 

This basic model assumes that the demographic saturation (S, ) of the system 

remains constant. However, if there is a environmentally-driven fall in the level of S, 

(due to climatic change, soil degradation or any other external variable considered), 

there will be a corresponding increase in the angle of the line of minimal subsistence 

requirements (8N/8t = 0). The points of intersection with the population/ output 

curve will thus change, and the range of possible populations supported will be 

reduced. This has three potential consequences: 

If the state of the system moves from below to above the point of 

maximum population, population will fall until the new equilibrium 

has been reached. 

If the state of the system moves from above to below the point of 

minimum population, population will fall towards zero (indicating 

complete abandonment of the system). 

Surplus production within the system will be increasingly small, 
leading to a reduction in general wellbeing (w, ) and a reduction in the 

buffering capabilities of the system (see below). 
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Such declines in population will occur whenever S, is exceeded in the system, 

manifesting themselves through changes in mortality, fertility or migration rates. 

Small-scale fluctuations in the level of St will be a constant feature of any 

socioeconomic system; left unchecked, these will create a constant succession of 
demographic crises (cf. Scott et al. 1998). Under such circumstances, marginality can 

be thought of as less a constant physical state than a probabilistic index of risk 

vulnerability (Baillie 1998b). Any community can theoretically be subject to crises 

caused by envirom-nental stress; the distinguishing feature of marginal communities is 

that these episodes of crisis (most significantly in agricultural output) will be far more 
frequent than in core communities (Van Buren 2001, Adger & Brooks 2002). If an 

already marginal community is faced with an increasing level of environmental 
deterioration, the year-by-year risk of (e. g. ) harvest failure will increase to a point 

where the continued existence of the community is simply not viable. 

Constant, short-term stresses of this type these will typically be combated by 

the buffering of subsistence resources within the system (Vasey 2001). Adger (2000, 

cf. Bogucki 1996) has compared buffering with the ecological concept of resilience, 

drawing close parallels between social institutions and ecosystems. In this analogy, the 

buffering capacity of a community may be seen as an equivalent of ecological 

resilience - that is, a system's ability to withstand environmental perturbations 

without a change in its dynamic equilibrium. Communities not yet at the point of 

demographic saturation (Fig. 3.1) will be able to shield themselves from the effects of 

short-term fluctuations by using surplus production (stored as either reserves of food 

or capital) to weather the temporary shortfall in their subsistence base (Armit 1998). 

As long as the level of surplus production within the system is sufficient to maintain 

this subsistence base over crisis periods, the community will protected both from 

population losses and any pressures for socioeconomic reorganisation. Conversely, 

marginal communities will be at the limit of their subsistence base, with few material 

reserves to fall back on if production is affected by sudden environmental changes. 

The relative defencelessness of such systems against environmental perturbations 
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means that marginal communities are, in effect, highly-sensitive indicators of 

environmental stress - vulnerable even to low-level shocks that might pass almost 

unnoticed in buffered core communities. 

Buffering strategies make two key assumptions: firstly, that the magnitude of 

the crisis will not be such as to overwhelm existing subsistence reserves, and secondly 

that the environmental perturbations will be fluctuating around a stable norm, and 

that once the short-term crisis has passed, the community will once again enjoy 

plenty and prosperity (Schneider et al. 2000). If the environmental changes 

experienced are long-term, such assumptions will be invalid (cf. Yohe 2000, Kelly & 

Adger 2000): if there is no reversion to former environmental conditions, then 

buffering a failing community will only act to postpone eventual and certain collapse. 

A community in such a predicament must adapt to survive. 

aNICII -0 

B New anve of 
production 

Total 
output 

Of 
system Old ctuve of 

production 

0 
Population size 

(N) 

Fig. 3.2: "Boserupian escape clause" - changes in productivity following technological 

or sociocultural advance (Wood 1998) 
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The Danish economist Ester Boserup (1965,198 1, cf. Morrison 1996, Myrdal 

2000) was the first to advance the idea that environmental stress, contrary to the 

belief of orthodox Malthusians, could act as a trigger for economic and sociocultural 

development. In her model, as the point of demographic saturation is approached and 

the level of wellbeing (w) amongst the population decreases, the system comes under 

increasing pressure to innovate and reform its production processes. This "Boserupian 

escape clause" (Wood 1998) will transform existing relationships between population 

and system output, creating a new curve of production with new points of minimal, 

optimal and maximum population (Fig. 3.2). Population, liberated from its existing 

environmental constraints, is thus free to grow again until the limits of the new mode 

of production are reached, whereupon the cycle of innovation begins anew (Reuveny 

& Decker 2000, Dean 2000). Such episodes have been a feature of human 

development throughout the Holocene and beyond - perhaps the first instance was 

the adoption of Neolid-iic agriculture by the Natufian culture around 10000 BC 

which, it has been suggested, was a response to increasing environmental stress from 

Younger Dryas aridity in the Middle East (Wright 1993). 

Social complexity is a problem-solving tool (Tainter 1995); growth in social 

sophistication - coming from an increase in the specialisation of the workforce and 

the number and interconnectivity of economic and sociocultural subsystems - allows 

the community to overcome more and more challenging environmental constraints 
(Renfrew 1979). However, this trend towards increasing socioeconomic complexity 

comes at a price. The more complex a society becomes, the greater the input of 

energy required to maintain its social infrastructure. Eventually, a point will be 

reached where the rise in these maintenance costs is not met by returns in production 
increases. At the same time, this growth in sophistication will create a society that is 

itself far more specialised in terms of its environmental "habitat"; the costs of 

maintaining the social infrastructure will lead to an increasing degree of social 

ossification (Phillips 1979, Crumley 1994), leaving the community far less flexible in 

its ability to respond to rapid changes in the physical environment. Thus, although 
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sudi a pronouncement may seem counter-intuitive, complex societies are actually far 

more vulnerable to major environmental impacts than simple ones (Messerli et a]. 
2000). 

History offers many examples (cf. Table 3.1) of advanced civilisations 

declining, often (it is suggested) due to the impact of short-term environmental 

perturbations. Most of these declines were widespread catastrophic collapses, 

affecting the core regions of the culture just as much as its peripheries. Clearly, the 

mechanism for such declines must be quite distinct from the low-level failure of 

subsistence resources in the margins. Renfrew (1979), reviewing major cultural 

collapses, identified a number of common aspects found in virtually all these 

examples. These included: 

(i) Increasing sociopolitical dislocation evident in the early stages of the 

process, followed by a collapse of centralised political and economic 

organisation and the disappearance of the traditional ruling elites. 

A decline in population, and shift in settlement patterns to dispersed 

communities and low population densities. 

(iii) A long-term fragmentation of sociopolitical and economic structures, 

and a transition to communities supporting a lower level of social 

complexity (cf. Crumley 1993, Bogucki 1996). 

A fourth common feature of virtually all these examples was that there was no single, 

obvious explanation for the collapse. Although possible triggers (both external and 
internal) could be identified, these were often minor and seemed incapable of causing 

such disproportionate devastation. Using the then-fashionable precepts of catastrophe 

theory, Renfrew (1979) was able to mathematically describe the sudden state 

transitions of social complexity encountered in these collapses, but could not isolate a 

single, driving factor behind them. How could complex ancient civilisations, 
frequently at the peak- of their power, collapse at such slight provocation? 
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Fig. 3.3: Synthetically-generated 1 If noise from three-dimensional SO C model (Bak 

eta]. 1988) 

One of the most influential scientific publications of the past twenty years has 

been Bak et al. 's 1987 paper on self-organising criticality (SOC). For generations, 

researchers of complex systems (whether they were ecologists or economists) had 

been frustrated by the indeterminacy of the systems' outputs. Once they had reached 

a critical level of complexity, many systems appeared to turn in on themselves, 

responding more to unknown changes in their internal dynamics then any external 
forcing. Sudden transformations between somehow stable states would erupt without 

warning and then cease just as suddenly. The only common feature in these mature 

complex systems was that their output was plagued by a specific form of noise, 

referred to as "flicker noise" or I If noise (Fig. 3.3, Dutta & Horn 1981). The latter 

appellation came from its characteristic distribution patterns; instead of being 

stochastic, the peaks and troughs of 1 If noise were distributed in a power-law 

relationship, with the logarithms of the noise's frequency and magnitude in an almost 

perfect inverse relationship. Such a relationship meant that the noise patterns had no 

natural scale - in other words, their geometry was fractal (cf. Mandelbrot 1983). 
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Throughout the 1980s, an appreciation that 1 /f signals might be more than mere 

noise was growing, but it was not until the publication of Bak et al. 's research (19 87, 

1988) that their origin was realised. 

To illustrate their explanation, Bak et a]. (198 8) use a simple model of a sand- 

grain pile, enlarged over time through the input of extra grains. These grains act as 

cellular automata, in which the behaviour of each sand grain is determined by both its 

own state and by the behaviour of its neighbours. In a unidimensional system, as the 

pile enlarges and grows in complexity it automatically evolves ("self-organises") 

towards a minimally-stable stationary state, at which the slope of the sand-pile reaches 

a critical angle of repose. Once the critical point is reached, the system will stay 

there. This state is barely stable, and any perturbations will propagate infinitely 

through the system. If more sand is added, it will slide off, maintaining this same 

angle (Fig. 3.4); a sand-pile steeper than the critical angle will avalanche until it 

attains stability at the same point. 
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Fig. 3.4: Movement of grains in unidimensional sand-pile model (Bak et a]. 1988) 
11 

If the number of degrees of freedom in the system are increased by enlarging 

it to two or three dimensions, the model immediately becomes far more complex - 

and less deterministic. Movements of individual grains within the system will 
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destabilise multiple minimally-stable neighbours, then their next-nearest neighbours, 

and so on until the disturbance has become an avalanche propagated throughout the 

system. Any existing minimally-stable subsystems in multidimensional models win act 

to transmit any disturbances within the larger whole. To an observer without 
knowledge of the internal structure of the model, such -avalanches will appear largely 

non-deterministic: they can be caused by the smallest perturbations to the system, 

and their size and frequency is solely a function of the internal dynamics of the sand- 

pile set. In experimental simulations (Fig. 3.5) only one regularity could be found in 

the frequency and magnitude of the avalanching: both were related in an inverse 

power-law distribution. The patterns of avalanching were, it seemed, the cause of the 
I If signal that had been noted in so many natural systems (Fig. 3.5). 

1 C3 
Fig. 3.5: Inverse log-linear distribution of 

cluster sizes at criticality (model output) in 

two (a) and three (b) dimensions (Bak et a]. 

1987) 
0_ 

1 31' 1 
-1 
C, 

c, 

2COnN20 

The avalanching process will continue until a critical number of more-than 

minimally stable subsystems, not able to propagate the disturbance, are generated 

within the whole. The minimally-stable state described for unidimensional systems 
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will thus no longer be stable with regard to minor fluctuations; this point no longer 

operates as a fixed attractor for the system dynamics. As expressed by Bak et aL: 

"The system will become stable precise1v at the point when the network ofminimallv-stable 

clusters has been broken down to the level where the noise signal cannot be communicated 

through infinite distances. At this point there will be no length scale in the problem so that one 

might expect theformation of a scale-invariant structure of minimallv-stable states. " 

(Bak et al. 1987, p. 382) 

The equivalents of Bak et al. 's sand-pile avalanches may be found in any system where 
individual components act as cellular automata. In the last fifteen years, researchers 
have identified SOC-type phenomena in situations as diverse as Wall Street stock 

prices and the spread of forest fires (d. Mantegna & Stanley 199S, Malamud et a]. 
1998, Wootton 2002, Kessler & Wemer 2003). 

Brunk (2002) has recently advanced the hypothesis that major civilisation 

collapses can be explained using the same mechanism. The growth in the 

sophistication of a civilisation (cf. Renfrew 1979, Tainter 1995) is achieved by growth 
in the number and the connectivq of its subsystems - on other words, by a growth in 

system complexity. As this trend increases, the maturing civilisation will become 

more and more a "pure" SO C system and its outputs more and more fractal. The 

crucial factor is the connectivity of the subsystems, for this is the socioeconomic 

equivalent of the number of minimallY-stable subsystems within the sand-pile set. 
Once a disturbance of any size impacts the system, the magnitude of the resultant 
"complexity cascade" (avalanche) will be dependent upon the ability of individual 

system components to pass this disturbance on to their neighbours. The probability 

that an existing complexity cascade will continue to develop is given by. the equation: 
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(n-r) 
(N-r) 

(Ulere P is the probability erthe continuation ofthe cascade, N is the number ofcomponents in 

the system, n is the number ercomponcnts capable of transmitting a cascade, and r is the number 

of components already part of the cascade. ) 

A major complexity cascade (representing a civilisation collapse) will destroy this 

complex structure, after which "noise" output from the system will revert to a 

standard stochastic pattern - until the growth of the culture's sophistication once 

again generates SO C patterns. This cycle of growth and collapse means that long- 

term cultural progress in complex systems will only be possible through buffering - 
which in this paradigm can be thought of as an attempt to damp the growth of 

complexity cascades by limiting the connectivity of system components and 

maintaining as many as possible at a more-than minimal level of stability. 

As explained above, self-organising systems are fundamentally nonlinear with 

respect to external forcing - the magnitude of the complexity cascade created by 

system disturbances will be determined by the history of the system (Adams 2001) 

and the sensitivity of its internal dynamics rather than the size of the forcing. if 

Brunk's hypothesis is accepted, establishing a causal link between environmental 

change and wholesale cultural collapse will be almost impossible - despite the 

coincidence of cultural collapse and climatic deterioration noted in so many historical 

examples. 

To summarise the above studies, one can expect to see four distinct types of 

social response to environmental change in palaeoecological. records: 
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Total collapse of habitation in marginal regions, due to an 

environmentally-determined deterioration in the subsistence base 

leaving local population below minimally-sustainable levels. 

Partial decline of habitation in marginal regions, due to an 

environmentally-determined deterioration in the subsistence base 

leaving local population above maximum sustainable levels. 

Sudden change in the modes of agricultural production, reflecting 

Boserupian advances in technological and socioeconomic complexity 

in response to deteriorating environmental conditions. 

Widespread collapse of social organisation in both core and peripheral 

regions, reflecting complexity cascading within a sophisticated, self- 

organising system. 

The last of these scenarios can be ruled out (certainly on a major scale) in 14'h 

century Cumbria. Although the damage caused by famine and plague was extensive 

and long-lasting, its effects were primarilydemographic rather than economic or 

political. Despite frequent peasant revolts in the late 14 th century (cf. Bolton 1996) 

the basic infrastructure of Western European society was left largely untouched. 
Similarly, the possibility of a Boserupian escape from the crisis was limited; although 

some advances were made in agricultural techniques in the 12thand 13thcenturies 

(Stone 2001), the combination of a stagnant technological base and rigid seigniorial 

control of the economy offered most peasants few opportunities to improve their 

production systems. Although the IS"' century was marked by a considerable 

expansion of pasture land (Taylor 1983), this was very much a belated response to 
Late Medieval depopulation rather than a means of combating it. 

It was the marginal lands that suffered the most acute depopulation of the 14 th 

century (Postan 1973, Dyer 1989), and for this reason the first two scenarios will be 

the most important in this study. The upland regions of Cumbria were amongst the 

poorest regions of England in the Medieval era (McCord & Thompson 1998), and 
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even as late as the 16'h century were noted both for their poverty and their 

overpopulation: 

"The countrie consists most in wast ground and is very cold, hard and barren yett it is very 

populous and breedeth tall men and hard ofnature whose habitacions are mostly in vallies and 

dales where every man has a small porsion ofground wch albeith the soile be hard of nature, yett 

býr cantinuall travel] is madefertile to their great relief and comfort. " 

Survey of the Percy Honour of Cockermouth, 1 S70 

(cited McCord & Thompson 1998, p. 12 1) 

The poverty of these regions seems to have been paralleled by a widespread 

weakening of the buffering capacity of agricultural communities. The Late Medieval 

period is quite unique in Western European history; European cultures in other eras 

were noted for their ability to protect marginal populations from the effects of famine 

(Jones 1987), as the relatively limited damage caused by the famines of the late 16'h 

and early 17'h centuries demonstrates (Appleby 1978). In the 14th century a 

combination of social ossification, low economic diversity and massive population 

growth left marginal communities vulnerable to short-term fluctuations in their 

subsistence bases. Furthermore, Cumbria possessed no alternative economy to sustain 
displaced populations; south-western England appears to have been spared the worst 

effects of 1+' century depopulation by the ability of its flourishing wool trade to 

support the poor and landless (Taylor 1983), but no such safety net existed in 

Cumbria. Those that were able to abandoned their communities; the less fortunate 

could only die alongside their crops. 

In conclusion, multiple mechanisms exist whereby environmental 

perturbations can impact economic production and population levels, but there are 

major qualitative differences between these mechanisms. Large-scale collapses in 

sophisticated societies have attracted most of the recent academic interest in this field, 
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yet (paradoxically) it is extremely hard to establish causal linkages in these examples. 
The pattern of these collapses - complexity cascading within a self-organising 

structure - is strongly nonlinear, and this invariance between forcing mechanisms and 

system output means that in such cases one cannot be certain what the original trigger 

for the collapse was. In marginal communities, precipitously balanced between 

subsistence and extinction, the relationship becomes much more linear - particularly 

if the systems have little or no buffering capacity. In the poorest regions of Medieval 

Cumbria, it is likely that any environmental change would be rapidly reflected in the 

prosperity of the affected communities. 

The next challenge will be to reconstruct past changes in population around 

the study sites for this project. Palaeoecology cannot provide a direct measure of 
demographic or economic variables, but in the following sections it will be shown 
how human impacts on ecological systems may be used as indicators of changing 

patterns of landscape settlement and abandonment. 

3.3: Pollen Analysis 

Palynology has been a basic method in Quaternary palaeoecology since the pioneering 

research of Lennart von Post (1916, tr. 1967). Iversen's high-resolution studies of 
landnam clearance (194 1) established the technique as the dominant method in 

human impact studies, and many researchers have followed his work in the 

subsequent sixty years. However, despite the enormous amount of work that has 

been conducted in the field, the interpretation of palynological data is often 

uncertain. The crucial challenge in tl-ds project will be to establish how pollen analysis 

may be used to pinpoint the date of agricultural abandonment at a site, but more 

general issues must first be covered before this matter can be addressed. 

Palynology includes the analysis of pollen and of cryptogam spores; both are 

produced in enormous numbers to maximise the chances of successful pollination or 
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gametophyte urovah (Lowe & Walker 1997). The outer laver (exine) of pollen grains 

and spores is composed of a natural polý-rner called sporopollenin; this substance is 

remarkabIv resistant to chemical attack, and usuallv only destroved in the natural 

environment by oxidation. If the grain is deposited in an anoxic environment such as a 

mire or hypohmnic lake sediments, the exine Nvill be preserved, alloWing the 

palynologist to reconstruct the vegetational history of the area surrounding the 

deposition site. 

Anv interpretation of a pollen record must first consider the processes of 

dispersal and taphonomy that created it. Moore, et al. (1991 ), identified five main 

pathways by which pollen %vas transported to a deposition site (Fig. 3.6). The canopý' 

component and trunk space component cover Nvind-dispersed pollen produced by local and 

extra-local vegetation. Pollen is transported above the tree canopy in the former 
I 

Fig. 3.6: Modes of pollen transport (Moore et a]. 199 1). Cc: canopv component; Cl: local 

component, Cr: rain component; Cr: trunk space component, Cw: secondaý;,, component (tvater 

tranýportc, ]). 

Cc 
Cri Cc 
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component, and will thus be transported further than its trunk-space counterparts 

(this distinction is largely superfluous in open landscapes). Rain component pollen is 

carried into the higher levels of the atmosphere, where the grains act as condensation 

and freezing nuclei; these grains are then returned to the ground in precipitation. 

Dispersal of this type can be extremely long-range (cf. Cambon et a]. 1992). The local 

component is produced by those plants immediately adjacent to the deposition site, and 

is particularly noticeable in mire deposits. The secondary component, in contrast, is 

more important in lake records, and consists of those grains carried into the site by 

fluvial channels or overland flow. Bonnv (1975) has demonstrated that this process 

can be bv far the most important mode of transport for pollen samples taken from 

small lakes. 

Quantification of the relative importance of these processes (Prentice 1985, 

Jackson & L%, ford 1999) has traditionally used Gaussian turbulence models to predict 

influx patterns. The pollen loading, from individual plants within the pollen source 
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area will decrease rapidly with increasing distance from the deposition location. The 

relationship between distance and loading forms an approximate inverse-square 

pattern (Fig. 3.7), which delimits a narrowly-defined "effective" pollen source area 
for the site. It is important to note that landscapes will not deposit their pollen en bloc; 

every taxon has its own unique dispersal characteristics and the source area for each of 

these may vary greatly (Sugita 1993). The size of a site's effective pollen source area 
is closely related to its own size: a small site will be dominated by pollen produced by 

marginal vegetation, whereas deposition in the centre of a large mire or water body 

will be more closely associated with the regional pollen rain. The general size of 

pollen source areas appears to be much smaller than was once suspected; Sugita's 

model simulations (1993,1994) have shown that the effective source area for a basin 

of 50 metres radius may itself have a radius of only 300-400 metres. 

'Me eventual pattern of deposited pollen will be a composite derived from the 

different vegetational communities within the source area (Oldfield 1970). The 

balance between these will be affected by subtle shifts in the topographic position of 

plants (Davis 1963) and by the exact choice of coring location. Records from the 

centre of a site will be more responsive to extra-local and regional shifts and less 

affected by changes in marginal vegetation (Bonny & Allen 1984), although in lakes 

the post-depositional mobility of pollen grains will lessen this effect. Davis (1968) 

found that lake-bottom pollen was reworked an average of two to four times before 

reaching its fmal resting place; this effect was strongest on grains deposited during 

spring and autumn overturn (Davis & Brubaker 1973). This partial homogenisation of 
lake samples means that the effective pollen source area for a lake will be 10%-35% 

smaller than that of a mire of equal dimensions (Sugita 1994). 

Pollen preservation is usually assured as long as anoxic conditions are 

maintained in the deposition site. Certain taxa - notably Larix andjuncus - are 

extremely fragile and rarely preserve (cf. Edwards et a]. 2000). Periodic oxidation 

may affect a wider range of taxa; Hall (198 1) noted Poaceae, Artemisia, 
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Chenopodiaceae and Cyperaceae pollen as particularly susceptible to degradation. In 

these instances the sample will become biased, with more resistant taxa such as 

Lycopodium, PoWodium and Taraxacum dominating the fossil assemblage (Havinga 

1984). 

Taxa: 
Alnus glutinosa, Betula, Corylus avellana, Quercus, Pinus 

R-value: 
4.0 

Carpinus betulus 3.0 
Picea, Ulmus 2.0 
Abies, Fagussylvatica 1.0 
Frazinus excelsior, Tilia cordata 0-5 

Table 3.3: R-values for North European arboreal taxa (Andersen 1973) 

The quantitative reconstruction of vegetation patterns from fossil assemblages 

is a complex process; in addition to the distorting effects of dispersal and 

preservation, pollen production can vary enormously between different species. One 

attempt to compensate for this factor was the development of R-values for major 

arboreal taxa (Davis 1963, Parsons & Prentice 1981); the relative abundance of each 

pollen type is divided by the requisite R-value to produce a more realistic estimate of 

the proportion of land covered by each taxon. Andersen (1967,1973) demonstrated 

the utility of the method on Holocene forest populations (Table 3.3), but extending it 

to anthropogenic indicators has proved problematic. Many herbaceous taxa are 

entomophilous or autogamous, and consequently poorly represented in pollen 

records; the sparse nature of the evidence makes the quantification of open landscapes 

from palynological data a difficult process (cf. Brostr6m et al. 1998). 

Most human impact researchers have treated the interpretation of 

anthropogenic disturbance in a more qualitative manner, using the appearance of 

particular taxa in the record to indicate changes in land use. The "indicator species" 

approach reached its most sophisticated form in the work- of Karl-Ernst Behre (198 1, 

1988). Behre divided anthropogenic indicators into anthropochores - entirely new 
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species introduced to a region by humans - and apophytes, those native species spread, 

intentionally or otherwise, by agriculture. Much of Behre's work concerns the 

ecological preferences of apophyte taxa, a frequently convoluted field; many weed 
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Fig. 3.8: Pollen as anthropogenic indicators: ecological preferences of individual taxa 

(Behre 1981) 
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taxa in particular can prosper under a broad range of land-use regimes (Fig. 3.8). 

Artemisia, Chenopodiaceae and Urtica, often regarded as arable indicators, are more 

truly nitrophile taxa, and can indicate either arable land or meadows (Behre 198 1). 

One crucial diallenge faced by palynologists is how to distinguish different 

types of land use, most notably the contrast between arable and pastoral land. 

Steckhan (196 1, cf. Lange 1976) used a simple ratio of Cereal-type to Plantago 

lanceolata to express the balance between these two categories. Although easily 

applied, the ratio was of limited use: with the exception of Secale cereale, all cereals 

are autogamous and consequently very poorly represented in pollen records (cf. Beug 

1961). At low abundances, the distribution of pollen grains is often strongly 

stochastic, maldng such grains unreliable as a quantitative indicator. Turner (1964) 

and Riezebos & Slotboorn (1978) attempted to overcome this problem by including a 

larger number of indicator taxa in the sum (Table 3.4). Although this approach gave a 

broader and thus statistically more reliable interpretation of the pollen data, 

researchers were faced with two new problems. Firstly, the assignment of weed taxa. 

to separate arable and pastoral classes was by no means certain: Behre (198 1) had 

shown that many taxa could prosper in both environments. Indeed, researchers were 

often in dispute about the import of certain plants; Turner (1964) thought Rumex a 

Author: Arable: Pastoral: 
Behre(1981) rassicaceae, anna is umu us ype, a una vu aris, antago 

Centaurea cyanus, Cerealia, Fagop ! YTUM, lanceolatalma' Vor, 
Fallopia convolvulus, Linum, Po, ýgonum, Poaceae, Ranunculaceae 
Rumex acetosella, Scleranthus annuus, 
Spergula arvensis, Yicia 

Steckhan (1961)/ Cerealia Plantago lanceolata 

_Lange 
(1976) 

Turner (1964) Artemisia, Brassicaceae, Cereaha, Plantago 
Chenopodiaceae, Compositae, Plantago 

, Riezebos & 1 Artemisia, Centaurea cyanus, Cerealia, Papilionaceae, Plantago 
Slotboom (1978) Fagopyrum, Linum, Rumex lanceolata, Poaceae 

Table 3.4: Palynological indicators for arable/pastoral ratios 
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pastoral indicator, whereas Riezebos & Slotboom (1978) considered it an arable one 

(Maguire 198 1). Secondly, even when a clear distinction was possible, information 

could usually only be based on modern agricultural analogues: little infonnation on 

the effects of historical agriculture was available (Faegri et a]. 1989). 
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Fig. 3.9: Ecosystem response to disturbance; development of habitat heterogeneity 

(Wiens eta]. 1985) 

These difficulties have prompted some to turn to a more quantitative 

approach in human impact studies. Rarefaction analysis has been suggested as a 

possible approach (Birks et a]. 1988), but in high resolution studies the diachronous 

response of ecological diversity to system disturbance (Fig. 3.9) limits the 

effectiveness of the technique (Wiens et al. 1985, cf. Dougall & Dodd 1997). More 

success has been gained using multivariate analysis; if human activity is the main factor 

affecting vegetation change within a pollen catchment, such approaches will be able to 

produce eigenvectors representing levels of human impact at the site (Birks et al. 
1988). Linear (Birks 1990, Hicks & Birks 1996) and unimodal (Gaillard et al. 1994) 

multivariate methods have both been successfully used for such purposes. 

In this study, indicator-species and multivariate approaches will both be used 

to identify key episodes of landscape abandonment. As mentioned above, one of the 
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fundamental limitations of the indicator species approach is that the abundance of key 

indicator taxa can be extremely restricted, resulting in a patchy record of limited 

statistical significance (cf. Odgaard & Rasmussen 2000). The obvious solution to this 

is to create composite spectra for generalised land-use categories. There is 

considerable disagreement between different authorities as to the precise indicative 

significance of many taxa (Table 3.4), and many are capable of prospering in more 

than one land-use category (cf. Behre 198 1). Nevertheless, if one compares the 

indicator values assigned to various taxa by researchers from Steckhan (196 1) 

onwards, it is apparent that many common taxa do have strong associations with 

particular land-use types - if not an obligate habitat requirement. 

Therefore, if one notes a sharp increase in the amount of (e. g. ) Aumex 

acetosella in a pollen record, this may be taken as a trend (though not a perfectly 

reliable proxy) suggestive of increasing levels of arable cultivation in the vicinity. If 

such increases are mirrored in other taxa generally associated with arable land-use, 

this trend will be strengthened, as will one's certainty that a genuine increase in 

arable cultivation is indicated. A significant change recorded in a composite spectrum 

will probably reflect simultaneous changes in multiple indicator taxa, making the 

misinterpretation of stochastic variations in low-abundance records far less likely. It 

must be stressed most strongly that the composite spectra do not 

represent absolute records of land-use change; they are merely strong 

probabilistic indicators of a particular category. Despite this, the relatively 

large size of the composite spectra and the reinforcement of the signal by multiple 

individual taxa make the approach potentially more reliable than a basic indicator- 

species approach. 

Pollen records from the sites studied in this project will be used to derive 

composite spectra for four broad categories of land use: arable land, pasture, shrubs 

(including recently-abandoned land undergoing the early stages of secondary 

succession) and mature woodland. A fifth category, heathland, will also be included 
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for lake sites; no separate category has been included for meadows as these would 

have been of extremely restricted extent in Medieval Cumbria (Rackham 1986). 

Arable land will be represented by the crops Cannabis sativa-type, Linum, Cereal-type 

and Secale cereak; also by the apophyte taxa, Urtica-type, Chenopodiaceae, 

Polygonaceae, Rumex acetosella, Brassicaceae, Asteroideae, Centaurea cyanus, Centaurea 

undiff. and Artemisia. Certain indicators, such as Fagopyrum, are unlikely to have been 

present in Medieval Cumbria and can be excluded from the basic group of indicators 

(Table IS). Pasture will be associated with Ranunculaceae, Fabaceae undiff., 

Trfiohum, Apiaceae, Plantago lanceolatalmajor, Succisa pratensis and Poaceae. 

Land Use: Indicator Taxa: 
Arable Urtica-type, Cannabis sativa-type, Chenopodiaceae, Polygonaceae, 

Rumex acetosella, Brassicaceae, Linum, Asteroideae, Centaurea 
cyanus, Arremisia, Cereal-type, Secale cereale 

Pastoral Ranunculaceae, Filipendula, Fabaceae undiff., Tifiblium, Apiaceae, 
Plantago lanceolata, Plantago media Imajor, Succisa pratensis, 
Centaurea undiff., Poaceae 

Mature Woodland Ulmus, Quercus, Alnus glutinosa, Tiha, Polypodium 
Shrub (secondary Betula, Juniperus communis, Corylus avellana-type, Sahx, Sorbus-type, 
succession) Rosaceae undiff. 
Heathland I Pteridium aquilinum, Empetrum, Erica, Calluna vulgaris, Faccinium 

Table 3.5: Pollen groups for composite spectra 

The mature woodlands of Cumbria will be typified by Ulmus, Quercus, Alnus 

glutinosa, Tilia and PoWodium (Pearsall & Pennington 1973); shrub components are 

slightly harder to define. Short-term vegetational response to landscape abandonment 
is a topic that has been largely neglected in palaeoecology; Berglund et al. (199 1) 

predict an expansion of Betula and Coglus avellana, but do not distinguish any herb 

taxa, as characteristic of this phase. However, several long-term ecological studies of 

oldfield succession have been conducted. Hill, et al. (1992), working in Snowdonia, 

recorded significant vegetational shifts within ten years of abandonment (Table 3.6). 

Most of these changes are in Poaceae species and thus not significant for palynologists, 
but noted increases in Calluna vulgaris, Erica cinera and Vaccinium myrtillus may be 

recorded in pollen spectra. Other plants also recorded as showing an immediate 
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Species: % Initial Cover: % Final Cover: % Change: 
Stron. ý Decrease: 
1r. jfAum rcpens 2.7 0.0 -100 _ Juncus squarrosus 5.3 0.2 - 91 
Cirsium palustrc 2.6 0.1 91 

Danthoma dccumbens 6.2 0.4 86 

Carcx pilulffilra 5.2 1.1 64 

Racomitrium lanuginosum 2.9 0.7 61 

Carc. x panicea 5.4 1.4 54 

Little Change: 

Luzula campestris 2.1 1.1 30 

Potmolla crecta 4.6 2.4 29 

Anthoxanthum odoratum 2.4 1.3 28 

Nardus stricta 20.4 11.6 27 

Pob'trichum communc 6.7 4.0 24 

Fcstuca ovina 50.2 32.2 21 

Gahum saxank 18.8 13.0 17 

Agrostis capillaris 25.4 20.7 9 

Hypnum lutlandicum 10.1 11.6 +7 

Pleurozium schrebm 4.0 4.8 +9 

Ph_ý-tidiadelphus squarrosus 7.9 13.6 + 26 
_ Holcus lanatus 1 2.8 1 4.8 1 + 26 

Moderate Incrcase: 
Erica tetralix 0.9 J. C) + 36 

Hi'locomium splendens 2.1 5.1 + 42 

Trichophorum cespitosum 1.3 3.4 + 4-4 

Agrostis onealis 6.8 19.3 +48 
Strong Increase: 
Narthecium ossffiragum 1.7 5.6 + 54 
Rumcx acetosa 0.8 2.7 + 55 
Erica cinera 0.9 3.2 + S7 

Itfohnia cacrula 6.1 2 3.8 + 59 
Fcstuca rubra -1.3 

9.4 + 60 
Ptcridium aquilinum 0.6 2.4 + 63 
Vaccinium m utillus 1.9 9.2 + 66 
Carcx binervis 0.2 2.6 + 84 
Achillea miliFfAum 0.3 5.3 + 88 
Dcschampsia ccspitosa 0.2 3.8 +8 L) 
Dcschampsia, flcxuJosa 1.1 21.2 + 90 
Pscudoscleropodium purum 0.3 6.6 + 9() 

I Calluna vuýqaris 0.1 1 11.1 + 98 
1 Holcus mollvý (). 0 1 3.8 + 100 

Table 3.6: Vegetation response to landscape abandonment, Snowdonia (I lill et (11. 
C)q 1) 
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response to abandonment include Rosaceae (Pickett 1982), Salix (Schmitt 1988) and 

Pteridium aquihnum (Marrs et a]. 2000). 

The general trend in oldfield succession appears to be a very brief expansion 

in annual taxa, which are out-competed by later-arriving perennials after two or three 

years (Wilcox 1998); in all but the highest-resolution pollen studies such fine detail 

will be lost. In the case of arable abandonment, the succession should be clearly 

apparent as a transition from arable to pastoral taxa. Abandonment of pastoral land is 

more problematic; the initial expansion of weed taxa will be indistinguishable from 

the perennial communities typical of pastoral land, with the exception of Rosaceae 

undiff. (Pickett 1982). Ericaceous taxa, (Empetrum, Erica, Calluna vulgaris and 

Vaccinium) should also respond rapidly, but in mire deposits these records will be 

overlain by local production. heridium aquilinum is also of questionable indicator 

value; Marrs et al. 's linkage of the species with oldfield succession is contradicted by 

Oldfield (1969), who associated heridium aquilinum with the spread of pastoralism. 

Larger plants such as Betula and Corylus avellana should be present and producing 

appreciable levels of pollen within ten to twenty years of a fall in grazing pressure, 
but if the chronological resolution of the pollen records is higher than this there will 
be a slight lag between the abandonment of a site and this being reflected in pollen 

spectra. The composite shrub (secondary succession) spectrum will therefore solely 
be composed of Betula, juniperus communis, Corylus avellana-type, Salix, Sorbus-tYPe and 
Rosaceae undiff.; in lake records, this will be supplemented by an additional 

composite representing heathland taxa (constituting heridium aquilinum, Empetrum, 

Erica, Calluna vulgaris and Vaccinium), which may show a slightly more rapid response 

to land abandonment than the shrub record. 

Once calculated, the significance of any variations in the composite spectra 

can be determined statistically using Fisherian confidence intervals (Parsons et a]. 
1983, Birks & Gordon 1985). 95% confidence limits will be established for each 

spectrum using the following formula: 
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r-fj -I 
-I- ,fAn, < / p+(1.92/n)±1.96 VP(I_P)/n+(0.96/n2 

1+ (3.84 / n) 

(where p is the proportion of the pollen sum represented by the sample, and n is the pollen sum) 

I ARABLE I 

I PASTORAL I 

J(HEATHLAND)j 

I SHRUB (Secondary Succession) I 

I MATURE WOODLAND I 

Fig. 3.10: Rank order of land-use intensity for composite pollen spectra 

Landscape abandonment will take a number of forms, all associated with reductions in 

arable production and/or grazing pressure. The land-use types indicated by the 

composite spectra can be ranked in an order of land-use intensity (Fig 3.10); an 

abandonment phase will be inferred at any point in the pollen diagram where there is 

a 95% significant reduction in arable and/or pastoral pollen and a corresponding rise 

in a lower-ranked group. 

A second method of quantifying vegetational change that will be used in this 

project is multivariate analysis (Birks et al. 1988, cf. Barber et al. 1994a). As opposed 

to the indicator-species approach (which concentrates on certain key taxa) 

multivariate techniques identify dominant gradients (eigenvectors) within the 

distribution of the entire data set. If human impact has been a significant influence 
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upon the vegetational history of a site, its relative intensity through time will be 

recorded in the variation of these eigenvectors. 

Most applications of multivariate analysis in palaeoecology have favoured 

uniniodal methods (& Birks et a]. 1988), but their automatic application to pollen 

records is frequently unjustified (B. V. Odgaard, pers. comm. ). Because a pollen 

source area represents an entire landscape rather than a point source, palynological 

records are often relatively homogenous in comparison with much other 

palaeoecological data. Consequently, the gradient length of the primary eigenvector is 

frequently short enough for linear multivariate techniques to be more appropriate. 

Therefore, an initial detrended correspondence analysis (D CA) will be carried out on 

the pollen data for each site to determine the gradient length of the primary 

eigenvector (Jonginan et a]. 1987). If the length is equal to or greater than 2CF, 

correspondence analysis (CA) will be used for the ordination; if it is smaller, Principal 

components analysis (PCA) will be preferred. 

If the latter method is employed, the figures will have to be partially weighted. If raw 

pollen percentage figures are used in PCA (cf. Dumayne 1992) the more abundant 

taxa will completely dominate the record (Maddy & Brew 1995); conversely, if all 

taxa. are given equal weighting, the resultant eigenvectors will be distorted by 

stochastic variations in the abundance of less common components. Therefore, the 

square roots of the percentage abundance will be used, and in addition any taxon 

below 1% abundance throughout the record will be excluded from the ordination. 
Gaillard et al. (1994) have demonstrated that the response of pollen assemblages to 

human impact is fundamentally multidimensional; therefore, the primary and 

secondary eigenvectors from the analyses will both be considered as potential human 

impact records. Although Canoco (ter Braak 199 1) will extract four distinct 

eigenvectors from a data set, it is likely that the third and fourth of these will be 

largely insignificant, more probably reflecting noise within the data rather than any 

coherent ecological signal. 
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Multivariate analysis will also be used to explore the behaviour of key 

indicator taxa. In some cases (cf. Gaillard et a]. 1994) modern agroecosystems are 

presumed to be close enough to their archaic equivalents to be used as a reliable guide 

to the indicator value of significant weed taxa. In this project, no such secure 

relationship exists; the presumed significance of indicators must be based on 

contemporary ecological knowledge and the relationships suggested by Behre (198 1) 

and others. Dumayne (1992) attempted to use principal components analysis to 

identify the long-term relationships between herbaceous indicator taxa. However, the 

results from these unweighted analyses were severely distorted by the dominance of 

certain components of the record (most notably Poaceae and Plantago lanceolata). 

Partial-weighting methods may be able to circumvent such difficulties. As in the 

ordination methods discussed above, an initial DCA (Hill & Gauch 1980) will 

determine the choice between CA and PCA; taxa below I% of total herbaceous 

pollen will be excluded from the ordination and partial weighting will be achieved by 

a square-root transformation. 

Results from these analyses may allow one to make a more historically- 

accurate assessment of the associations between certain taxa and specific land-use 

types. However, an even greater degree of accuracy may be afforded by the use of an 

alternative, fully-independent proxy indicator. In the next section, the significance 

and possible applications of one such alternative will be considered. 

3.4: Diatom Analysis 

Pollen analysis has long been the overwhelmingly dominant technique in the field of 
human impact studies; as discussed in the first chapter, this dominance may not be 

entirely healthy. Some researchers have experimented with alternative proxy 
indicators; charcoal (Edwards & Whittington 2000), dust influx (H61zer & H61zer 

1998) and geochemistry (Entwistle et a]. 1995) have all been successfully used in the 
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past. In contrast, the potential of alternative ecological indicators has arguably been 

neglected. Although modem environmental archaeologists use multi-proxy 

approaches as a matter of course (cf. Smith et al. 2001, Mighall et al. 2002), their 

palaeoecological cousins have at times seemed reluctant to follow this lead. One 

technique that may offer considerable promise is diatom analysis. Diatoms have 

become one of the most important palaeoecological indicators during the past twenty 

years, primarily though their use in a very different form of human impact research - 
the study of lake acidification and eutrophication (cf. Flower & Battarbee 1983, 

Bennion & Appleby 1999). In this section, the possible use of diatoms as an indicator 

of terrestrial human impact will be considered. 

Diatoms (the Bacillariophyceae) are unicellular algae that flourish in a range of 

aquatic environments (Battarbee 1986). During life, they secrete a siliceous test 

called a frustule; after death, these are frequently preserved in sediments, leaving a 
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fossil record that can be analysed in a manner similar to pollen. Several factors can 

affect the deposition and preservation of these records; the most important is 

probably sediment focussing (Haworth 1980, Cameron 1995). As in pollen 

deposition, tl-ds homogenises deposits, lessening the variability found in individual 

communities (Fig. 3.11). Differential preservation will be closely related to the 

nature of the lake and its ecosystem. Chironomid larvae are noted grazers of benthic 

diatoms (Botts & Cowell 1992), quite aside from their impact via bioturbation. 

Selective dissolution can also be an important factor in strongly alkaline lakes, where 

free OH- ions attack the Si-O bonds in less heavily silicified taxa (Flower 1993). 

Studies of fossil diatom records began in the 19thcentury, but it was not until 

the early decades of the 20' century that their true palaeoecological value began to be 

appreciated (cf. Pearsall 1921, Lundqvist 1924). Diatom populations are extremely 

sensitive to minor changes in water chemistry, and researchers realised that it was 

possible to reconstruct long-term changes in aquatic ecosystems from fossil records. 

Early studies were mainly devoted to lake ontogeny (cf. Pennington 1943), but 

concerns over freshwater acidification in the 1970s and 1980s took researchers in a 

new direction. Diatom analysis was proved to be a powerful tool in 

palaeoenvironmental reconstruction, as numerous studies (cf. Battarbee 1984, 

Battarbee et a]. 1985, Jones et al. 1986) demonstrated the link between acidification 

and industrial pollution. 

In the 1990s attention shifted to the problem of freshwater eutrophication. 

This was initially assumed to be a phenomenon of the industrial era (Bradshaw et a]. 

2001, cf. Reynolds & Lund 1988), with phosphorus from agricultural fertilisers and 

detergent-rich effluent the major cause of the problem. This consensus was strained 

by studies of the Shropshire- Cheshire Meres (Moss et a]. 1994, McGowan et a]. 

1999), which showed that these systems had been hypertrophic since the early 

Medieval period. This was initially claimed to be an effect of the unusual geology and 

hydrology of the lakes; some were unconvinced (cf. Anderson 1995), and felt that the 
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evidence suggested that major human impact on aquatic ecosystems had a far longer 

history than had hitherto been suspected. The existing paradigm - that all significant 

anthropogenic disturbances to lake ecosystems were confined to the industrial era - 

suddenly appeared questionable. Bradshaw et al. (2001) concluded that: 

"A 'natural' background state of the lake cannot be defined by looking at pre- WWI or pre- 

industrial conditions. " 

(Bradshaw et al. 200 1, p. 109) 

Such doubts appeared to be confirmed by studies finding an apparent link between 

long-term eutrophication and pre-industrial agriculture (Fig. 3.12); some went so far 

as to claim that cultural eutrophication could have been a common occurrence in 

Medieval Europe (van Geel et al. 1994, Bennion et al. 1996a). 

Palaeolinmologists have sometimes neglected the importance of land-use 

changes on aquatic ecosystems (Deevey 1984), but their possible impact had long 

been recognised by certain researchers. Studies of Esthwaite Water in the 1960s 

(Round 1961, Franks & Pennington 1961, Goulden 1964) had shown an apparent 

correlation between land clearance and trophic state, and land-use impact research 

during the SWAP programme Gones et a]. 1986, Renberg 1990) had confirmed this 

relationship. Most cases showed diatom populations changing in response to increased 

nutrient levels and increasing lake water alkalinity (typically around I pH, Renberg et 

al. 1993). Such responses were clearest during the initial deforestation of a catchment 
(cf. Haworth 1984, Guilizzoni et al. 2002); increased weathering of soils and subsoils 

within the catchment would lead to the accelerated leaching of base cations, which 

would then enter the lake system (Bormann et al. 1968). Bradshaw (2001, cf. 

Bradshaw et al. 2001) has also highlighted possible indirect impacts from 

deforestation, notably enhanced mixing resulting from greater exposure of surface 

waters to wind shear, and potential rises in water levels due to increased run-off and 

reduced evapotranspiration within the catchment. 
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Others felt that the relationship between lake and catchment was more 

sensitive, observing that some diatom records appeared to show continued response 

to land-use changes long after the initial deforestation phase (Gaillard et a]. 1991 a). 
Fritz (1989) was the first to openly propose that diatoms could actually be used as an 
indicator of agricultural intensity; Anderson et al. (1995, Fig. 3.13) amplified these 

claims, stating: 

"... it appears that diatoms are much more sensitive to changed environmental conditions than 

is the pollen record. " 

(Anderson et al. 1995, p. 820) 

Although diatoms may indeed be a more sensitive indicator of catchment disturbance 

than pollen, their response to human impacts will be a more complex amalgam; in 

particular, significant ecological changes will be determined more by nutrient flows 

within the catchment than by any direct control from land-cover change. Soranno et 

al. (1996) have characterised catchment controls on lake ecosystems as a function of 

geology; soil chemistry and structure; catchment slope, size, topography and land- 

use; and precipitation. The size and topography of the catchment are typically the 

most important factors (Hall & Smol 1993); these will determine both the size of the 
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Fig. 3.13: Summary pollen and diatom spectra from Kassj6n (Anderson et a]. 1995) 
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available terrestrial mineral /nutrient pool and the rapidity with wMch this can be 

transferred to the lake. 

The exact linkage between catcliment stimulus and limnological response is 

uncertain. Renberg et a]. (1993) identified the transfer of base cations as the key land- 

use impact, after finding a close correlation between diatom-inferred pH (Stevenson 

et al. 1989, ter Braak & Juggins 1993) and the expansion of apopbyte taxa (Fig. 3.14). 

Brugam (1978), in contrast, noted a rise in absolute diatom concentrations as the 

most distinctive anthropogenic signal. However, the most fundamental mechanism 

may be phosphorus eutrophication (Bradshaw et al. 2001, Miettinen et al. 2002); 

most aquatic ecosystems are phosphorus -limited (cf. King ct al. 2000, Kilinc & Moss 

2002) and will respond rapidly to inputs of labile fractions. Phosphorus is typically 

transported from the catchment via erosion and leaching (Haygarth & Jarvis 1999, 

vide pp. 128-130), though the latter is largely a phenomenon of the phosphorus- 
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saturated soils of modem agriculture. Odgaard (1989, cf. HSkansson & R6gnell 1993, 

Bradshaw et al. 2001) has also suggested that direct transfer of phosphorus to lake 

waters by the retting of Cannabis and Linum fibres (Godwin 1967) could have been a 

significant localised cause of pre-industrial eutrophication. 

The impact recorded in such cases will usually be edaphic eutrophication (cf. 

O'Sullivan 199S), with intensive cultivation and pastoralism accelerating the transfer 

of nutrients from the catchment. Eutrophication is of course not the only possible 

response to catchment disturbance; accelerated rates of erosion can also lead to 

paludification (Deevey et a]. 1979, O'Sullivan 199S), and changes in basin 

morphometry and flushing rate may mask any anthropogenic influences (Hall et a]. 
1997). Nevertheless,, in most sites one would expect nutrient enrichment to be the 

dominant outcome. The impact on diatom communities will be felt most strongly in 

small lakes; Deevey (1984) noted the "resilience" of such ecosystems - quick to 

respond to external forcing, and equally quick to return to their initial state once 
forcing ceases. These systems will thus be far more likely to exhibit a synchronous, 

linear response to catchment change (H&kansson & Regn6ll 1993) than larger lakes, 

where stronger internal controls within the system will produce a more episodic, 
"stepwise" response to forcing (cf. Alefs & Muller 1999, Bennion et a]. 2000). The 

study site for this research should therefore be a small lake in a relatively extensive 

catchment, with an effective pollen source area roughly comparable to its catchment 

size (Anderson et a]. 199S). 

Four independent limnological variables will be calculated at the test site: 
diatom-inferred values for pH, total phosphorus (TP) and dissolved organic carbon 
(DOC), and inferred absolute diatom concentrations derived from the geochemical 

record. As a result of the methodological advances of the past two decades, modern 

transfer functions are extremely easy to apply, but caution should be exercised in 

their use. Although the introduction of WA-PLS (weighted averaging partial least 

squares) regression (ter Braak 1995) has considerably improved the accuracy and 
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precision of transfer function output, problems can still be encountered with 

reconstructions at the limnological extremes of the training set (Lotter 1998, 

Bradshaw & Anderson 2001). At TP concentrations above 500 jig/I, most diatoms 

will be competitively excluded by cyanobacteria blooms (Bradshaw et a]. 2002); 

perhaps more pertinently for the current study, the coverage of oligotrophic systems 

is sparse in European TP training sets. Such patchiness can be partially avoided by 

using merged, Europe-wide training sets; however, the greater diversity in these sets 

often introduces unwelcome secondary gradients into WA-PLS reconstructions. 

These distortions can be circumvented by the use of LWWA (locally-weighted 

weighted averaging), a hybrid modern analogue /weighted averaging technique that 

builds its own discrete training set from the fifty closest analogues (minimum squared 

Xý distance) in the complete set. Experimental tests (Juggins 2001) have shown that 

LWWA consistently outperforms WA-PLS using the merged training sets. 

Further distortions may come from dominance of Fragilaria spp. in an 

assemblage. Members of this genus typically respond to changes in water depth and 

little else (Bradshaw et al. 2002); most are strongly eurytrophic and will significantly 

reduce the sensitivity of any TP transfer function applied to an assemblage (Sayer 

2001, cf. Philibert & Prairie 2002). For this reason, Fragilaria frustules will be 

excluded both from the basic diatom sum and any diatom-inferred TP 

reconstructions. Another caveat that should be noted is the influence of macrophyte 

growth on diatom assemblages. Eutrophication in shallow lake systems can proceed 

along two alternate pathways (Jones et al. 2002): those of periphyton or macrophyte 

dominance. In the latter case, macrophyte growth will act to inhibit phytoplankton 

growth, both by inhibiting subsurface irradiance and by the sequestration of nutrients 

(Sayer 2001). Thus, if a sudden change in macrophyte assemblages is noted in the 

pollen record, this may partially invalidate inferred variables from the diatom record. 

The linkage between catchment disturbance and limnological response may be 

studied by using multivariate analysis to establish the relationship between diatom, 
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pollen and geochemical records. These relationships will be analysed using canonical 

ordination techniques; redundancy analysis (RDA) and canonical correspondence 

analysis (CCA) both allow the distribution of palaeoecological data sets to be 

constrained by independent environmental variables (ter Braak 1986); such variables 

can be derived from diatom (pH, TP, DOC), pollen (composite land-use spectra) and 

geochemical (e. g. erosion, redox potential, phosphorus sedimentation) records. 

Methodology (initial DCA to determine choice between RDA and CCA, exclusion of 

taxa below 1%, partial weighting by square-root transformation) will be largely as in 

section 3.3, with the exception of the geochemical data: due to the greater precision 

of these measurements, all geochemical variables will be given equal weighting. The 

significance of key species-environment correlations will be tested using Monte Carlo 

methods (Kleijnen 1974). 

Reference: Site: Catchment disturbance indicators: 
Round(1961) Esthwaite Water Asterionellaformosa, ftagilaria spp. 
Elner & Happey-Wood Llyn Padarn Asterionellaformosa, Synedra acus 
(1980) 
Jones et a]. (1986) Round Loch of Cyclotella kuetzingiana, Fragilaria virescens 

Glenhead 
Fritz (1989) Diss Mere Nitzschia gracilis, Nitzschia palea, Synedra 

acus 
Renberg (1990) Lilla bresj6n Achnanthes minutissima, Asterionellaformosa, 

CVclotella kuetzingiana 
I Gaillard et al. (199 1 a, Bjaresj6sj6n Cyclostephanos dubius, Cyclotella 

1991b), H&kansson & meneghiniana, Cyclotella stelligera, 
Regn6ll 1993 Stephanodiscus spp. 
Anderson et al. (1995) Kassjbn Asterionellaformosa, Tabellariaflocculosa 
Bradbury et al. (2000) Lago de Pitzcuaro Aulacoseria ambigua, Cyclostephanos spp. 
Bradshaw eta]. (200 1) Dallund So Asterionellaformosa, Cyclostephanos dubius, 

Syne ra spp. 
Hausmann et al. (2002) Seebergsee Stephanodiscus parvus 

Table 3.7: Diatom response to catchment disturbance in palaeolimnological records 

It is also possible that certain diatom taxa may show a much more 

individualistic response to catchment disturbance. When one compares studies for 
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which same-core diatom and pollen records are available (Table 3.7), it is remarkable 

how often the same taxa recur, despite often huge disparities in the initial state of' the 

lakes. There appear to be two basic categories of long-term cultural eutrophication: 

one associated with the dominance of hypertrophic taxa (e. g. Bjýresj6sj6n, 

Seebergsee), and another more subtle form linked with a number of mesotrophic and 

eutrophic taxa. Of these, the most interesting is Astcrionclia. formosa Hass. (Fig, 3.15); 

although usually though of as a classic eutrophic indicator species (cf. Sabater & 

Haworth 1995), it is actually more characteristic of mesotrophic and lo'A'-ICvel 

eutrophic systems. Despite such unexceptional habitat preferences, Astcrionellafiorniosa 

appears to show a remarkable and recurrent sensitivity to cultural eutrophication of' 

every magnitude and in every era. Although rarely a dominant component in tile 

assemblage, it is nearly always present during the early stages of'catchment 

disturbance. This raises the intriguing possibility that this easily-identified species mav 

be usable as a free-standing human impact indicator, with no need to consider any 

changes in the Nvider diatom assemblage. I 

Diatoms mav be able to offer much to the researcher oftcrrestrial human 

impact. The homogenising effects of'pollcn deposition over a large source area mean 

that the palynologist must often reconstruct chan. ges in land use from subtle variations 

in the abundance ofcertain minor taxa. Diatoms, in contrast, are extrL111CIN' SCII. SitiVC 

to external forcing, and mav display a much clearer response to catchment chancre 

(vide Fi(,,. 3.12). It is hoped that the analyses proposed in these section Nvill lielp to 

clarify the interpretation of this potentially powerful proxy indicator record. 
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3.5: Testing the Climate Hypothesis 

Of all the proposed mechanisms of environment-culture interaction, it is climatic 

change that has attracted the most attention during the past decade. Suggestions that 

climatic deterioration was responsible for the decline of marginal settlement in 

Medieval England are not new (cf. Parry 1974, Dyer 1989, Lamb 1995), but in the 

past direct testing of such an hypothesis has always been problematic. In sections 2.6 

and 3.2, means by which climate might affect society were outlined; this section will 

consider how such a link might be demonstrated. 

Any test of the climate hypothesis will require parallel records for human 

impact and palaeoclimate. A measure of covariance between the complete records of 
both would be simple to calculate but is unlikely to be particularly illuminating. 

Attention should instead be focussed on specific episodes witl-dn the core; if climate 

was a dominant control at any point in the record, one should notice a close 

correlation between episodes of climatic deterioration and sudden falls in human 

impact intensity. It is possible that such a relationship might be entirely coincidental, 

so the hypothesis will be weighted as follows to avoid any erroneous corroboration: 

1. If climate was the dominant factor behind marginal settlement 

abandonment in the Medieval era, the social response to any climatic 
deterioration should have been rapid. If a 9S% significant abandonment 

phase is to be considered climatically-determined, it must be simultaneous 

with, or occur no more than fifty years after, a major climatic 
deterioration. 

2. Cumbria is a small region, and any changes experienced in Medieval 

climate should have been synchronous at all study sites. Therefore, any 

widespread patterns of climatically-determined abandonment at marginal 

sites should be similarly synchronous. 
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Walton Moss: multi-proxy palaeoclimate reconstructions 
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Fig. 3.16: Multi-proxy palaeoclimate records from Walton Moss, Cumbria (Barber & 

Langdon 2000) 



109 

Human impact records will be taken from pollen, diatom and geochemical 
data (sections 3.3,3.4,3.6), palaeoclimate data from existing studies. Cumbria is 

richly-provided with palaeoclimate records, most of which have come from raised 
bog studies by the University of Southampton Palaeoecology Laboratory (cf. Barber 

198 1, Barber & Langdon 2000, Barber et al. 1993,1994a, 1994b, 1998,1999,2003, 

Hughes et al. 2000, Mauquoy & Barber 1999a, 1999b, 2002, Mauquoy et al. 2002a, 

2002b). One of the most recent investigations has been Barber and Langdon's (2000) 

study of core WLM- 17 from Walton Moss (Fig. 3.16), which uses plant macrofossil, 
humification and testate amoebae records to generate an "effective precipitation" 

signal (cf. Barber et al. 1994) for the past three thousand years. The plant macrofossil 

and humification records from this study will be used as the "master core" for 

palaeoclimate in this study. The testate amoebae records will be disregarded; 

although they are a proven palaeoclimatic proxy (and in some respects a more 

quantitative one than plant macrofossils or humification, cf. Hendon et al. 2001), the 

low stratigraphic resolution of the record at Walton Moss (4 cm intervals) limits their 

effectiveness in a high-resolution study. 

Effective hypothesis testing requires that the chronological correlation 
between climate and human impact records should be as close as possible; at Walton 

Moss (section 4.3), this can easily be accomplished by taking climate and human 

impact records from the same core. The problem is more pressing at other sites; even 

the use of wiggle-matched "C dating and tephrochronology (vide p. 171) will leave 

significant error margins. One possible means of lessening this problem would be to 
"tune" (cf. Imbrie et a]. 1984, Martinson et a]. 1987) the Walton Moss record to 
human impact data using a basic climate signal derived from the secondary cores. 
Unrestricted "wiggle-matching" - particularly during the first flush of SPECMAP 

enthusiasm - has been a long-standing bane of Quaternary palaeoclimatology, but 

provided that the records are geographically and chronologically close the technique 

can offer a reliable basis for improving geochronological precision. Palaeoclimate 

records from Cumbria show a high level of spatial and temporal coherency (Barber et 
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a]. 1998, Mauquoy & Barber 1999a, 2002), and it should be possible to successfully 

tune independent records provided that they are measuring comparable climate 

components. Such methods are not unprecedented in human impact studies; Curtis et 

al. (1996) correlated a record of the collapse of Classic Mayan civilisation with 

evidence of heightened aridity in the Quelccaya ice core (cf. Thompson ct al. 1985) 

using 8180 variations in fossil ostracods (Fig. 3.17). 
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Sequence matching programmes for palaeoclimate data are available (Maher 

1998a, Lisiecki & Lisiecki 2002), and their use would be recommended for more 

extensive records. However, in the present study the limited length of (and likely 

number of significant variations in) the sequences mean that visual correlation should 

be sufficient. The choice of proxy for the secondary cores is relatively open; it need 

not be especially precise, as long as it is capable of detecting the key variations in the 

period of interest. The main considerations are that the technique be experimentally 

proven and that it can be quickly carried out. Two such techniques will be employed 

in this study: colorimetric records of humification at Hulleter Moss (section 4.3), and 
halogen concentrations at Mockerkin Tarn (section 4.3). 

Humification has a long history of use as a proxy climate indicator; the first 

systematic studies of palaeoclimate were Axel Blytt's (1876, cf. Sernander 1908) 

investigations of peat decomposition in Scandinavia, which led to the characterisation 

of the Blytt-Sernander climatic periods (West 1977). Such early measures of 
humification were largely based upon qualitative assessments of peat coloration (cf. 

von Post 1924, Troels-Smith 1955); a more objective measure can be obtained by 

colorimetric analysis of NaOH extracts from the peat (cf. Aaby 1976, Blackford & 

Chambers 1993). The lower the surface wetness of the mire surface is, the more 

extensive the decomposition of peat components within the acrotelm will be; hence 

in an ombrotrophic mire the level of peat hurnification will be directly related to the 

effective precipitation at the time of formation (Aaby & Tauber 197S, Blackford & 

Chambers 1991). 

The method is somewhat limited; the most precise measurements of 
humification will only provide an abstract measure of past climate, and distortions in 

the record are frequently encountered. The rate of decomposition is closely linked to 

the botanical composition of the peat (Mathur & Farnham 1985) - although in 

practice this is seldom a problem, as changes in the surface vegetation of an 
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ombrotrophic mire will themselves largely chmatically-determined (Barber 198 1), 

and in many cases will actually act to amplify the humification signal. Long-term 

diagenetic changes within the catotelm can also be experienced; because of this, 

Mauquoy & Barber (I 999a) recommend using the residuals from a linear regression of 

the humification record rather than the raw data. Provided that these caveats are 

noted, humification should provide a secure basis for chronological tuning at Hulleter 

Moss. 

The XRF analyses conducted on the Mockerkin Tarn core (vide pp. 125-126) 

will include concentrations of I, C1 and Br; lacustrine halogen concentrations are 

another potential palaeoclimatic proxy, first suggested by Mackereth (1966). 

Halogens in lake sediments are almost exclusively derived from marine sources 

(Pennington & Lishman 1971); they are lost from the sea as aerosols created by 

bursting bubbles (Seto & Duce 1972), or, in the case of iodine, by direct evaporation 

(Korzh 1984). Bruevitch and Egorova (1973), working in the Gelendzhik region of 

southern Russia, noted a variation in the concentration of iodine in rainwater of 

between 3.0 ggl-' and 5.7 ggl-', depending on whether the weather systems 

originated from the Black Sea or from the Eurasian interior. In Britain the annual 

deposition of halogens at a site will thus be closely linked to both the "oceanicity" of 

the climate and the annual precipitation input. 

After being deposited in a catchment, most halogens will be adsorbed onto 

clay colloids in surface soils, and incorporated into the lake sediments in this form 

(Pennington & Lishman 1971). The concentration of halogens in the sediments is thus 

a function of the initial input to the catchment and the proportion of allogenically- 
derived humic material in the sediments. An approximate palaeoclimate record can 

thus be derived by dividing halogen concentrations by the loss on ignition percentage 
(Dean 1974, cf. Pennington & Lishman 1971). Pennington and Lishman (1971, cf. 
Pennington et a]. 1972, D. R. Engstrom, pers. comm. ) found iodine in particular 

generally robust as a palaeoclimate proxy, and capable of reproducing the major 
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Fig. 3.18: Iodine concentrations at Bolton Fell Moss (Barber 198 1) 

climatic shifts of the Blytt-Sernander periods. Barber (198 1, Fig. 3.18) was more 

circumspect in his appraisal, noting that the ability of certain plants to concentrate or 

cycle halogens deposited in raised mires made the integrity of the palaeoclimate data 

questionable. In lake sediments, however, the homogenisation of source materials 

means this phenomenon is less likely to have a significant impact. This study offers an 

opportunity to assess the reliability of halogen concentrations as palaeoclimatic 

indicators; if a significant degree of agreement is found between concentrations of Cl, 

I and Br, the concentrations of these elements will be use to tune the Mockerk-in Tarn 

core to the palaeoclimate record at Walton Moss. 

Although there will be an unavoidable loss of chronological precision at all 

sites other than Walton Moss, the procedures outlined above will enable testing of 
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the climate hypothesis to be conducted on a reasonably secure basis. It is unlikely that 

this study alone will be able to provide a conclusive answer to the issue - it being 

impossible to create a single, critical test for a probabilistic hypothesis (cf. section 

3.1) - but it should, at the very least, help to clarify key research questions for future 

research in the field. 

3.6: Geochemical Analysis and the Postan Hypothesis 

The means of testing the Postan Hypothesis (vide section 2.6) and the wider 

consideration of how changes in human activity affect the chemical composition of 

lake sediments are two closely connected issues, and they will be treated together in 

this section. 

Pennington (1964) was the first to suggest that lake sediments could used as a 

record of past changes within the soils of a lake catchment; Mackereth investigated 

this proposal in two remarkable papers written in the mid- I 960s (Mackereth 1965, 

1966). In the years since this early research, geochemical analysis has somewhat 

grown away from its roots; most modem applications of the method are concerned 

with lacustrine autoecology, and only a small number of studies (cf. Willis et a]. 
1997) have investigated changes on a catchment scale. Nevertheless, the means by 

which human impact upon the catchment will impact lake sediments are generally 

well understood: in the following pages, the significance of each of the major groups 

of indicators will be considered. 

Erosion: 

Erosion within a catchment is a function of geology, climate and vegetation 

(Pennington et a]. 1972); if one assumes geology to have been a constant during the 

Holocene, climate and anthropogenic vegetation changes will thus be the major 

influences. Human impact will produce the most notable erosion signal at the period 
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of initial deforestation (Davis 1976, Fig. 3.19); erosional changes within a settled 

landscape will be more subtle in character (Dearing 1990, Foster et a]. 2000). If 

chronological controls on the lake sediments are perfect, absolute sediment yields 

should provide a reliable measure of erosive intensity within the catchment; in other 

circumstances, an independent proxy indicator should be sought. 

Magnetic susceptibility has become the most frequently-used method for 

gauging such changes in catchment erosion (Dearing 1991, Walden et a]. 1999), but 

geochemical techniques may also be employed. The concentration of "lithophile" 

elements such as potassium, sodium, magnesium, aluminium and titanium in the lake 

sediments will be closely linked to the intensity of erosive processes within the 

catchment (Burden et al. 1985), and were used by Mackereth (1966) as erosive 
indices. In stable catchments, most eroded material will come from mature topsoil; 

alkaline and alkaline earth metals in this material will have been strongly leached. 

Consequently, lake sediments derived from such soils will be depleted in these 

elements. If, conversely, erosion rates are higher that the rate of soil formation, the 

topsoils in the catchment will be progressively denuded, exposing less strongly- 

weathered subsoil material to erosion. This material will have a higher concentration 
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of alkali and alkaline earth metals, a difference that will be reflected in the lake 

sediments. The concentration of these metals in the lake sediments will thus be 

strongly related to the "maturity" of the soils in the catchment. In a disturbance phase 

the concentration of potassium, sodium and magnesium in lake sediments will 

increase significantly (Fig. 2.20, Fig. 2.2 1), reaching a maximum at the end of the 

period of intensive land use; a subsequent decline in these elements will reflect 

resurgent pedogenesis in the catchment. Aluminium, has also been used in a similar 

manner (Burden et a]. 1985), and closely parallels the behaviour of these elements. 

There are certain limitations to the techniques that should be noted. The most 

serious concerns Mackereth's use of ash weights when calculating the total allogenic 

mineral content of lake sediments. Mackereth (mainly working on oligotrophic lakes) 

underestimated the level of authigenic sedimentation in many systems, and the use of 

ash weight in this procedure can be compromised by high levels of biogenic silica and 

authigenic oxides (Engstrom & Wright 1984). An alternative would be to measure 

the concentration of alkali and alkaline earth metals relative to more chemically 

conservative sediment components; Engstrom and Wright (1984) recommend the 

use of aluminium and titanium as such "resistance indicators". Aluminium may be 

unreliable in such a role due to the increase in its mobility at low pH levels and the 

possibility of chelation with soil components, but titanium remains chemically inert in 

all but the most strongly dystrophic systems, and can be considered a reliable 
background indicator for calculating erosive indices (Engstrom & Wright 1984). 

Secondly, the elements noted above are generally chemically conservative in lake 

sediments, but diagenetic changes to the record are possible; potassium appears 

marginally less susceptible to such effects (Mackereth 1966) and should be considered 

the most reliable of these indicators. A third caveat, the representivity of the record 
in relation to the catchment, will be considered later in this section. 

Other lithophile elements have also been used to measure erosion, but 

caution should be exercised with some of these. Calcium cýn behave in a manner 
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similar to other alkali and alkaline earth components. (Fig. 2.2 1), and its ratio with 

potassium was used by Solovieva and Jones (2002) as an index of leaching intensity. 

However, its strong affinity for humic and falvic acids means that soil development 

within the catchment will exert a strong control on its deposition patterns (Engstrom 

& Wright 1984); similar problems have also been encountered with barium (Burden 

et al. 1985). Other elements are potentially less problematic: the leaching differential 

between strontium and rubidium has recently been used by Jin et al. (200 1) to 

measure weathering intensity, and could provide an independent check on the 

accuracy of the indicators described above. 

Organic sediments: 

Lacustrine carbon sedimentation will come from a mixture of alloclithonous and 

autochthonous sources. Loss on ignition (Dean 1974) will provide an accurate record 

of carbon content in organic-rich material, although ignition-related losses of 

structural waters will result in a consistent overestimation of the true figure if carbon 

content falls below around 12% (Mackereth 1966). 

Organic sedimentation also includes certain inorganic components; the most 

important of these is biogenic silica, which may be used as an approximate record of 
diatom and chrysophyte productivity. BSi concentrations can be determined directly 

using a multi-stage digestion procedure (cf. Engstrom & Wright 1984), but such 

methods are time consuming; a simpler alternative is to use the Si/Al ratio as a proxy 

record (Patience et a]. 1996). The natural ratio of these elements in inorganic material 

will be very close to 2: 1; increased deposition of BSi will be marked by a 

corresponding increase in the Si/Al ratio. Both elements are generally chemically 

conservative and diagenetic distortions of this record will consequently be minimal 

under most circumstances; however, the increased mobility of aluminium below pH 
5 and silicon above pH 8 (Engstrom & Wright 1984) means that Si/Al ratios from 

strongly acidic or alkaline systems should be interpreted with caution. 
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HjTolimnetic anoxia: 

Changes in the trophic status of a lake will impact the system in a number of ways, 

one of which will be the extent of anoxia in the hypolimnion (Clerk et a]. 2000, Little 

ct a]. 2000). Although the relationship between hypolimnetic anoxia and 

eutrophication is not perfect - changes in lake level and basin morphometry are also 

important influences - it is an important palaeolimnological variable, and one that 

may be reconstructed from the geochemical record. 

The input of iron and manganese to lake sediments is closely related to that of 

other lithophile elements. However, their long-term sedimentary record will reflect 

the chemical conditions of the surface sediments at the time of their deposition. Large 

proportions of both elements are deposited in the form of hydrous oxides, which are 

immobile under oxygenated conditions (Engstrom & Wright 1984). However, the 

development of hypolimnetic anoxia within the lake system will bring a consequent 
fall in redox potential at the surface-water interface, reducing these hydrous oxides 

and releasing iron and manganese from the sediments (Brugam 1978, Virkanen 

2000). The concentration of these elements in the sedimentary record can thus be 

used as a proxy indicator of hypolimnetic anoxia (Fig. 3.22). 

Manganese is marginally more susceptible to reduction than iron, and will be 

selectively depleted under anoxic conditions. The Fe/Mn ratio can consequently be 

treated as an index of anoxia (Mackereth 1966, Loizeau et a]. 2001), although two 

caveats should be noted. Firstly, changes in the Fe/Mn ratio may also reflect 

reduction in catchment soils; the source of such changes may be determined by 

comparing the behaviour of the Fe/Mn ratio and the total Fe concentration. If soil 

reduction is the main process, these records will be correlated; if anoxia is dominant, 

the relationship will be inverse (Mackereth 1966). Secondly, even in well-aerated 

systems oxygenation will only extend a few centimetres below the surface-water 
interface. Reducing conditions will thus be constant below this depth, releasing iron 
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and manganese to the surface. Concentrations of these elements in any samples taken 

from the top few centimetres of a core will therefore be unrepresentative of the 
history of the system (Engstrom & Wright 1984). 

Other elements may also show a response to changing redox potentials; 

phosphorus is significant amongst these and will be discussed later in this section. Also 

notable are nickel and cobalt, closely linked to iron and manganese concentrations 

(Mackereth 1966, Fig. 3.23), and chromium and molybdenum, high levels of which 

are associated with the development of stable, long-term anoxia (Lotter 1998). 

Other indicators: 

Sulphur is the most significant of the other major geochemical components, and is 

frequently enriched in lake sediments relative to the lithospheric average (Mackereth 

1966, Fig. 3.24). This enrichment comes largely from biological sources; sulphates in 

lake waters are taken up by phytoplankton and cyanobacteria, and bacteria at the 

surface-water interface may also precipitate free sulphur as FeS (Patience et al. 1996, 

cfi Holmer & Storkholm 2001). Certain other elements appear indicative of human 

impact; Entwistle et al. (1998) reported enrichment of a number of trace elements in 

the soils of abandoned settlement sites in the Scottish Highlands, including lutetium, 

cerium, praseodymium, caesium, rubidium and thorium. The precise mechanisms 

involved are unclear, though it is suggested that they are probably linked with 

weathering and the incorporation of organic material in cultivated soils. 

Heavy metal deposition, most notably that of lead (Hong et al. 1994, Shotyk et 

al. 1998, Renberg et al. 2001), copper (Hong et al. 1996a, 1996b) and zinc 

(Mackereth 1966) closely reflects global pollution patterns. The true significance of 

such records, however, is geochronological rather than environmental, and will be 

discussed in section S. 2. 
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Phosphorus: 

Phosphorus deposited in lake sediments behaves in a manner similar to iron and 

manganese. Under conditions of low redox potential (<+200 mV), Fe-sorbed and 

occluded phases are reduced and released to the lake waters; high alkalinity will 

likewise displace hydroxyl-immobilised phases (Engstrom & Wright 1984, cf. 

Gachter & Miiller 2003). The sedimentary record of phosphorus is thus more truly a 

reflection of palaeo-redox conditions than a record of biological production; it will be 

shown later in this section how such difficulties may be overcome. 

Measurement techniques and representivity: 

The geochernical analysis of lake sediments has traditionally been conducted using 
bulk chemical analysis (Mackereth 1966) or ICP mass spectrometry (Entwistle et a]. 
1995, Willis et a]. 1997). There are significant limitations to these techniques: both 

are sample- destructive, and multi-element studies using chemical analysis are 

extremely time-consuming. An alternative, non-destructive technique is the 

application of X-ray fluorescence (Szaloki et a]. 1999). XRF analysis is seldom used in 

palaeolimnology (Boyle 2000); early instruments were slow and typically restricted 

to single-element analyses (Rhodes 1966), and the technique was largely confined to 

industrial applications. Modern instruments, in contrast, are rapid and impressively 

multi-elemental (although the nature of the technique means that lighter elements 

cannot be effectively analysed - loss on ignition will be used to determine carbon 

concentrations in the present study). 

The technique measures the photoelectric fluorescence of secondary X-rays 

generated within a sample (Boyle 2000). During analysis, the sample is exposed to x- 

rays of known energies, generated either by an X-ray tube or a radioisotope source. 

The energy of these X-rays is slightly greater than the binding energy of inner shell 

electrons in the measured elements; these electrons are consequently discharged, and 

their vacant place in the atomic structure taken by electrons cascading in from higher 
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shells. As these electrons drop to lower energy levels within the atom, they release 

their excess energy in the form of secondary X-rays: the "fluorescence" of' the 

technique's name. Every element produces X-rays ofa characteristic energy level, 
I- 

and the total quantity of output is proportional to the concentration ofelements in 

the sample- thus, calibrated output from the analysis will give a quantitative, multi- 51b 

elemental record of the sample's geochernical composition, 
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The precision of the technique when measuring individual samples is 

enormously high (certainly when compared with pollen and diatom records), with 

error margins frequently quoted in parts per billion. Assessing the representivity of 

such measurements, both in relation to the studied lake and the entire catchment, is 

more pr'oblematic. Firstly, it is by no means certain that deposition in the lake basin 

will accurately reflect regional changes, particularly if transported material is being 

stored elsewhere in the catchment (cf. Dearing et al. 2001). Considerable spatial 

variation will also be encountered within the lake basin, with lighter sedimentary 

fractions being focussed in deeper areas of the lake (Engstrom & Wright 1984, Yang 

et"al. 2002). Multiple-core studies of single lakes (cf. Baker et al. 1992, Hodell & 

Schelske 1998) confirm that a single-core approach cannot provide an accurate, 

absolute record of geochemical variations throughout the entire system. 

However, for the purposes of this study such precision is unnecessary; all that 

is required is for the general form of the variations - the shapes of the geochemical 

curves - to be consistent throughout the system. Verschuren (1999), studying lakes 

in the central Kenyan Rift Valley, noted a broad similarity in geochemical variations 

that was particularly marked in smaller basins (Fig. 3.2S, cf. David et a]. 1998). Slight 

inter-core variations have been noted in such systems - especially when comparing 

epilimnetic and hypolimnetic sediments (cf. Baker et a]. 1992) - but the temporal (as 

opposed to spatial) integrity of geochemical records from single, small-lake cores 

appears to be reasonably secure. 

Testing the Postan Hypothesis: 

The Postan Hypothesis (vide section 2.6) states that intense population pressures on 

agricultural land in the 13th and 14th centuries led to a catastrophic decline in soil 

fertility, possibly caused by a fall in the levels of bioavailable phosphorus (Newman & 

Harvey 1997). A change of this nature should leave behind a detectable record in lake 

sediments; in this subsection it will be shown how geochemical and palaeoecological 

evidence may be used to test the hypothesis. 
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Zone: 
Post-Maya 

Yaxha: 
8.58 

Sacnab: 
8.05 

Quexil: 
4.39 

Late and Postclassic 11.02 9. S7 5.87 
Early Classic 3.25 22.38 5.76 
Late Preclassic 1.29 13.6S 4.22 
Middle Preclassic - 3.14 1.71 
Early Preclassic 1.70 2.67 
Pre-Maya - 0.66 

Table 3.8: Phosphorus influx (ggCM-2a-') to lake sediments at 

Mayan archaeological sites (Deevey et al. 1979) 

One extraordinarily prescient study in the 1970s attempted precisely this: 

Deevey et al. 's 1979 investigation of the effects of Mayan urbanism on the 

environment of northern Guatemala. Using a multi-proxy approach, closely 

integrated with archaeological field evidence, Deevey et a]. demonstrated that the 

collapse of the Classic Mayan culture was consistently associated with sustained 

phosphorus impoverishment of the soils around Mayan population centres (cf. 

Whitmore et a]. 1996). Results from three sites (Table 3.8) showed significant 

increases in the deposition of phosphorus in lake sediments in the Classic period, with 
levels falling after the sites were abandoned in the 9th century. However, for all 
Deevey et al. 's ingenuity, such figures are in themselves of limited value (cf. Filippelli 

& Souch 1999). All that they can tell us is that the sedimentation of phosphorus 

increased in these systems during periods of intensive land use; we cannot know if the 

actual influx of phosphorus increased, nor if the catchments were becoming seriously 
depleted in this element. If answers are to be provided to questions such as these, one 

must consider exactly how phosphorus is transferred from soils to the sedimentary 

record. 

All forms of phosphorus are ultimately derived from the weathering of 

apatite. This process releases phosphorus into the soil solution, which is then rapidly 

adsorbed or chelated onto organic and clay particles, forming the main terrestrial 
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reservoir of bioavailable phosphorus (Nash & Helliwell 2000, Fig. 3.26). Losses from 

the system will typically be from erosion or leaching, though the latter is largely a 

contemporary phenomenon. In pre-industrial systems, erosion would have been the 

dominant process (Deevey et a]. 1979, Dearing et al. 1987); even in the artificially- 

enhanced soils of modem Western Europe, around 50% of soil phosphorus losses are 

still from this mechanism (Reynolds & Davies 2001). Alternative pathways of 

phosphorus transportation such as effluent inputs, subsurface transfer from soils to 

sediments (Jordan & Rippey 2003) and the retting of Cannabis and Linum fibres (vide p. 

103) are likely to have been either insignificant in the Medieval era or only of 

localised importance. 

In natural ecosystems, the cycling of phosphorus is typically extremely "tight" 

(vide pp. SO-5 1), and the minor losses experienced by the system are replenished by 

natural apatite weathering. However, this delicate balance can be disturbed by 

intensive cultivation. Sustained manuring and tillage act to concentrate phosphorus in 

the topsoil (McCawley & McKerrell 1972); much of this reservoir is adsorbed to fine 

organic and clay particles, which are preferentially eroded and lost to the system 

(Sharpley & Smith 1990, Heathwaite 1994). If such losses are not balanced by 

weathering or manuring, the store of bioavailable phosphorus in the catchment will 
be rapidly depleted. In a system in equilibrium, the supply of phosphorus to lake 

sediments should be directly proportional to the overall level of allochthonous input. 

If, however, the supply of adsorbed phosphorus within the catchment is becoming 

exhausted, there will be a gradual decline in the rate of phosphorus supply relative to 

allochthonous sediments. One would thus be able to disprove the Postan Hypothesis 

if one could demonstrate that no such divergence existed between phosphorus and 

total allogenic loading. 

An additional challenge that must be overcome if one is to accurately 

reconstruct phosphorus inputs is the mobility of many phosphorus fractions in 

hypolimnetic sediments. Deevey et al. (1979) assumed that most of the phosphorus 
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entering their carbonate-rich study sites would be immobilised on deposition. 

However, in the soft-water systems of the Lake District much of this sedimentary 

phosphorus will be reduced and taken up by the aquatic biomass (Fig. 3.26). A 

solution to this problem was suggested by Rippey and Anderson (199 6), who devised 

a means of integrating phosphorus concentrations in the sediments and in the lake. At 

depth, phosphorus concentrations are not subject to diagenetic change (van Huet & 

de Haan 1992, Sondergaard et al. 1996); only mobility from surface sediments need 

be considered. This reduced component can be inferred from sedimentary diatom 

records (Bennion et al. 1996, Lotter et al. 1998, vide pp. 103-104); the total 

phosphorus influx to the lake system can thus be reconstructed by summing: 

The total phosphorus sedimentation in the lake basin over a time 

interval, and 

The total concentration of phosphorus in the lake water over the same 

time interval (derived from diatom-inferred total phosphorus and the 

volume and flushing coefficient of the lake). 

This sum may be expressed as: 

L= TPzp + TPza 

(RIere L is the total phosphorus loading to the lake basin (MgM, 2 a"), TP is the total 

phosphorus concentration (mgm-3), z is the mean lake depth (in), P is the hydrauhcflushing 

coefficient (a-) and CY is the phosphorus sedimentation coefficient (a-). ) 

A single core will produce reliable results for the diatom-inferred phosphorus 

records (Anderson 1998, Fig. 3.27), but sedimentary phosphorus fractions, usually 

relatively light, will be focussed in the deeper areas of the basin (Carignan & Flett 

198 1, Noges & Kisard 1999). For this reason, it is preferable for multiple cores to be 

used to calculate absolute sedimentary phosphorus loading, correlated by using loss 
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on ignition or magnetic susceptibility records (Dearing 1986). Unfortunately, 

attempts to determine phosphorus concentrations in the Mockerkin Tarn cores using 

spectrophotometric methods (cf. Mufioz et al. 1997) were unsuccessful, leaving only 

the XRF records from a single core (MCK-2) to work with. A quantitative 

reconstruction from this would not be reliable, but a qualitative test of the Postan 

Hypothesis is still possible with this data. The supply of phosphorus relative to 

allochthonous input can be determined by measuring sedimentary and diatom- 

inferred phosphorus concentrations relative to that of titanium, which may be 

regarded as a constant in allogenic material (vide p. 118). Long-term cultivation at the 

site will result in accelerated erosion of phosphorus-enriched topsoils within the 

catchment, leading to increased loading of phosphorus in the lake sediments relative 
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to the influx of titanium. If the system is in phosphorus-equilibrium, these elevated 

levels of loading will be maintained; if the system is in phosphorus-disequilibrium, the 

influx will be increasingly dominated by depleted topsoils and phosphorus-poor 

subsoil components. If this scenario occurs, the P/Ti ratio in the lake sediments and 
diatom-inferred profiles will peak and then decline. Such a pattern may be 

interpreted as an absolute decline in the phosphorus concentrations of allogenic input 

to the lake, suggestive of catchment-scale phosphorus depletion. If there is no 

significant fall in land-use intensity associated with any such depletion, the Postan 

Hypothesis may be regarded as being falsified at the site. 

A single qualitative test of this type cannot provide incontrovertible evidence 

of the veracity, or otherwise, of the Postan Hypothesis. In addition, the methodology 

used will only allow one to note general depletion of phosphorus reserves within the 

catchment; calculating whether such depletion would be severe enough to impact 

local agricultural production is beyond the scope of this study. Nevertheless, these 

, methods will provide a qualitative record of phosphorus concentrations in medieval 

soils, and as such will provide a valuable supplement to the work of Newman and 

Harvey (1997). 

3.7: Laboratory Methodology 

This section briefly describes the laboratory procedures used to extract 

micropalaeontolgical and other palaeoenvironmental records from the lake and mire 

cores used in this project. There is a significant amount of extra detail on pollen 

analysis, as the methods used in this study differ from standard procedures at certain 

points. Coring and dating techniques are not included in this section, and will be 

described in sections 4.2,5.1 and S. 2. 
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Pollen analysis: 

Samples were taken from the lake and mire cores at I cm. intervals - with the 

exception of Hulleter Moss and Walton Moss, where existing studies allowed the 

depth of Medieval-age sediments to be determined with a reasonable level of 

confidence. At these sites, samples were initially taken at 2 cm. intervals, increased to 

I cin in key sections of the core. All samples were taken using a clean scalpel and/or 

spatula. Contamination from younger sediments is a potential problem when using 

material taken using a Russian corer; because of this, the surface 1-2 mm of peat from 

mire site cores was removed using a scalpel and samples taken from beneath this 

level. 

Sample preparation followed the procedures of Barber (1976): all samples 

were heated with 10% KOH, sieved (using a 180 prn sieve, plus a 10 pm micromesh 

to remove fine organic detritus and clay particles from the samples) and treated with 

acetylation mixture (conc. H2SO41(CH3CO)20), In addition, all material from lake 

cores was treated with heated 40% HF; HC1 was not used on the samples, due to the 

absence of any significant levels of carbonate material in the cores. Extracted material 

was stained with safranin and mounted on slides using a 200/ 2000 cs silicon fluid 

medium (Andersen 1965). 

The choice of pollen sum was determined by the need to produce a faithful 

representation of changes in regional or extra-local vegetation patterns distinct from 

any shifts in local production. Moore et a]. (199 1) distinguish two forms of pollen 

sum: total pollen (TP), which excludes spores and aquatic taxa, and total dry land 

pollen (TDLP), whA also excludes a variety of taxa growing on (or on the margins 

oo the site. The second of these has been applied, with a distinction drawn between 

lake and mire sites. In the former, spores, aquatic taxa and Cyperaceae are excluded 
from the sum, plus Salix, Alnus glutinosa and Pinus. Salix and Alnus glutinosa are 
frequently over-represented in pollen spectra due to their frequent association with 
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water bodies and mire systems (Janssen 1959); Pinus records can encounter similar 

problems (Jensen et al. 2002), and may also distort reconstructions of regional 

vegetation due to the vast size of its pollen source area relative to most other taxa (cf. 

Tipping 1989). The pollen sum used for mire sites will be as above, but will also 

exclude flowering plants typical of the local production of mire systems (Calluna 

vulgaris, Erica, Drosera, Empetrum and Vaccinium). At Mockerkin Tam, Cannabis sativa- 

type pollen has also been excluded from the sum; the extremely high concentrations 

of this taxon encountered in parts of core MCK-2 (vide Fig. 6.4) are probably from 

hemp retting (Godwin 1967), and the deposition of Cannabis pollen at the site would 

thus effectively be a component of local production. 

Five hundred total dry land pollen (TDLP) were counted from each slide, 

with the exception of Deer Dyke Moss, where the sum was reduced to two hundred 

and fifty due to the large number of levels examined at the site. Samples were 

counted using a Nikon Optiphot microscope; systematic traverses of the pollen slides 

were made at a magnification of X400. Grains requiring higher'magnification were 

identified with aX 1000 oil immersion lens. Identifications were made using the keys 

of Faegri et a]. (1989) and Moore et a]. (1991), supported by the type slide collection 

of the University of Southampton Palaeoecology Laboratory. 

Birks (1994) has stated that in quantitative reconstruction from 

palaeoecological data, the highest possible level of taxonomic precision should always 

be sought. However, in human impact studies the low abundance of many taxa means 

that many important indicators (particularly amongst herbaceous taxa) have a 

fragmentary record that will seldom show any statistically significant variation (Birks 

& Gordon 1985). An alternative approach in palynology (cf. Huntley & Prentice 

1988, Bartlein & Whitlock 1993) has been to restrict the number of taxa studied by 

amalgamating many of the smaller spectra. This approach has been adopted in the 

current study: many taxa have been classified only at family or genus level, and rare 

species have only been left separate when they are clearly identifiable and closely 
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associated with particular land use patterns (eg. Centaurea ýYanus). Taxonomic 

nomenclature mostly follows the conventions of Stace (199 1) and Bennett et a]. 

(1994), but the following classifications differ slightly from standard practice and 

require further explanation: 

Corylus avellana-type: Distinguishing the pollen of Coýylus avellana and Myrica gale 

is problematic (Faegri et a]. 1989), and Edwards (198 1) considered existing 

procedures for differentiating between the two species unreliable. This morphological 

classification is thus used throughout the study. The behaviour of the type in pollen 

records relative to other arboreal taxa (cf. Chapter 6) and the relative absence of 

Myrica gale at the study sites suggests that Corylus avellana is usually the species 

represented; nevertheless, the potential of "contamination" of the record from Mýjyrica 

gale should be noted. 

Cannabis sativa-type: This classification includes both Cannabis sativa and Humulus 

1upulus, species that are difficult to distinguish using light microscopy (cf. Whittington 

& Gordon 1987). Walker (1966) considers virtually all pollen of this type found in 

Cumbria to represent Cannabis sativa; Humulus 1upulus is almost unknown in the region 

either as a wild or cultivated plant, whereas the county has a long historical record of 
Cannabis cultivation. This is supported by high concentrations of the pollen type found 

at Ehenside Tam (Walker 1966), suggestive of hemp retting (Godwin 1967); similar 

concentrations were found during this study in zone MCK2-132 of Mockerkin Tarn 

(vide Fig. 6.4). It is therefore assumed that pollen of this type identified in this study 
indicates the presence of Cannabis sativa. 

Rumex undiff. /Rumex acetosella: The genus Rumex (including Oxyria) has been 

treated as an undifferentiated whole, with one exception in the case of Rumex 

acetosella. The significance of Rumex as a land-use indicator is uncertain (cf. Turner 

1964, Riezebos & Slotboom 1978), but an exception to this can be made in the case 

of Rumex acetosella, which Behre (198 1) notes as being strongly indicative of arable 
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cultivation. Rumex acetosella is thus treated separately from the rest of the genus at all 

sites with the exception of Deer Dyke Moss. 

Saxifragaceae: The Saxifragaceae were treated as an undifferentiated family in all 

sites; it should however be noted that the extremely high levels of this type 

encountered in the upper zones of the core from Elterwater were virtually all of 
Saxfiraga oppositfiolia. 

Rosaceae undiff.: With the exception of clearly-distinguishable and ecologically 
distinct taxa such as Filipendula and Sorbus-type, all pollen from the Rosaceae family 

were left undifferentiated. 

Asteroideae/Lactucoideae: The pollen of the Asteraceae family were classified as 

Asteroideae or Lactucoideae, with the exception of the genera Centaurea and Artemisia. 

Although Turner (1964) treats the family en bloc as indicators of arable activity, a 
distinction should be apparent between the Lactucoideae (predominantly Taraxacum 

vulgare) and the Asteroideae, which (with the exception of Bellis perennis), are 

dominated by annual taxa characteristic of arable production. 

Centaurea undiff.: This classification includes both Centaurea nigra and Centaurea 

scabiosa. 

Poaceae undiff.: Identification of the Poaceae at anything below family level is 

exceptionally difficult (Moore et al. 1991), a frustrating restriction considering the 

importance of Mohnia species on some mire systems. Beug's (196 1) exhaustive study 

of the family attempted to resolve the problem using subtle variations in size, annulus 
dimensions and surface texture, but limitations in the capabilities of light microscopy, 

plus the fact that for many of the proposed characteristics variation between 

individual grains was greater than the variation between species, meant that his 

system was largely unworkable. However, a distinction between wild grasses, 
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Phragmites and cereal pollen (see below) is possible. Faegri et al. (1989) suggest that 

grains with indistinct columellae, a mean diameter below 26 Am and an annulus 

diameter below 10 Am should be considered Phragmites. It should be noted that the 

measurements quoted refer to glycerol preparations, and it is therefore proposed that 

24 Am represents a more realistic limit for samples preserved in silicon fluid (Morriss 

2001). 

Cereal-type/Secale cereale: Andersen (1979, cf. Edwards 1989) suggests that a 

morphological distinction can be made between cereal and wild grass pollen, noting 

that most grains with a mean diameter in excess of 37 pm and an annulus diameter 

greater than 8 pm would be from cereals. The classification is not infallible, and will 

class wild forms of Hordeum and Avena as cereal-type pollen, but it is a simple and 

relatively robust procedure. Faegri et al. (19 8 9) further subdivided cereal pollen into 

Secale cereale, the Hordeum group and the Avena-Triticum group, which could be 

differentiated by variations in size, annulus form and surface microsculpturing. 

However, the distinction between the latter two categories is at best hazy and has not 
been adopted in this study. Secale cereale, however, can be easily identified even at 

X400 magnification due to its prolate form and asymmetric annulus placement 

(Dickson 1988). Because of this, and the fact that it is the only non-autogamous cereal 

species encountered in the British record, Secale cereale has been treated separately in 

pollen counts. 

Dryopteris-type (monolete) undiff.: This type includes all bilateral, monolete 

Pteropsida spores lacking a visible perine. 

Diatom analysis: 

Samples were taken from main Mockerkin Tarn core at 2 cm. intervals; this resolution 

was increased to 1 cm in key sections of the record; all samples were taken using a 

clean spatula. Sample preparation followed the procedures of Battarbee (198 6): all 
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samples were heated with 30% H202, washed in distilled water and mounted in a 

Naphrax medium. Four hundred frustules (excluding Fragilaria spp., vide p. 104) 

were counted from each slide. Samples were counted using a Nikon Optiphot 

microscope; systematic traverses of the slides were made under phase contrast at a 

magnification of X 1000 (oil immersion lens). Identifications were made using the 

keys of Barber & Haworth (198 1) and Krammer & Lange-Bertalot (2000), and the 

online resources of the European Diatom Database (http: / /craticula. ncl. ac. uk: 8000/ 

Eddi/jsp/index. jsp). Taxonomic nomenclature follows the conventions of Williams, 

et a]. (19 8 8). 

Loss on Ignition: 

Laboratory procedures followed Dean (1974). Samples were taken from the main 

Mockerkin Tarn core at 1 cm intervals using a clean spatula and dried overnight under 

an infra-red lamp; the sample was then powdered with a pestle and mortar, and a 

subsample of c. 1g weight taken from it and weighed. This subsample was then 

heated to 550*C for one hour and weighed again, and the % LOI calculated from the 

difference between the two weights. 

X-raTfluorescence: 

Laboratory procedures followed Croudace & Gilligan (19 90). Samples were taken 

from the main Mockerkin Tam core at 2 cm intervals using a clean spatula and dried 

overnight under an infra-red lamp; the sample was then powdered with a pestle and 

mortar, and a subsample of c. 10 g weight taken from it. Subsamples were placed on 

a rhodium target, compressed at 120,000 N to form a powder pellet and then 

analysed using a Philips PW1400 X-ray fluorescence spectrometer. Calibrations were 
based on a range of international geochemical reference materials and depended on 

the use of the scattered radiation method. 
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Colorimetric Analysis ofPeat Humfication: 

Laboratory procedures followed Blackford & Chambers (1993). Samples of c. 4 cm 3 

were taken from the Hulleter Moss core at 2 cm intervals (increased to I cm in key 

sections of the core) using a clean scalpel. As with the pollen preparations, the surface 

1-2 mm of peat from mire site cores was removed using a scalpel and samples taken 

from beneath this level. The samples were dried overnight under an infra-red lamp, 

powdered with a pestle and mortar and a 200 mg subsample taken from each; the 

subsample was then simmered in fresh 9% NaOH for one hour (Langdon 1999, cf. 

Aaby 1976, Rowell & Turner 198S). After cooling the samples were transferred to a 

volumetric flask, diluted to 200 ml with distilled water, shaken and then filtered 

through Whatman Qualitative No. I paper. SO ml of this filtrate was diluted to 100 

ml with distilled water and shaken again. Four hours after the initial mixing, three 

samples were taken from the final solution and percentage absorbance at S40 rim. 

(Aaby 1986) on each was measured using a WPA S 106 spectrophotometer; the mean 

of these was used to provide the final percentage absorbance figure. 

3.8: Conclusions 

The two linked aims of this project, outlined in Chapter 1, were to uncover the 

causes of depopulation in rural England in the early 14t" century, and to advance the 

methodologies available to human impact researchers. Palaeoecologists working in 

this field have always faced difficulties in drawing definite inferences from their 

research (Edwards 1979). However, notable successes in other branches of the 
discipline (cf. Barber 198 1, Battarbee et a]. 1985) show that these difficulties are not 
insurmountable. With careful experimental design and an appropriate choice of study 

sites, it is possible to use an hypothesis-testing approach (cf. Platt 1964, Popper 

1972) in any area of palaeoecology. 
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Historical accounts of the crisis of the Wh century appear to offer a choice 

between an external environmental control on population (climate) and a partially 

self-inflicted catastrophe (soil exhaustion). The challenge faced by this study was to 

reconstruct these factors, and to examine what effect they may have had on rural 

depopulation. Section 2.7 outlined three objectives for this project; these will be 

repeated below, along with the measures that have been proposed for their successful 

resolution: 

1. To use the techniques of palaeoecology to determine the 

timing of episodes of marginal settlement abandonment in the 

Medieval period. 

Pollen records will be summed to create composite spectra reflecting major land-use 

categories (arable, pastoral, shrub, mature woodland and beathland); statistically 

significant (95% confidence) transitions between these categories at a site will be 

considered as indicating a major change in land use. Diatom responses to changes in 

land-use patterns will also be explored; their relationship with pollen and 

geochemical records will be investigated using constrained ordination, and the 

responses of Asterionellaformosa to land-use changes will also be considered. 

2. To establish whether a causal link between this abandonment 

and patterns of climatic change can be demonstrated. 

The multi-proxy palaeoclimate record from Walton Moss will be used as the master 

climate record for this study; the human impact records at Hulleter Moss and 

Mockerkin Tam will be tuned to this data using humification residuals and halogen 

concentrations. For the climate hypothesis to be fully corroborated, phases of 

settlement abandonment must occur synchronously at all sites, and they must also 

occur at the same time or no more than fifty years after a major climatic 
deterioration. 
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3. To reconstruct the history of phosphorus cycling in marginal 

sites, and determine if this would have had an impact on 

settlement abandonment. 

A qualitative record of phosphorus loading to the site at Mockerkin Tarn will be 

determined by combining sedimentary and diatom-inferred phosphorus 

concentrations. If suggestions that phosphorus levels were declining in marginal soils 

are correct, the phosphorus input to the lake relative to total allogenic loading should 

show a substantial and sustained decrease during periods of sustained, intensive 

cultivation. If any such declines are not associated with falls in the overall level of 

agricultural intensity within the catchment, the phosphorus-stress hypothesis will be 

rejected. 

It is unlikely that this study will be able to final and conclusive answers to the 

controversies of the Late Medieval population decline. The difficulties of conducting 

severe tests of palaeoecological hypotheses (vide section 3.1) mean that establishing 

such answers will probably require considerably more studies in a wider range of 

environments (cf. Battarbee & Renberg 1990). Nevertheless, this project should be 

able to at least partially fulfil its initial aims. Firstly, it will represent an attempt to 

judge historical hypotheses according to scientific criteria. Secondly, it is hoped that 

the project will show that approaches from other fields of palaeoecology may be 

profitably applied to pollen-based human impact studies. 

The critical sites for this study will be mires and lakes in the marginal 

agricultural areas bordering and within the Cumbrian Lake District. In the next 

chapter, these sites will be identified and described. 
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CHAPTER FOUR: SITES 

Introduction 

This chapter will describe in detail the physical characteristics of the sites studied in 

this project, the techniques used when coring lake and mire sites and some of the 

difficulties that may be encountered when conducting palaeoecological research in 

these environments. First, however, two more general points will be considered: the 

geological history of the Lake District and its hinterland, and the rationale behind site 

selection adopted in this study. 

Pre-Holocene Development of the Lake District: 

The mountain areas of the Lake District are formed from the Ordovician Skiddaw 

Slates to the north and west and a complex of Silurian deposits (the Stockdale Shales, 

Coniston Flags and Grits, Bannisdale Slates and Kirkby Moor Flags) to the south and 

east (Pearsall & Pennington 1973, Fig. 4.1). These sedimentary and metamorphic 

rocks are separated by the Ordovician-age Borrowdale volcanic series; this is 

predominantly composed of andesitic and rhyolitic lavas, but also includes occasional 

granites, microgranites and gabbros. The perimeter of the Lake District is marked by 

a thin ring of Carboniferous limestones; outside of this the lowlands are mainly 

composed of New Red Sandstones of Permian and Triassic age. This material has been 

subject to several episodes of uplift and mountain-building since its deposition; the 
first of these (the Caledonian Orogeny of the late Silurian) had little impact on the 

region aside from limited faulting within the local geology. More significant changes 

occurred during the Hercynian Orogeny (late Devonian), when the "dome" of the 
Lake District formed; this was further uplifted around the Cretaceous-Tertiary 

boundary. 
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The modem appearance of the Lake District has been heavily influenced by 

Pleistocene glaciation. Although fragmentary evidence suggests glacial activity in the 

region at least as far back as the Baventian (Catt 198 1), most signs of earlier 

Pleistocene glaciations have been obliterated by the effects of the Dimlington Stadial. 

The Lake District acted as a regional ice centre during this period, with local ice 

streams coalescing with Scottish ice in the Vale of Eden (Mitchell & Clark 1994, Fig. 

4.2). Ice thickness during the last glacial maximum is disputed; earlier estimates of 

perhaps 1600 metres of ice over the central Lake District (cf. Jones & Keen 1993) 

have been challenged by Lamb & Ballantyne (199 8), who suggested that a periglacial 

trimline noted in the Lake District from 800-870 metres altitude dated from the - 

Dimlington Stadial, with the highest peaks of the region exposed as nunataks 

throughout the late Devensian. Some small-scale glacial resurgence occurred in the 

Younger Dryas; this was traditionally though to be "Alpine"-style glaciation, confined 

to cirques and valleys, although recent studies of recessive moraines across the region 

(Wilson & Clark 1998, McDougall 2001) suggest that outlet glaciers from a central 

plateau icefield were the main glacial form. 

Site Selection 

The choice of potential palaeoecological sites in Cumbria is somewhat bewildering - 
the county possesses an immense wealth of suitable lakes and mires, many of which 
have been studied during the course of the 20th century (cf. Pennington 1969). 

However, it is possible to constrain this choice slightly. The study sites for this 

project should satisfy requirements both as palaeoecological sites in general and as 

suitable "marginal" locations (vide section 3.2) for studying the impact of, and 

triggers for, Medieval land abandonment. With this in mind, all sites selected for the 

project should fulfil the following criteria: 
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There should be straligraphic evidence for stable sediment 

accumulation at the sites, and no signs of significant surficial 

disturbance. 

Studies of landscape abandonment should ideally be conducted on 

tightly-defined geographic areas of restricted size. Therefore, basins 
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should ideally be of limited extent, ensuring that pollen recruitment is 

dominated by extra-local, rather than regional, components (cf. 

section 3.3). If larger basins are investigated, cores should be taken 

from the margins of the site to ensure a similar balance (cf. Dumayne 

& Barber 1998). 

If possible, the site should have existing records (either historical or 

palaeoecological) showing evidence of abandonment at some stage of 

the Medieval era. 

Six sites within Cumbria have been identified as fulfilling these criteria (Fig. 4.3): 

three lakes (Elterwater, Mockerkin Tam and Watendlath Tam), and three raised 

mires (Deer Dyke Moss, Hulleter Moss and Walton Moss). In the next two sections, 

the patterns of sedimentation within, and coring teclMiques suitable for, these 

environments will be considered. 

4.2: Lake Sedimentation and Peat Accumulation 

The choice of coring location within a study site is one the most fundamental 

considerations in any high-resolution palaeoecological study. In order to ensure the 

stratigraphic integrity of a'core, one must understand how the sediments were 
formed, and how they may have been distorted since deposition (Larsen & 

MacDonald 1993). Mire and lake sites both pose certain challenges in this respect; in 

this section, the sedimentation patterns in these environments will be discussed. 

Peat accumulation: 

Mature raised bogs may be separated into aerobic and anaerobic layers (the acrotelm 

and catotelm, Ingram 1982); the rate of peat accumulation is determined by the 

balance between the accretion of organic material at the surface and its decomposition 
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(Clymo 1984). As plant material decays in the acrotelm it loses most of its structural 

components, increasing the density of the peat; the apparent accumulation rate will 

thus decrease with increasing depth in the acrotelm. Acrotelm depth (along with 

temperature and the botanical composition of the peat), is thus a key control on the 

accumulation rate, but decomposition within the catotelm. (Ingram 1978) may also 

affect long-term patterns. Clymo (19 84) predicted that such processes would 

produce a concave age-depth relationship in full-Holocene peat sequences, although 

this interpretation has been disputed by Kilian et a]. (2000). 

Post-depositional movement of material is rare in comparison with lake 

sediments; although peat erosion (Ellis & Tallis 2001) and bog bursts (Crisp et a]. 
1964) are not unknown, they are more characteristic of blanket peats than raised 

mires. The choice of coring location will consequently be largely determined by 

much smaller-scale features. The microtopography of a mire surface is ordered into 

an intricate pattern of pools, hummocks and lawns, all with their own characteristic 

vegetation communities, and all determined by the depth of the underlying water 

table (Barber 198 1). Accumulation rates at the hydrological extremes of this 

landscape can be irregular, and persistent lawns are consequently to be preferred as 

coring locations. Major climatic or hydrological shifts may also impact the 

accumulation of peat at the mire surface. Falls in the depth of the water table may 

result in a temporary slowing or cessation of peat formation, with its reestablishment 

marked in the stratigraphy by a transition to less-humified peat known as a recurrence 

surface (Granlund 1932, Dickinson 1975). Stratigraphic investigation of the sampled 

peat is therefore usually necessary if such features are to be avoided. 

Peat cores for this study will be taken from persistent lawn environments on 
intact raised mire surfaces; further details on coring location choices will be given in 

section 4.3. 
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Lake Sedimentation: 

The structure of a lacustrine system is determined by the distribution of light and heat 

throughout the lake waters (Home & Goldman 1994, Fig. 4.4). Vertically, the 

system may be divided into the photic zone (to where subsurface irradiance falls to 

around I% of surface levels) and the aphotic (or profiundaý zone, below the maximum 

effective depth of photosynthesis. In some lakes, this division is complemented during 

summer by thermal stratification (Fig. 4.5), in which warm upper waters (the 

epihmnion) and cold bottom waters (the hypolimnion) are separated by a sharp 

transition known as the thermochne or metahmnion. 

The most serious stratigraphic problem faced by palaeolimnologists is post- 
depositional sedimentary mobility; some degree of sediment mixing is almost 

unavoidable in any lacustrine environment. After the initial deposition phase, material 

will be reworked and concentrated on certain sections of the lake bed. The 

susceptibility of these sediments to reworking will be determined by the cohesiveness 

and particle size of the material, and the shear stress acting upon them from gravity, 

waves and currents (Larsen & MacDonald 1993). This "sediment focussing7 (Davis & 

Ford 1982) is caused by a number of distinct processes; Hilton (1985) has explained 
their relative dominance as a function of a lake's surface area and maximum depth 

(Fig. 4.6): 

1. Sediment slumping is the dominant mechanism in small, deep lakes: fine 

subaqueous sediments cannot remain stable on slope greater than 14'; 

between this angle and 4-0 deposits will periodically collapse to form 

localised turbidity currents (Blais & Kalff 1995). Hakanson (1977) also 

notes that the stability of sedimentary slopes has a strong inverse 

relationship with the water content of the deposited material. 



ISO 

I 
Littoral Pelagic Littoral L itora 

zone zone zone zone 

Water surface 

Photic ed layer Approximate ýixeý la er. Ax 'Mate 
------------- thermocline depth 

7 

_tPhoti. 
c..... - Ler ppro 

zone in summer 

Compensation Profundal sa 

rr pirati 

Ii 

Aphotic depth zone 
zone (photosynthesis 

espiration) 

Fig. 4.4: Distribution of light and temperature in a temperate lake (Horne 

Goldman 1994) 

incident light 10, % 

01 50 Iw 
I -- I 

Temperature, 9C 

0! 5 10 15 

-of 
\ T*mporarV 

Light 
thermoclines 

Temperature 
I 

5 "04 ýMetalimnion 
Photic (thermocline) 
zone 

E io 4 

. cý Compensation 
VC, point for 

photosynthesis 

IS Hypolimnion 

Aphotic 
zone 

20 

Epilimmon 

Fig. 4.5: Thermal and optical structure of a temperate lake during summer thermal 

stratification (Horne & Goldman 1994) 



151 

2. Small lakes of shallow to medium depth will be susceptible to intermittent 

complete mixing and intermittent epilimnetic mixing, which are caused by the 

periodic resuspension of surface sediments. Evans (1994) distinguishes 

ICM, a whole-basin process wbich occurs during seasonal overturn (cf. 

Lastein 1976), and IEM, a stochastic process only affecting the epilimnion. 

In both cases, subsequent deposition is linearly related to lake depth 

(ICM) or lake depth above the thermocline (IEM). 

3. Peripheral wave action comes from the wave erosion of littoral sediments, 

and is dominant in large, deep lakes. Deeper sediments will be isolated 

from waves and wind-generated currents (Mortimer 1952, Pennington 

1974), although stronger currents may perturb the level of the 

thermocline in some systems (Lemmin & Imboden 1984). 

4. Finally, random redistribution is dominant in large, shallow lakes, and is 

caused by wave energy acting directly on the sediments of the lake bed. if 

this mechanism is dominant, focussing will be stochastic (Dearing 1983, 

Carper & Bachmann 1984, Fig. 4.7): more mobile sediments such as 

semi-fluid gyttja may be affected to a depth of I. S times the surface 

wavelength. 

The other major source of sediment disruption will be bioturbation. 

Movement of material across the surface-water interface and the grazing of benthic 

diatom assemblages (vide p. 98) are usually no more than minor irritants; more 

serious damage can be caused by burrowing zoobenthos components such as bivalves 

(Robbins 1982) and tubificid worms (Davis 1974), which may cause significant 

vertical mobilisation of sediments up to a depth of 2S cm. As few elements of 
lacustrine fauna are able to survive anaerobic conditions, these problems may be 

largely avoided by coring in hypolimnetic waters (Larsen & MacDonald 1993). 
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ELLIPSOID 

Fig. 4.8: Models of lacustrine sedimentation (Lehman 1975) 

With the exception of sediment slumping, these processes will rarely create 

creates stratigraphic hiatuses; most mechanisms will only affect the top two 

millimetres of surface sediments (Evans 1994). A more insidious effect of focussing 

will be apparent in variations in the sedimentation rate. Lehman (I 97S) identified 

four generic models of sediment accumulation (Fig. 4.8). In the frustrum model, the 

sedimentation rate will apparently reduce with time as sediment volume is spread 

over an increasingly large surface area; the sedimentation rate in the hyperboloid and 

sinusoid models will vary according to distance from the centre of the lake. Localised 

variations in sedimentation rate may also be caused by fluvial inputs (Pennington 

1979, Evans 1994). 

In a majority of cases, the most stable and highest-resolution sediments will be 

found in the thickest sedimentary layers - although these may not necessarily be 

found in the deepest part of the lake (cf. Appleby et a]. 1985, Jones et a]. 1989, 

Odgaard 1993). The ideal coring location will be in a gently-shelving basin (in order 

to avoid the effects of sediment slumping) located in a small, deep basin (avoiding 

impact from wave action, random distribution and bioturbation); any major 
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sedimentary inflows should be avoided. Details of the lake coring locations chosen in 

this study will be given in section 4.3. 

Coring techniques: 

The bathymetries of Elterwater, Mockerkin Tarn and Watendlath Tarn were 

surveyed using a portable echo-sounder; cores were taken from the centre of gently- 

shelving basins using a 1.2 metre "mini-MackeretP' corer (Mackereth 1958), with 

care taken to preserve the surface-water interface. The cores were transported in a 

vertical rack and extruded by piston in the laboratory within two days of retrieval; I 

cm. slices were taken and sealed in plastic sample bags; this material was kept 

refrigerated at 40C after sampling. The stratigraphies of Hulleter Moss and Walton 

Moss were investigated using a 10OX5 cm, Russian corer; cores were taken from 

stable lawn environments using a 30X9 cm. "Barber"- Russian-pattem corer (Barber 

19 84), with 5 cm overlaps between cores. A 40X 1 OX 10 cm monolith tin was used to 

collect material for the uppermost samples. Core samples were collected in plastic 
drainpipes and then sealed in plastic bags in the field. Deer Dyke Moss was cored by 

workers from the University of Liverpool in 1998 (R. C. Chiverell, pers. comm. ); 

samples were taken from this core at 1 cm intervals and sent to the Palaeoecology 

Laboratory at the University of Southampton. As with the lake cores, this material 

was stored at 4'C after collection. 

43: Site descriptions 

Deer Dyke Moss (SD337824): 

Deer Dyke Moss is a large raised bog complex on the south coast of Cumbria (Fig. 

4.9); peat accumulation on the surface has slowed since the I 9th century, but the 

pollen record prior to this date is in good condition. A small area of alder carr is 

present in the centre of the system, and Pinus sylvestris and Betula pubesccns have 
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encroached onto its eastern mar2ins. The site is bordered by Fish House Moss (a 

closely linked raised mire), Roudsea Wood (a mixed deciduous forest with Quercus 

petraea, Betula pendula, Sorhus aucupana, Alnus glutinosa, Coi--i'lus arellana and haxinus 

excelsior frequent - Birks 1982), and extensive salt marshes around the Leven estuary. 

The pollen stratigraphy of the top 50 cm of the site was studied by Oldfield (1969, 

Fig. 4.10), who found evidence for a period of pastoral abandonment below 40 cm 

depth. No radiocarbon dates were available for this core, but Oldfield tentatively 

dated the abandonment phase to the 14"' or 15"' centuries. 
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For the present study, a 4.6 metre core was taken from a persistent Sphagnum 

, 
by a group from the University of Liverpool (ride p. lawn in the centre of the bog 

154), of which the top 1.7 met res was subjected to palynological analysis. 

Elterwam (NY336040): 

Elterwater (surface area 19.7 ha, catchment area 51 km 2, altitude 57 m, 

maximum depth 7.5 m, pH 7.1) is a mesotrophic lake system in the Langdale Fells of 

the Central Lake District (Fiý. 4.11 ). It consists of three largely isolated basins 

- the core was taken from the outer basin, which has a (Zinger-Gize et al. 1999), 

surface area of 8.0 ha. Aývrjopýi llum alternfiioruni is the dominant submerged 

macrophyte, and the lake has a diverse marginal and emergent flora including 

Ni mphaea alba, Potamogeton, Juncus, Phalaris, Phraginites and Caie. y spp. The inflow and 

outflow of the River Brathay are located at the northern and eastern ends of the lake. 

The western side of the lake is bordered by extensive pasture; the eastern margins by 

mixed deciduous woodland with Quercus, FraNinus evcelsior and Alnus glutinosa 

dominant. No palaeoecological work has been conducted on Elterwater; however, 

Burkett (1970) identified several deserted Medieval townships close by in Little 
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Langdale, and documentary evidence (vide p. 34) suggests a general depression in the 

agricultural economy in the early 14ýh century. 

A 63 cm core was taken from a sheltered basin in the south-east of the lake, at 

a depth of S. 2 metres (Fig. 4.12). Although a larger basin was available to the north, 

this was avoided due to its proximity to the inflows and outflows of the Brathay, and 

the possibility of sediment slumping from the basin's steep northern and eastern 

margins. The sediments in the core mainly consisted of silts and allochthonous 

organic material. 

Hulleter Moss (SD335880): 

The site is a small raised mire (c. 300 metres across) situated in the Rusland Valley in 

southern Cumbria (Fig. 4.13). Surface vegetation is dominated by Calluna vulgaris and 
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Erjophorum raginatum, with lawns and pools (Sphagnum cuspidatum and Sphagnum 

papillosum dominant) of very limited extent. Localised peat-cutting at the site is 

suggested by localised growth of Osmunda regalis and Mohnia caerulea on the margins of 

the system, and extensive 18"' century land improvements (includiný drainage) in the 

surrounding valley may have further disrupted the hydrology of the boc,, (Dickinson 

197 3). Despite such damage, the mire surface in the centre of the system appears to 

be largely intact. The site is bordered by a ring of Pinus ýi Irestris; pollen records (ode 

Fig. 6.3) suggest that this feature is a relatively recent addition to the local vegetation. 

The surrounding land is a mixture of deciduous woodland (Quercus and Cori'lus 

avellana), pasture and meadow. 

Dickinson's palaeoecological studies (1973,1975) of the neighbouring site of 

Rusland Moss included low-resolution pollen records, which appeared to show a 

regeneration phase at around 80 cm depth; these patterns were repeated in a more 

recent study (Quinton 200 1) of Hulleter Moss. Although no radiocarbon dates were 

included in either of these studies, consideration of typical rates of peat accumulation 

(cf. Barber et al. 1994a) and the longer-term patterns ofpollen influx at Rusland Moss 

suggest that this regeneration phase could be of Medieval age. For the present study, a 
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105 cm core was taken from one of the few extensive Sphagnum lawns found on the 

bog, from a location on the western side of the central dome of the bog. 

Mockerkin Tarn (NY083232): 

This site is a small, eutrophic kettlehole (surface area -3. S ha, catchment area 0.4 km 2, 

altitude I 15 m, maximum depth 6.2 m, pH 7.1) on the western Cumbrian plain (Fig. 

4.14); it has no significant inflows or outflows. The macrophyte flora is dominated by 

Pýt, mphaea alba (Fig. 4.15), Isoetes lacustris, Callitriche stagnalis and Lemna minor, and the 

marginal vegetation by Carex rostrata, Scirpus palustris and Littorella unflora. There is a 

smal I stand of trees (mainly Corý'Ius arellana and Quercus robur) on the south-eastern 

margin of the lake; aside from this, local land-use is entirely pastoral. The pollen 

records of a core from Mockerkin were studied by Pennington (1965, Fig. 4.16) in 

the 1960s; exploratory cores from this project showed a maximum sediment depth of 

around six metres at the site (E. Y. Haworth, pers. comm. ). 

The chronological resolution of Pennington's study was too low to observe 

any fluctuations from settlement abandonment, but there is strong historical evidence 
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Fig. 4.15: iýi mphaea alba growth on south-western margins of'Mockerkiii Farn 

MOCKERKIN TARN 

Fig. 4.16: Selected pollen spectra firom Mockerkin Tarn (Penninuton 1965) 
1ý 

Table 4.1: Declining tenant rews around Egremont in the Late Medieval period 

(Winchester 1987) 

for a Late Medieval decline in this part of Cumbria. Winchester (1987) highlijýhts 

severe decline in agricultural production in the Egrernont region during the I 330s: 

. 
k.: ..., 

ý%4 '. 1ý - lk 



161 

"Eighty acres of demesne land were sown only with spring grains and not with winter crops 

because of 'the enfeeblement (debilitatio) of the neighbourhood'; another 114 acres la wastefor V 

want of tenants; and there were said to be on1V two working ploughs in the whole town of 

Egremont. In 1341 the greater part ofBrigham parish was said to he uncultivated riscus) on (r 

account erthe weakness (impotencia) of the parishioners and the widespread sheep murrain. 

(Windiester 1987, p. 47) 

The effects of tMs crisis were evidently felt in the long-term; decayed rents from the 

early I S'h century suggest that the decline in local populations was continuing a 

century hence (Table 4.1). 

For the present study, a total of six cores were taken from Mockerkin Tarn 

(vide pp. 131-132); sedimentation at the northern end of the lake appeared to be very 

restricted, with a depth of no more than 15 cm of organic-rich sediments overlying a 

pale grey matrix-supported diamicton (presumed to be a Dimlington-age till). The 
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lake consists oftwo shallow basins (Fig. 4.17); the deepest water was found in the 

south-western corner of the lake. In order to avoid contamination of the record from 

sediment slumping, the main core (MCK-2) was taken from the eastern edge of this 

area, in the centre of a gently-shelving zone at S. I metres depth. The core (69 cm in 

length) was composed of fine silts and autochthonous organic sediments, grading into 

gyttja below 35 cm depth. 

Walton Moss (NY504667): 

Walton Moss is a large ombrotrophic mire (283 ha area) in northern Cumbria, 

around 16 km north-east of Carlisle (Fig. 4.18). The mire is dominated by Sphagnum 

magellanicum and Sphagnum cuspidatum, with Rývnchospora alba, Drosera rotundfloha, 

Andromeda polffiolia, Eriophorum vaginatum and Erica tetralix frequent in the vascular 
flora. Some peripheral peat-cutting was reported by Mauquoy (1997) - reflected in 

the growth of Mohnia caemlea, juncus effusus and juncus acutfloi us on the southern and 

south-eastern margins of the system - but the site is otherwise remarkably intact. 

Local land-use is predominantly pastoral. 

A 
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Fig. 4.18: Walton Moss - detail from 1: 50,000 map (K) Ordnance Survey) 
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Walton Moss has been the subject of extensive palacoecological study from 

the early 1990s onwards (Dumayne 1992, Dumayne & Barber 1994, Mauquoy 1997, 

Dumayne-Peaty & Barber 1998, Barber et a/. 1998, Dumayne-Peaty 1999, Mauquoy 

& Barber 1999a, Huahes et al. 2000, Mauquoy & Barber 2002, Mauquoy et al. 2002a, 

2002b). Pollen records from Walton Moss and the neighbouring site of Bolton Fell 

Moss (Barber 198 1, Dumayne-Peaty & Barber 1998) show strong evidence for land 

abandonment in the first half of the 14"' century (Fig. 4.19). Because of the size of the 

mire system (and consequent low representation of extra-local pollen at the centre of 

the site) the core (WLM- 17) was taken from a persistent lawn on the. mire's northern 

margins. 

Watendlath Tarn (NY27S]61): 

Watendlath Tarn is a small oligotrophic moraine-dammed lake (surface area 4.2 ha, 

catchment area 5.9 km 2, altitude 258 rn, maximum depth 1.5.0 m, pH 6.7) in the 

central Cumbrian mountains between Derwent Water and Coniston Water (Fig. 

4.20). A small stream (Watendlath Beck) flows into the southern end of the lake, the 

outflow is at the northern end (Fig. 4.2 1). The site has a rich macrophyte flora 
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(including Nuphai lutea, Potamogeton poligonfiolius, Nimphaea alba and Elodea nuttalh); 

marginal vegetation is dominated by Scizpus lacusuis and Carex iostrata. Surrounding 

I Fig. 4.21: View of Watendlath 'I arn from north-west 
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vegetation consists of rough pasture on the valley bottom, with Calluna vulgaris and 
Pteridium aquilinum dominant on higher ground; dense Corylus-Betula woodland covers 

the lower valley around 2 km north of the lake. Previous palaeoecological work on 
Watendlath Tam consists only of a short-core diatom study (Hilrrig 1999), which 

showed little change prior to the 19thcentury AD. However, Watendlath was also the 

site of a major Cistercian vaccary (cattle ranch), established by Fountains Abbey in the 

1 3thcentury (Rollinson 1996). At around 260 metres altitude, any associated arable 

production at the site would have been on the extreme climatic margins of Medieval 

agriculture, and any 14ý century climatic deterioration would have had a severe 

impact on the community. 

The lake has one major basin (Fig. 4.22); the main core (WTD-2) was taken 

in 14.7 metres of water at the centre of this basin, well away from the lake inflows 

and outflows. The core (79 cm in length) was predominantly composed of silts and 

allochthonous organic material. 
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CHAPTER FIVE: GEOCHRONOLOGY 

5.1: Radiocarbon Dating 

Without some form of chronological calibration, palaeoecological data are little more 

than abstract patterns; if one is to accurately interpret the import of such records, one 

must scale them against an absolute measure of time. The most frequently-used 

geochronological technique in Holocene palaeoecology is 14C dating (Libby 1955, 

Pilcher 1991). The method is based on the measurement of the carbon isotope 14C, 

created in the upper atmosphere by the interaction of 14 N atoms and cosmogenic y- 

radiation. This atmospheric carbon is then introduced into the terrestrial carbon 

cycle, most commonly by plant uptake during photosynthesis. The 14 C nucleus is 

unstable, and has a 50% chance of decaying into a 14 N atom and a P-particle every 

S730 ± 40 years (the "half-life" of the isotope); consequently, the proportion of I 4C in 

a sample isolated from the carbon cycle will decline exponentially with time (Olsson 

1986). It is thus possible to determine the age of a sample by measuring the amount 

of 14C that remains in it. 

There are a number of possible sources of error in radiocarbon dating. One of 

the most significant in palaeolimnology is the "reservoir effect", caused by the slow 

rate of isotope exchange between the atmosphere and lake waters (Bj6rck et a]. 
1995). Carbon in lakes is isotopically "old" compared to that in the atmosphere, and 

this will result in anomalously old dates from some aquatic deposits; this problem will 
be further exacerbated if the groundwater is rich in carbonates (Olsson 1986). The 

effect can also be significant in ombrotrophic mires, caused by either the oxidation 

and uptake of CH. from the catotelin by mycorrhizal fungi (Kilian et a]. 1995), or 
direct uptakeof C02by surface vegetation from the mire groundwater (Kilian et a]. 
2000, cf. Proctor et a]. 1992). Errors may also come from the contamination of 
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Fig. 5.1: Radiocarbon calibration curve, AD 900-1600 (Stuiver & Becker 1993) 

samples by carbon of the "wrong" age; this may result from inputs of isotopically-old 

allogenic material (Lowe et a]. 1988, Paul et a]. 2001), or the post-depositional 

mobility of humic organic fractions (Walker & Harkness 1990). 

A more fundamental source of error is caused by secular variations in the 

atmospheric production of 14C 
. Early researchers presumed this to be a constant, but 

analysis of samples from dated tree ring and varve sequences has shown a systematic 

divergence between radiocarbon and calendar ages (de Vries 1958, Stuiver & Suess 

1966, Pearson et a]. 1986). Changes in solar flux and geomagnetic field strength have 

caused significant variations in the initial atmospheric concentrations of 1 4. C through 

the Holocene, and it has proved necessary to construct calibration curves (Fig. 5.1) 

from sources such as tree rings and coral sequences in order to reconstruct calendar 

ages from radiocarbon ages (Stuvier & Becker 1993, Taylor et a]. 1996). 
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Fraction: 
Varve chronology 

Cal. Years BP 
SIO-S60 

Cal. Years BP 
925-97S 

Total sediment 920 75 1435 55 
> 63 ýtrn particles 705 70 1225 50 
Cladocera 680 55 1555 70 
Plant fragments 80S 70 1190 70 
Fine residual organic detritus S20 70 1160 SS 
Betula fruit 640 SS - 
Egg capsules - 1315 70 

Table 5.1: Relative dates of organic fractions from Kassj6n (Oldfield et al. 1997) 

Many of these problems were exacerbated by the large size and 

undifferentiated nature of the samples required by early radiometric dating methods. 
Such impacts may be lessened by the use of AMS radiocarbon dating (Lowe et al. 
1988, Linick et al. 1989), in which the isotopic composition of a sample is directly 

measured using a mass spectrometer. AMS methods require far less organic material 

than conventional radiometric techniques, and it is thus possible to both sample at a 
high level of stratigraphic resolution and to isolate specific sedimentary fractions for 

dating. The choice of fraction will be determined by the sedimentary environment 

investigated; in ombrotrophic mires Sphagnum leaves and branches will have the 

closest association with atmospheric 14C concentrations (Kilian et al. 1995,2000), and 

will also be protected from bacterial contamination by their strongly acidic nature 

(Clymo 1963). In lake sediments the choice is less clear; terrestrial plant macrofossils 

are the most widely-used sample type, but these are frequently vulnerable to bacterial 

and fungal contamination (WoWfarth et al. 1993,1996) and may be reworked from 

deposits elsewhere in the catchment, (Turney ct al. 2000). Oldfield Ct al. (1997, cf. 
Oldfield et al. 2003, Table S. 1), studying separate organic fractions from varved 

sediments at Kassj6n, found that the fractions most closely associated with the varve 

chronology were the silts and clays (the "fine residual organic detritus"). The 

explanation for this was unclear, although it was suggested that the largely 

allochthonous origin of these fractions meant that reservoir effects had minimal 

impact on their "'C concentrations. 
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The derivation of calendar ages from a series of radiocarbon dates does not 

end with their calibration to global variations in 14C production. Individual dates are 

themselves only probabilistic measures (not to mention frequently-contaminated 

ones), and stratigraphically-improbable inversions in age-depth relationships are a 

recurrent feature of geochronological records. As Lou Maher (1992) noted, direct 

interpretations of such data should be treated with suspicion: 

"Ifradiocarbon dates are available, it is useful to convert depth units into equivalent 14 Cycars. 

glen I ask my students to do this as an exercise, I have always beenjascinated with their 

attitudes, most will accept without question a carbon date and its stated error. glen deeper 

dates show constant age, or whenyounger dates line under older ones, students put absolute trust 

in nuclear physics and readily discard pollen zone boundaries, principles ofsuperposition and 

Ockham'S razor. " 

(Maher 1992, p. 13) 

Such pitfalls are most often evaded by regressing the age-depth relationship of the 

studied record. Linear regression is the most widely-used approach (Webb & Webb 

1988); although such a simple relationship cannot hope to capture all the complexities 

of sediment accumulation in a lake or mire system (cf. Dearing 1983, Clymo 1984), 

the technique is robust and does avoid pandering to the idiosyncrasies of individual 

data points. Other regression techniques, particularly polynomial and power 
functions (Campbell 1995) may also be used, and are often more accurate in 

representing the accelerating accumulation rates found in the upper parts of most 

cores. However, any increase in the number of degrees of freedom in a regression 

should be treated with caution (Bennett 1994), and such techniques should only be 

employed where there is a clear improvement in the accuracy of the regression. 

Confidence limits for age-depth regressions are rarely considered (Bennett 

1994), but can be of critical importance if one is trying to correlate palaeoecological 
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and historical data (Dumayne et al. 1995). Inherent errors in the technique and the 

unevenness of the calibration curve frequently result in poor precision in the derived 

calendar dates: the standard errors for the regressions used in this project (vide section 

S. 3) are typically of an order of 100-200 years. Baillie (199 1 a) suggested that the 

precision of 14 C chronologies could be improved by correlating the record with 

known changes in the historical record, but if historical and archaeological data are 

sparse there will be an unavoidable circularity to such arguments -a problem that 

also bedevils Bayesian correlation techniques (Buck et al. 1992, Christen & Litton 

1995). 

Cross-validation with a fully-independent chronology (Baillie 199 1 b) offers a 

more secure means of geochronological refinement. Chronologies derived from varve 

sequences (O'Sullivan 1983) or micro-tephras (Dugmore et a]. 1996) can be used, 
but these are not always practical possibilities. Another option, increasingly widely- 

used from the 1990s, is to use the structure of the 14'C calibration curve itself for 

cross-validation purposes (van Geel & Mook 1989, Speranza et al. 2000). If the 

accumulation rate of the sediments (cf. Tornqvist & Bierkens 1994) and the number 

of "'C dates available for the sequence is sufficiently high, short-term "de Vries" 

variations in the production of 14C (Taylor et al. 1996) will become apparent in the 

reconstructed chronology. These variations may be wiggle-matched to the "'C 

calibration curve using X2 or Monte Carlo best-fit models (van der Plicht 1993). 

Wiggle-matching was attempted on the record from Hulleter Moss (vide pp. 180- 

18 1), but the number of dates available at the site was too low to produce meaningful 

results. A number of other independent chronological marker points have, however, 

been identified in the investigated records; these will be discussed in section 5.2. 

Methodology: 

All peat and lake cores were stored as described in section 3.7; material for AMS '*C 

dating was sampled from 1 cm-wide stratigraphic layers. Samples from peatland sites 
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were prepared from Sphagnum leaves and branches, manually selected using a clean 

scalpel and tweezers under low-power binocular magnification. If insufficient 

Sphagnum was available for a full AMS sarn le, undifferentiated peat was used in its 
IP 

place. It was originally the intention to use surface macrophyte and terrestrial plant 

propogules for AMS dating of the lake cores; however, despite abundant macrophyte 

and marginal growth at two of the three sites, very few identifiable seeds and fruits 

were found in the cores. Therefore, the <63 gm organic sediment fraction (Oldfield 

et a]. 1997) was used instead; this was extracted by sieving sediment samples through 

a 63 jim mesh using distilled, deionised water. All selected material was stored in 

distilled, deionised water and packed in glass vials prior to transportation to the 

NERC Radiocarbon Laboratory at East Kilbride. 

The resultant radiocarbon dates were calibrated using Calib 4.3 (Stuiver 

Reimer 1998). Possible age-depth regressions were explored using Dep-Age 3.9 

(Maher 1998b), with the means of the 2CY error margins of the calibrated ages used as 

the centre points for the regressions (Bennett 1994). Age-depth regressions (vide 

section 5.3) included data from palynological, geochemical and SCP marker horizons 

(vide section 5.2). 

5.2: Alternative Dating Methods 

'4C dating is a technique with in-built natural limits; beyond around eight half-lives 

(around 45,000 years) the level of residual "C is so low that accurate dating is 

virtually impossible (Lowe & Walker 1997). At the other end of the chronological 

scale the technique is also largely inapplicable; widespread fossil fuel combustion 
from the 18t' century onwards and 20th century thermonuclear weapons testing have 

led to huge shifts in background atmospheric concentrations of '4C (Olsson 1986). 

Alternative methods are thus needed to date recent sedimentary material. A variety 

of alternative radiometric techniques have been applied in palaeolimnology; of these, 

the most widely-used is "Pb dating, with an effective upper limit of around 150 
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years' age (Oldfield & Appleby 1984). Radionuclide marker horizons such as 137cS 

(Ritchie et al. 1973, McHenry et al. 1982) and 24'Am (Appleby et al. 199 1), recording 

peaks from 20t' century nuclear contamination, have also been used to date surficial 

sediments. 

However, this project is not expressly concerned with the last three 

centuries, and the time and expense involved in techniques mentioned above would 
be superfluous. All that is necessary is an assurance that the surficial sediments at the 

studied sites are present and intact. In northern England, one of the simplest ways of 

achieving this is by identifying the stratigraphic position of the "pine rise" (Barber 

198 1, Mauquoy & Barber 1999a) in the core. Pinus, although present in the British 

Isles since the early Holocene (Birks 1989), has been a very minor component of 
British vegetation for most of the current interglacial. Widespread private and 

commercial plantation of the genus in the last two centuries has changed this pattern, 

and the sbift is clearly represented in recent pollen spectra as a sudden increase in the 

influx of Pinus pollen. The excellent representation of Pinus in the palynological 

record and the long-range dispersal of its pollen (Tipping 1989) makes the pine rise a 

very secure regional biostratigraphic marker. The timing of the rise may be quite 

precisely fixed around AD 1800; Wordsworth (1822) noted (with some indignation) 

the extensive coniferous afforestation of the Lake District as an event that had 

occurred since his childhood. 

An additional dating technique has been applied to the sediments from 

Hulleter Moss and Mockerkin Tam (vide pp. 180-185). Spheroidal carbonaceous 

particles (SCPs) are formed by the incomplete high-temperature combustion of fossil 

fuels; the volatile components of such particles are vaporised, leaving a skeleton of 

mineral carbon behind (Wik & Natkanski 1990). These particles are highly resistant 

to chemical degradation, and can provide a robust record of regional fossil fuel use; 

generic variations can be correlated with individual records to give a chronolog 

covering the last ISO years. The general pattern is for a slow increase in SCP 
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Fig. 5.2: SCP profiles from English lakes (Rose et al. 199S) 

deposition from 1850; this accelerates from 1940 and then declines again after 1970 

(Renberg & Wik 1985). Different regions will have slightly distinct patterns of SCP 

deposition over time (Rose et a]. 199S); results from sites in northern England are 

shown in Fig. S. 2. 

The geochemical analyses conducted at Mockerkin Tam (vide section 3.6) 

offer the potential of another geochronological technique. Records of recent heavy 

metal deposition have long been studied by palaeoecologists (cf. Battarbee et al. 
1985). However, in the past ten years it has become apparent that such pollution 

impacts (particularly of lead and copper) have had a far longer history than was 
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formerly appreciated (Renberg et a]. 1994). Anthropogenic outputs of these metals 
first became significant around 3000 BC, when techniques allowing the smelting of 

galena and oxide/carbonate ores of copper were first developed (Hong et al. 1994, 

1996a, 1996b). Subsequent variations in their outputs were closely linked (Figs. 5.3, 

5.4); output rose sharply from c. 500 BC (Hong et al. 1994) to an initial peak at AD 0 

associated with the early Roman Empire (Hong et al. 1996a, Renberg et al. 2001). 

Falling levels of lead and copper deposition from the 3rd century AD onwards can be 

linked with the exhaustion of Roman mineral reserves (Shotyk et al. 1998). A second 
increase in deposition began c. AD 500 (Hong et al. 1994); this accelerated sharply c. 
AD 1000, principally due to German and S'ung Chinese mining outputs (Shotyk et al. 
1998, Hong et al. 1996a). After a peak c. AD 1200, deposition levels fell again to a 

minimum at AD 1350 (Renberg et al. 2001, Hong 1996a). 

I Although much of this deposition takes the form of stratospheric aerosols, it 

should be noted that there has been considerable spatial variation in the intensity of 

influx across western Europe. In Iberia, the Roman signal is overwhelmingly 

dominant; Medieval variations are small-scale in comparison (Martinez- Cortizas et a]. 



177 

2002). In contrast, shifts in deposition patterns in Switzerland (Shotyk et al. 1998) 

and Sweden (Renberg et al. 1994,2001) were far more pronounced in the Middle 

Ages, reflecting the greater regional impact from Swedish and German production. 

Fragmentary records of lead and copper influx in the British Isles (Livett et al. 1979) 

suggest that British deposition patterns parallel the changes observed elsewhere in 

northern Europe. If such patterns are characteristic of Medieval Cumbria, existing 

studies suggest that there are up to four episodes in heavy metal deposition that (if 

identified) may be used as isochronous markers: the beginning of the Middle Ages 

increase at AD 500, an acceleration of this trend around AD 1000, a peak around AD 

1200 and a subsequent minimum at AD 1350. Care must be taken to isolate 

atmospheric influx from shifts in total allochthonous input; therefore, lead influx will 

be measured relative to scandium (Shotyk et al. 1998), and copper influx relative to 

aluminium (Hong et al. 1996a). 

It should also noted that the trace element record from Mockerkin Tarn 

shows zinc influx in close correspondence with the lead and copper records (vide Fig. 

6.7), which suggest that this element might also be of potential interest as an 

isochronous geochemical marker. Mackereth (1966) noted an increase in zinc 
deposition in Esthwaite Water, tentatively dated to around AD 1000; however, in the 

absence of a more secure geochronology this record will be discounted in the present 

study. 

Methodology: 

Concentrations of heavy metals in the sediments from Mockerkin Tam were 
determined by XRF analysis; procedures for this technique, and those for pollen 

preparation, are described in section 3.7. Procedures for SCP analysis followed Rose 

(1990,1994) and Yang et a]. (2001). For lake sediments, 0. Ig of dried sediment was 

treated with heated 69% HN03,40% HF and 6M HCI. A known proportion of the 

residue was dried on a cover slip and mounted in Naphrax; SCPs were counted at 
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X400 magnification using a Nikon Optiphot microscope. This procedure was slightly 

modified for peat samples; 0.2g of dried sediment samples were analysed, and the HF 

and HCI treatments were not used. 

5.3: Site Details and Age-Depth Regressions 

Deer Dyke Moss: 

Sample: SRR Depth Sample 14 C Date C alibrated age Ca libration 
Code: (cm): contents: BP: (2 a error range): mi dpoint: 

DDM-1 AA-48986 45.33 Sphagnum 1 1046 ± 42 916-1054 BP 985 BF 
DDM-2 AA-48987 S8.66 Sphagnum IISS ± 59 934-12S7 BP 1096 BP 
DDM-3 AA-49822 68.33 Sphagnum 146S ± SS 1286-1 S 14 BP 1400 BP 
DDM-4 AA-48988 75.33 Sphagnum 1462 ± 33 1294-1411 BP 13S3 BF 
DDM-5 I AA-48989 90.33 Sphagnum 2292 ± 32 2163-23SO BP 2257 BP 

_ 
DDM-6 AA-48990 115.33 Sphagnum 1719 ± 33 1S35-1710 BP 1623 B'P 
DDM-7 AA-49823 130.33 Sphagnum 2277 ± 40 21S3-23SO BP 22S2 BF 
DDM-8 AA-5 1668 14S. 66 Sphagnum 2561 ± S4 2470-277S BP 2623 BP 
DDM-9 AA-S 1669 171 Sphagnum 2980 ± S3 2964-3337 BP 31S1 13P 

Table 5.2: Radiocarbon dates from Deer Dyke Moss 

Calendar years BP 
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Fig. 5.5: Linear regression of age-depth relationships at Deer Dyke Moss 

Sample: 

DDM-l 

SRR 
Code: 
AA-48986 

Depth 
(cm): 

45.33 

Sample 
contents: 
Sphagnum 

14 C Date 
BP: 

1 1046 ± 42 

Calibrated age 
(2a error range): 

916-1054 BP 

Calibration 
midpoint: 

985 BF 
DDM-2 AA-48987 S8.66 Sphagnum IISS ± 59 934-12S7 BP 1096 BP 
DDM-3 AA-49822 68.33 Sphagnum 146S ± SS 1286-1 S 14 BP 1400 BP 
DDM-4 AA-48988 75.33 Sphagnum 1462 ± 33 1294-1411 BP 13S3 BF 
DDM-5 I AA-48989 90.33 Sphagnum 2292 ± 32 2163-23SO BP 2257 BP 

_DDM-6 
AA-48990 115.33 Sphagnum 1719 ± 33 1S35-1710 BP 1623 B'P 

DDM-7 AA-49823 130.33 Sphagnum 2277 ± 40 21S3-23SO BP 22S2 BF 
DDM-8 AA-5 1668 14S. 66 Sphagnum 2561 ± S4 2470-277S BP 2623 BP 
DDM-9 AA-S 1669 171 Sphagnum 2980 ± S3 2964-3337 BP 31S1 BP 
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A total of fifteen AMS "C dates were obtained from the Deer Dyke Moss core (pers. 

comm., R. C. Chiverell), of which nine covered the time period investigated in this 

project (Table 5.2). In addition, a clear pine rise was observed at 12 cm depth (vide 

Fig. 6.1). Two of the dates (DDM-S and DDM-6) appeared to be anomalous, but the 

effects of these outliers balanced each other and their leverage on age-depth 

regressions of the data was minimal. A linear regression of the data (Fig. S. S) gave an 

age-depth relationship of y=O. OS26x + 2.241 S, with an R2 value of 0.932. 

Elterwater: 

Sample: SRR Depth Sample 14 C Date Calibrated age C alibration 
Code: (cm): contents: BP: (2a error range): m idpoint: 

ELT-1 AA-S30S4 323 Silt/ ay S26-32 S09-624 BP 32 566. S 
ELT-2 AA-S305S 443 Silt/clay 1307 33 1176-1289 BP 33 12323 
ELT-3 AA-53056 S4. S Silt/day 141S 33 1278-1386 BP 1332 

33 ELT-4 AA-530S7 S9. S Silt/clay 1210 33 1013-1258 BP 1135T 

Table 5.3: Radiocarbon dates from Elterwater 

Cal. years BP 
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Fig. 5.6: Linear regression of age-depth relationships at Elterwater 
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Four AMS 14 C dates were obtained from the Elterwater core (Table S. 3); the 

positioning of the pine rise from the pollen spectra (vide Fig. 6.2) was uncertain, but 

appeared to be centred around 15 cm depth. The deepest sample (ELT-4) was slightly 

younger than expected, but such anomalies might be expected if one considers the 

substantial 2(Y error margins of the date (± 122 years). A linear regression of the data 

(Fig. 5.6) gave an age-depth relationship of y=0.0358x + 6.5282, with an R2 value 

of 0.9341. 

Hulleter Moss: 

A total of nine AMS 14C dates were obtained from Hulleter Moss (Table S. 3); two of 

these (HUL-5 and HUL-7) were taken from bulk peat rather than Sphagnum leaves 

and branches, although this appeared to have no impact on their age and precision. 

SCP analysis showed an initial rise in particulate deposition (c. 1850, Rose et al. 

1995) occurring around 10 cm. depth, which was broadly in agreement with a pine 

rise identified at 17 cm. depth (vide Fig. 6.3). The accumulation rate at the site 

appeared to be generally linear, although two dates (HUL- I and HUL-6) diverged 

from this trend. As with the outliers at Deer Dyke Moss, the culminative leverage of 

these samples was minimal and they were not excluded from the regression. A linear 

Sample: SRR 
Code: 

Depth 
(cm): 

Sample 
contents: 

14 C Date 
BP: 

Calibrated age 
(2cy error range): 

Calibration 
midpoint: 

HUL-I AA-S30S8 37 Sphagnum 801 132 729-916 BP 822. S BP 
HUL-2 AA-S30S9 47 Sphagnum 889 33 731-913 BP 822 BP 
HUL-3 AA-53060 SI Sphagnum 992 33 793-966 BP 879. S BP 
HUL-4 AA-53061 SS Sphagnum 951 33 768-932 BP 8SO BP 
HUL-S I AA-53062 59 Bulk peat 1062 3S 527-1013 BP 970 BF 
HUL-6 AA-53063 65 Sphagnum 886+ 39 712-916 BP 814 BP 
HUL-7 AA-S3064 69 Bulk pcat 1126 40 952-1142 BP 1047 BP 
HUL-8 AA-5306S 73 Sphagnum 1286 40 1091-1291 BP 1191 BP 
HUL-9 AA-S3066 79 1 Sphagnum 1 1418 40 1273-140S BP 1339 BP 

Table 5.4: Radiocarbon dates from Hulleter Moss 
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Fig. 5.7: Linear regression of age-depth relationships at Hulleter Moss 

regression of the data (Fig. 5.7) gave an age-depth relationship of y=0.052Sx 

4.3945, with an R2 value of 0.9323. 

Mockerkin Tam: 

Ten dates were obtained from the core from Mockerkin Tarn (Table S. 5). There is a 

notable anomaly in the ages of these dates, with MCK-4, MCK-5 and MCK-6 clearly 

older than the underlying MCK-7, MCK-8 and MCK-9. There is nothing in the 

palaeoecological and geochemical records at the site (vide Figs. 6.4-6.7) to suggest 

major reworking of these sediments, so it must therefore be assumed that one of 

these groups of dates are due to errors resulting from sample contamination. It is 

thought more likely that the first group (MCK-4, MCK-5 and MCK-6) is in error, for 

the following reasons: 

1. Contamination by older carbon (cf. Lowe et a]. 1988) is a more plausible 

scenario for the site. Younger organic material would probably only have 

been added to the core as a result of large-scale bioturbation (which there 
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Sample: SRR 
Code: 

Depth 
(cm): 

Sample 
contents: 

14 C Date 
BP: 

Calibrated age 
(2cr error range): 

Calibration 
midpoint: 

MCK-I AA-53044 26.5 Silt/clay 958 32 789-932 BP 860.5 BP 
MCK-2 AA-53045 29.5 Silt/day 1025 34 798-1049 BP 923.5 BP 
MCK-3 AA-53046 33.5 Silt/clay 1755 34 IS59-1810 BP 1684. S BP 
MCK-4 AA-53047 35. S Silt/day 2133 35 1999-2300 BP 2149.5 BP 
MCK-5 I AA-S3048 373 Silt/clay 2257 40 21SS-2344 BP 2249. S BP 
MCK-6 AA-53049 40.5 Silt/clay 2326 38 2161-2463 BP 2312 BP 
MCK-7 AA-S3050 43. S Silt/clay 2060 38 1905-2120 BP 2012.5 BP 
MCK-8 AA-53051 47.5 Silt/clay 2066 37 1930-2144 BP 2037 BP 
MCK-9 AA-53052 S1. S Silt/clay 2017 49 1871-2114 BP 1992.5 B 

[7MCK-10 1 AA-S30S3 59. S Silt/clay 2942+S4 2,933-3319 BP 
9 
P P 3126 BP 

Table 5.5: Radiocarbon dates from Mockerkin Tarn 

are no signs of in the stratigraphy or fossil records), or movements of 
humic organic fractions in the core, which are unlikely to have been 

significant when the material was in situ. Bacterial or fungal contamination 

of the samples during preparation (Wohlfarth et a]. 1993,1996) cannot be 

ruled out, but great care was taken to avoid such effects and no signs 

suggesting such contamination were noted at any stage of the procedure. 

Older organic material, on the other hand, could easily have been 

introduced from alloclithonous sources; although carbonate contamination 

is unlikely in a landscape of undifferentiated New Red Sandstones 

(Pearsall & Pennington 1973), old organic material from soil profiles 

(Paul et a]. 2001) could easily have been eroded and deposited in the lake, 

artificially aging the carbon content of the sediments. 

2. Pb/Sc and Cu/AI ratios in the core (see below) suggest that the material 

represented by samples MCK-4, MCK-5 and MCK-6 was actually 

deposited in the late Roman and Dark Age eras, ages which are in accord 

with regressions incorporating samples MCK-7, MCK-8 and MCK-9. The 

first set of dates is clearly discordant with this alternative chronolog U. 
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3. If the older set of dates (MCK-4, MCK-S and MCK-6) is accepted, the 

reconstructed accumulation rate of the sediments will fall to a minimum 

during zone MCK2-B2 (35-29 cm). According to palynological and 

geochemical records from the site (vide Figs. 6.4,6.6,6.7), this zone 

marks a period of extensive arboreal clearance and increasingly 

mineralogenic sedimentation - both factors which should lead to increased 

sedimentation rates (cf. Davis 1976). Although local variations in 

sedimentation rates across the lake bed are possible, such a shift in 

sedimentation rate during a major clearance episode appears unlikely. 

4. Lastly, the Cannabis sativa peak in zone MCK2-B2 from Mockerkin Tam 

(vide Fig. 6.4) corresponds closely with that identified at Ehenside Tarn, 

which Walker (1966) dated to the Dark Ages. Although such 

palynostratigraphic correlations are of questionable significance in 

isolation, the coincidence of this evidence with the three points mentioned 

above does suggest that the younger set of dates (MCK-7, MCK-8 and 

MCK-9) are more likely to be accurate. 

For these reasons, the dates for samples MCK-4, MCK-5 and MCK-6 were rejected 

and will not be used to determine age-depth relationships at the site. 

The Pb/Sc and Cu/AI marker horizons (vide pp. 174-177) from Mockerkin 

Tarn should show up to four distinct shifts during the Middle Ages: a slow rise from 

AD 500, accelerating from AD 1000, a maximum at AD 1200 and a minimum at AD 

13SO (cf. Renberg et al. 2001). The records (Figs. 5.8. S. 9) show little variation 
during the Roman era, although a rise in Cu/Al ratios at 45.5 cm depth may date 

from this period. Changes in the upper part of the cores are more pronounced, and 

all four marker horizons can be tentatively identified from these records (Table S. 6). 

Other chronological markers in the core were more equivocal; although a pine rise 

was identified at 12 cm. depth (vide Fig. 6.4), there was no parallel rise in lead or SCP 
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influxes, suggesting either that the surface sediments had been disturbed or that 

sedimentation at the coring location had been minimal since the 19tý century. A linear 

regression of the combined data (Fig. S. 10) gave an R2 value of 0.9299; this rose to 

0.9561 when using a quadratic regression and to 0.9593 with the use of a cubic 
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Table 5.6: Geochemical marker horizons at Mockerkin Tam 

Cal. years BP 

-Soo 0 Soo 1000 1500 2000 2SOO 3000 3SOO 4000 
0 

20 

40 

60 

Pine rise y= (0.14S 3xý 6728 
Pb-Cu minimum R2=0.9892 

Pb-Cu maximum 

Pb-cu nse 

Pb- Cu rise 

Fig. S. 10: Power-function regression of age-depth relationships at Mockerkin Tam 

function. The best values regression values were, however, obtained using a power- 
0,6728 function regression (cf. Campbell 1995) of y (0.145 3x) which gave an R' 

value of 0.9892. 

Walton Moss: 

A total of nineteen AMS 14C dates were obtained from the Walton Moss core (Barber 

& Langdon 2000). Although only the first six of these covered the sections of the core 

subjected to pollen analysis, a further seven dates were added to this number (Table 

5.7), extending the chronology to cover the last two thousand years. This decision 

was taken because of the importance of the palaeoclimate record from Walton Moss 
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to this study, and the fact that several other cores investigated in the project covered a 

time period considerably greater than one thousand years. The uppermost two dates 

(WLM-1 and WLM-2) had extremely broad 2CT error margins (± 208 years); their 

coincidence with a pine rise recorded at 31 cm depth (vide Fig 6.8) suggested that the 

Sample: SRR Depth Sample 14 C Date Calibrated age C alibration i 
Code: (cm): contents: BP: (2cy error range): m idpoint: 

WLM-1 AA-42514 26 Sphagnum 208 42 1-417 BP 209 BP 
WLM-2 AA-42515 38 Sphagnum 210 40 1-417 BP 209 BP 
WLM-3 AA-42516 56 Sphagnum 783 41 658-785 BP 721.5 BP 
WLM-4 AA-42S 17 68 Sphagnum 930 58 730-949 BP 839. S BP 
WLM-5 I AA-42518 80 Sphagnum 1009 SO 789-1052 BP 9203 BP 
WLM-6 AA-42S 19 100 Sphagnum 1143 42 966-1170 BP 1068 BT 
WLM-7 AA-42520 112 Sphagnum 1226 61 991-1280 BP 113S. S BP 
WLM-8 AA-42S21 124 Sphagnum 1370 40 1184-1347 BP 1265.5 BP 
WLM-9 AA-42522 136 Sphagnum 1S14 S2 1311 -1 S 18 BP 1414.5 BP 
WLM-10 AA-42523 146 Sphagnum 14-49 4S 1279-1476 BP 1377.5 BP 
WLM-1 1 AA-42524 156 Sphagnum 1624 4S 1408-1688 BP 1548 BP 
WLM-12 AA-4252S 176 Sphagnum 1661 50 1418-1693 BP IS55.5 BP 
WLM-13 AA-42526 1 1901 Sphagnum 1 1871 60 1 1629-1947 BP 1788 BP 

Table 5.7: Radiocarbon dates from Walton Moss 

CaL years BP 

-400 0 400 Soo 1200 1600 2000 
0 

40 
Fine Rise 

80 - 

.0 
P4 

120 - 

45 Y=-7E-llx +3E-07x - 0. 2 0003x + 0.1479x + 9.8698 

160 - R2=0.9896 

200 - 

Fig. 5.11: 4h order polynomial regression of age-depth relationships at Walton Moss 
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low precision of these dates was due to fossil fuel contamination of the global carbon 

cycle during the last three centuries (Olsson 1986). A basic linear regression of the 

data gave an age-depth relationship with an R2 value of 0.960S, but considerable 

improvements were noted with the adoption of polynomial regressions. Quadratic 

and cubic regressions both achieved an R2 of 0.9809, but the closest relationship was 

found by using a 4-thorder polynomial function (y -ý: -7. IXI 0-1 Y+ 2. SXI 0-7X3 

2. SX1 0-4X2 + 0.1 SX + 9.87), which gave an R2 value of 0.9896 (Fig. S. 11). 

Watendlath Tam: 

Four AMS '4C dates were obtained from the Watendlath Tarn core (Table S. 8). The 

ages of these samples appeared to be randomly distributed, with major contamination 

of the material the most likely cause of these errors. There are two likely sources of 

such contamination at the site. Firstly, the Keswick region was an area of extensive 
lead and copper mining during the 16'hcentury (Rollinson 1996), and it is possible 

that mine tailings deposited elsewhere in the catchment may have been flushed into 

the lake at some stage in the past five centuries. In an unpublished study of the site, 
Haworth (pers. comm. ), noted accelerated sedimentation rates in the near-surface 

sediments which were attributed to this mechanism. A second possible factor is 

erosion of blanket peats within the catchment from the early modern period onwards 
(Tallis 1985, Stevenson et al. 1990), triggered by either burning or grazing pressure. 
This latter explanation appears to be more likely from the highly organic nature of the 

core material and reports of high levels of water turbidity in the lake during wet 

Sample: SRR 
Code: 

Depth 
(cm): 

Sample 
contents: 

14 C Date Cal 
BP: (20 

ibrated age C 

error range): m 
alibration 
idpoint: 

WTD-1 AA-53040 33.5 Silt/clay 1917: t 34 1743-1945 BP 184-4 
WTD-2 AA-53041 47.5 Silt/clay 1704 ± 51 1423-1769 BP IS96 
WTD-3 AA-53042 54.5 Silt/clay 1647 ± 41 1418-1689 BP ISS3.5- 
WTD-4 AA-S3043 74. S Silt/clay 1656 ± 33 1421-1690 BP ISS5.5 

Table 5.8: Radiocarbon dates from Watendlath Tarn 
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conditions (Haworth et a]. 2003); the lack of pre-Quatemary palynomorphs recorded 

in the pollen spectra from the site would appear to support such an interpretation. 

The surface sediments of the core appeared to be intact, with a pine, rise at IS 

cm, depth and a parallel rise in Fraxinus excelsior pollen (vide Fig. 6.9) also noted. 

However, if (as seems likely), much of the sedimentary material below this level has 

been reworked, pollen spectra from the site should be treated with severe suspicion. 

Although the palaeoecological records from Watendlath Tam will be described in 

Chapter 6, fl-iis data will not be discussed in any depth, and no age-depth regression of 

the "C dates from the site will be attempted. 
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CHAPTER SIX: RESULTS 

6.1: Diagram Construction and Zonation 

This chapter presents the results of the palaeoecological and geochemical analyses 

conducted on cores taken from the six sites described in Chapter 4. The following 

sections describe the variations in pollen, diatoms, geochemistry and palaeoclimatic 

indices found in the six study sites of this project. With the exception of the 

geochemical data from Mockerkin Tam (section 6.7), these records are not 

complete, and exclude minor taxa and (in the pollen diagrams) most components of 
local pollen production. In addition, it should be noted that the information 

presented here is purely descriptive; a full interpretation of the records will be given 

in Chapter 7. 

Details of the pollen and diatom sums used in these diagrams are given in 

section 3.7. All palaeoecological data are presented as relative abundance spectra; 

although absolute influx diagrams are frequently used in palaeoecology, the 

composite nature of such records means that it is impossible to discern their 

significance unless one has perfect knowledge of either the accumulation rate of the 

sediments or the pollen or diatom production within the system. In the absence of 

such knowledge, relative diagrams offer a far more reliable picture of assemblage 

changes through time. One should be aware of certain distortions that occur in 

relative diagrams; of these, the most important is the "Fagerlind effect" (Prentice & 

Webb 1986). This is a data artefact, caused by real changes in the absolute abundance 

of one taxon generating apparent responses in the relative abundances of other parts 

of the diagram. The Fagerlind effect can cause certain problems (particularly in the 

responsiveness of very high or very low abundance taxa to assemblage changes), but if 

caution is exercised in diagram interpretation these should not be serious. 
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Diagrams were drawn using the programs TILIA, TILIAGRAPH and TGView 

(Grimm 1991,2001). Less abundant taxa in the pollen and diatom diagrams are given 

a XS exaggeration, and the diagrams incorporate AMS 14C dates, stratigraphic depth, 

relative abundance data and (in the pollen diagrams) summary curves for major 

vegetation groups. These groups are distinct from the composite pollen spectra 

described in section 3.3, and follow the conventions described by Morriss (2001); 

ordering of taxa within these groups follows Stace (199 1). Diatom taxa are grouped 

in families (with the exception of the order Centrales); ordering of taxa follows 

Krammer & Lange-Bertalot (2000). 

All diagrams included in this section have also been divided into a number of 
distinct zones. The cumbersome nature of much palaeoecological data often makes its 

interpretation a troublesome process, and researchers frequently use zonation as a 

means of simplifying the major changes shown in a diagram. The technique was 

originally used by palynologists as a geochronological tool, identifying common 
biostratigraphic assemblages that could be used to correlate changes in spatially- 

separated sites (cf. Munthe et al. 1925, von Post 1946, West 1970). The technique 

has since been widely used as an aid to the interpretation of more local ecological 

variations (Birks & Birks 1980, Moore et al. 1991). 

Many researchers have treated procedures of diagram zonation in enormous 
depth (cf. Gordon & Birks 1972, Birks & Gordon 198S, Bennett 1996), but it is 

important to remember that a palaeoecological zone is merely a simplifying model to 
be used as an interpretive aid, rather than a structure that possesses any real 

significance outside the confines of a palaeoecological diagram. Statistical, computer- 
based zonation programs (cf. Grimm 1987, Juggins 199 1) have therefore been used 

sparingly in this project, and largely in an exploratory role. It does not follow that a 

procedure is objective merely because it is statistical, and even though computer- 
based methods can improve the consistency and repeatability of zonation procedures, 

their output may be no more reliable for this. The zones in the following diagrams 
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have mainly been defined by eye, and are often based upon changes in minor but 

ecologically-significant taxa that a zonation program would disregard. 

6.2: -Deer Dyke Moss (Fig. 6.1) 

Zone DDM-A (131-170 cm): 1230 BC - 500 BC 

The pollen assemblage is dominated by Corylus avellana-type (S6.8%-79.1%), Quercus 

and Alnus glutinosa; herb pollen accounts for no more than 6.2% of the pollen sum at 

most. Quercus declines from 21.6% (162. S cm) to 11.6% (159. S cm), and then rises 
from 7.9% (154. S cm) to 26.2% (14-7. S cm). Ulmus closely parallels this pattern, 

rising from 0.4% (169.5 cm) to 2.4ý0/o (166.5 cm), then falling from 2.4% (1 S9.5 cm) 
to 0.4% (ISS. S cm). There is a further rise in Ulmus from 0.4% (1 S4. S cm) to 3.0% 

(1SO. S cm), and a sharp decline from 5.2% (134. S cm) to 1.6% (133. S cm). Alnus 

Slutinosa rises from 7.9% (160.5 cm) to 34.3% (ISO. S cm), and then declines to 
21.4% (148. S cm). Betula varies between 1.6% and 7.4% of the pollen sum, and 

exhibits no discernable trends. Cereal-type pollen were found between 16 1. S cm and 
IS 2. S cm depth, reaching a maximum of 1.0% of the pollen sum. 

Zone DDM-B (96-131 cm): 500 BC - AD 170 

There are declines in Quercus (24.1%-14.4% from 129. S- 124. S cm) and Coý71us 

avellana-type (68.4%-4S. 8% from 125. S-96. S cm), and rises in Ulmus (0.8%-S. 2% 

from 124.5-99. S cm) and Betula (2.0%-14.8% from 11 3. S-104. S cm). Alnusglutinosa 

declines (22.6%-9.6% from 128. S-124. S cm), rises (12.9%-2S. 7% from III. S- 

1 IO. S cm) and declines again (24.0%-10.6% from 10S. S-IOI. S cm). Poaceae undiff. 
(3.6%-12.9%) and Plantago lanceolata (0.4%-S. 7%) are both significantly higher than 

in zone DDM-A, and there is a similar rise in cereal-type pollen, which reach a peak 

of 2.8% at 98.5 cm. 
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Zone DDM-C (63-96 cm): AD 170 - AD 790 

Corylus avellana-type has an isolated peak at 72.0% (76. S cm) and then rises from 

55.0% (72.5 cm) to 72.4% (67. S cm); Betula peaks at 13.9% at 92.5 cm and 

afterwards varies between 2.8% and 10.8%. Quercus peaks at 29.6% (80. S cm) and 

declines in the upper part of the zone (23.0%-10.2% from 71. S-6S. S cm); Alnus 

glutinosa peaks at 30.6% (9 1. S cm) and 30.9% (76.5 cm), and declines after 66. S cm. 

Ulmus rises from 0.4% (93. S an) to 3.2% (87. S cm), then declines to 0.4% (79. S 

cm). Cereal-type (0%-2.0%), Plantago lanceolata (0%-2.4%) and Poaceae undiff. 

(maximum abundance of 10.8% at 78.5 cm) are all lower than in zone DDM-B. 

Zone DDM-D (47-63 cm): AD 790 - AD 1100 

C 71us avellana-type declines (62.0%-46.1% from"59. S-52.5 cm), with an isolated or 

peak of 64.2% at 50.5 cm. Betula (3.6%-9.2%), Quercus (10.1%- 17.6%) and Alnus 

glutinosa are low, the latter reaching a minimum of 4.3 % at 5 2. S cm, and rising after 

49.5 cm. Ulmus peaks at 2.9% (SO. 5 cm). Cereal-type pollen rises (1.3%-4.0% from 

56.5-48. S cm), and Plantago lanceolata (0.8%-7.7%) and Poaceae undiff. (peaks of 

13.6% at 60.5 cm and 1 S. 3% at 48. S cm) are significantly higher than in zone DDM- 

C. 

Zone DDM-E(14-47 cm): AD 1100 -AD 1730 

There are declines in Alnusglutinosa (32.1%-10.0% from 36.5-2 1. S cm), Betula 

(10.0%-2.0% from 46.5-35. S cm) and Corylus avellana-type (declining from 19. S cm 

after a peak of 6S. 1%). Quercus rises (8.0%-33.8% from 41.5-24. S cm) and then 

declines in two abrupt steps (33.8%-IS. 9% from 24. S-23. S cm. and 23.8%-9.8% 

from IS. 5-14. S cm). Ulmus peaks at S. 7% (26. S cm). Poaceae undiff. (3.2%-14.1%) 

and Plantago lanceolata (0%-2.9) are lower than in zone DDM-D, though both rise 

sharply above 16 cm; Cereal-type varies between 0% and 3.8%. 
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Zone DDM-F (7-14 cm): AD 1730 - Present 

There are rises in Pinus (3.0%-64.7% from 12.5-7.5 cm) and Betula (2.3%-16.7% 

from 10.5-7.5 cm); Corylus avellona-type declines sharply (49.0%-33.4% from 13. S- 

12. S cm). Alnusglutinosa (2.4%-11.3%) and Quercus (9.5%-16.7%) are low; Ulmus 

peaks (9. S%) at 9. S cm. Cereal-type (maximum S. 4% at 9. S cm), Poaceae undiff. 

(maximum 26.8% at 11.5 cm), Plantago lanceolata (maximum 12.0% at 12. S cm) and 

Plantago media Imajor type (maximum 5.2% at 11.5 cm) all reach their maximum 

abundances in the diagram. 

63: Elterwater (Fig. 6.2) 

Zone ELT-A (63-54 cm): AD 380 - AD 620 

The zone is dominated by Poaceae undiff. (27.7%-3S. S%), Quercus, Betula, Alnus 

Slutinosa (12.4%-17.1 %), Coglus avellana-type and Calluna vulgaris. There are 

increases in Quercus (7.4%-12.9% from S7. S-S6. S cm) and Betula (S. 6%-I 1.0% from 

57. S-S4. S cm), and declines in Corylus avellana-type (22.0%-17.1% from S7. S-54. S 

cm) and Calluna vulgaris (13.6%-7.7% from 56. S-S4. S cm). Plantago lanceolata 

(3.3%-6.3%) is relatively abundant; levels of Lactucoideae (2.8%) and Pteridium 

aquihnum (S. S%) both peak at S9. S cm. 

Zone ELT-B (54-44 cm): AD 620 - AD 900 

There is a sharp rise in Corylus avellana-type (11.8%-19.7% from 47.5-46.5 cm), and 
falls in Quercus (17.8%-12.3% from 45. S-44.5 cm), Betula (11. M-4.9% from S I. S- 

45.5 cm), Lactucoideae (2.8%-0.7% from 5 1.5 -48.5 cm), Calluna vulgaris (10.6%- 

5.1% from 52.5-50.5 cm) and Erica (1.4%-0% from 51.5-48. S cm). Alnusglutinosa 

rises (14.5%-23.2%) between S2.5 cm. and 46. S cm, and then declines to 13.0% at 
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44.5 cm. There are peaks in Poaceae undiff. (44.9%) at 48.5 cm. and Salix (1.7%) and 

Cereal-type (2.0%) at 49.5 cm. There are no discernable variations in Pteridium 

aquilinum (1.9%-3.9%) and Plantago lanceolata (2.3%-4.7%); the latter shows a slight 

decline from levels in zone ELT-A. 

Zone ELT-C (44-35 cm): AD 900 -AD 1150 

There are declines in Alnusglutinosa (19.8%-14.3% from 43.5-42. S cm) and 

Lactucoideae (2.9%-0.6% from 43. S-40. S cm). Peaks are recorded for Corylus 

avellana-type (18.6%) at 40. S cm and Saxifragaceae (2.3%) at 37. S cm; minima for 

Betula (6.3%) at 41.5 cm, and Rosaceae undiff. (2.0%) at 36. S cm. Virtually all the 

Saxifragaceae pollen identified in this zone (and throughout the site) was that of 

Saxfiraga oppositfioha. Levels of Calluna vulgaris (7. S%- 10.6%) are slightly higher than 

in zone ELT-B. No discernable variations are noted for Quercus (10.9%-16.4%), 

Plantago lanceolata (1.7%-4.1 %), Poaceae undiff. (29.3%-38.4%) and Pteridium 

aquihnum (2.1%-3.4%). 

Zone ELT-D (35-16 cm): AD 1150 -AD 1690 

There are increases in Pinus (0.9%-4.2% from 33.5-24. S cm) and Alnus glutinosa 

(9.0%-17.4% from 34. S-16. S cm), and declines in Corylusavellana-type (14. S%- 

9.9% from 31.5-29.5 cm), Calluna vulgaris (11.2%-4.5% from 32. S-22. S cm) and 

Erica (2.3%-0% from 33.5-22.5 cm). Quercus rises from 12.9% (33.5 cm) to a peak 

of 23.7% (22.5 cm) and the declines to 16.1% (18. S cm). Poaceae undiff. first peaks 

at 36.1% (25.5 cm), declines slightly to 31.5% (20.5 cm) and then rises sharply to 

37.2% (19.5 cm). Peaks are recorded for Saxifragaceae (5.4%) at 24.5 cm and 

Lactucoideae (2.6%) at 18.5 cm. No trends are apparent in the records of Betula 

(5.0%- 11.3%), Plantago lanceolata (1.4%-5.2%) and Pteridium aquihnum (1.3%- 

4.4%). 
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Zone ELT-E (16-0 cm): AD 1690 - Present 

Pinus levels are at a maximum (2.8%-6.4%), and Pteridium aquilinum (0.6%-3.7%) 

low. There are increases in Fraxinus excelsior (0.70/b-53% from 10. S-3.5 cm) and 

Saxifragaceae (2.3%-9.2% from IS. S-1.5 cm), and declines inAlnusglutinosa (22.6%- 

14.5% from 43-1.5 cm) and Poaceae undiff. (40.6%-25.4% from 13.5-I. S cm). 

Quercus rises gradually from 11.6% (14. S cm) to 2 2.2% (4.5 cm), and then declines 

to 17.1 % (0. S cm); Plantago lanceolata declines sharply from 3.7% (14. S cm) to 0.4% 

(12. S cm), and then rises again to 3.0% (7. S cm). No significant variations are 

recorded in levels of Betula (6.4%- 10.7%), Corylus avellana-type (10.0%- 13. S %) and 

Calluna vulgaris (3.1%-7.7%). 

6.4: Hulleter Moss (Fig. 6.3) 

Zone HUL-A (79.5-96 cm): AD 200 - AD 520 

The assemblage is dominated by Quercus (18.6%-27.0%), Betula, Alnusglutinosa 

(9.9%-17.2%) and Corylus avellana-type. There is a rise in Corylus avellana-type 

(39.7%-58.4% from 96-80 cm), and declines in Ulmus (2.9%-1.2% from 92-80 cm), 
Betula (16.4%-9.7% from 84-80 cm) and PoýTodium (3.4%-2.3% from 96-80 cm). 

Levels of Poaceae undiff. (3.3%-7.1 %) and Plantago lanceolata (0.2%- 1.0%) are low. 

Humification residuals decline from 3.5% at 84- cm. to -5.8% at 80 cm. 

Zone HUL-Bl (67.5-79.5 cm): AD 520 - AD 750 

There are declines in Ulmus (1.4%-0.4% from 79-76 cm) and Quercus (21.6%-11.4% 

from 7S-71 cm), and rises in Poaceae undiff. (4.6%-12.3% from 80-69 cm) and 

Cereal-type (0%-3.0% from 76-71 cm). Levels of Bctula (6.5%-12.0%), Alnus 

glutinosa (14.3%-24.3%) and Corylus avellana-type (52.2%-59.2%) are stable, and 

levels of Plantago lanccolata (1.3%-2.6%) are higher than in HUL-A. Peaks are 
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recorded for Rumex acetosella (1.2%) at 69 cm, Rumex undiff. (I. I%) at 69 cm, 

Rosaceae undiff. (1.2%) at 73 cm and Pteridium aquilinum (3.2%) at 68 cm. 

Hurnification residuals rise sharply (6.6% to 0.1%) from 71-68 cm. 

Zone HUL-B2 (62.5-67.5 cm): AD 750 - AD 840 

Levels of Alnus glutinosa, Poaceae undiff., Cereal-type and Plantago lanceolata all 

decrease from 67 cm. depth, and there is a peak of Corylus-avellana type (69.4%) at 64 

cm. Humification residuals (3.6%-7.2%) are high. 

Zone HUL-B3 (55.5-62.5 cm): AD 840 - AD 980 

There are rises in Ulmus (0.4%-1.6% from 62-S6 cm), Quercus (11.4%-1 S. 6% from 

62-56 cm), Betula (7.8%-18.7% from S9-56 cm) and Alnus glutinosa (9.4%-17.3% 

from 59-58 cm). Tiha declines (2.9%-O. S% from 62-60 cm), and levels of Corylus 

avellana-type (48.3-54.3%) are stable. A widespread decline in herbaceous taxa can 

be observed in the upper part of the zone. Poaceae undiff. peaks at IS. 7% (62 cm) 

and declines from 57 cm, Cereal-type peaks at 4.2% (62 cm), declining after 60 cm. 

Plantago lanceolata (peak 3.0% at 61 cm, declining after S9 cm) and Pteridium 

aquihnum (4.4%-0.4% from 62-57 cm) fall in a similar manner. Other herbs peak 

early in the zone: Rumex acetosella (2.3%) at S9 cm, Filipendula (0.8%) at 59 cm. and 

Artemisia (0.8%) at 59 cm. Hurnification residuals fall sharply in the zone (10.0% to - 
1.8% from 61-58 cm). 

Zone HUL-C (37-55.5 cm): AD 980 - AD 1330 

Betula declines (23.7%-12.7% from 55-48 cm); levels of Quercus (15.7%-25.2%), 

Alnus glutinosa (14.3%-21.7%) and Corylus avellana-type (45.0%-57.3%) are stable. 

Ulmus peaks at 3.1% (40 cm), Fagus sylvatica at 0.8% (50 cm) and Fraxinus excelsior at 

2.1% (46 cm). Levels of herbaceous taxa are low throughout the zone: Poaceae 
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undiff. is stable (4.5%-11.6%); Plantago lanceolata peaks at 1.7% (44 cm) and 

Ranunculaceae at 1.0% (4-4 cm). Humification residuals fall from 3.7% (55 cm) to - 
5. Sýo (5 0 cin). 

Zone HUL-D (23-37 cm): AD 1330 - AD 1600 

There are declines in Quercus (30.8%-8.5% from 34-26 cm), Alnusglutinosa (11.1%- 

3.9% from 28-26 cm), Tiha (from 26 cm) and Poýpodium (from 32 cm). Levels of 

Corylus avellana-type are high, peaking at 63.1% (26 cm); Betula is stable (7.9%- 

16.2%) and Ilex aquifolium rises from 28 cm, peaking at I. S% (24 cm). Poaceae 

undiff. (4.9%-11.4%) remains low, but there are rises in Plantago lanceolata (0.8%- 

2.2% from 36-24 cm), Cereal-type (0.3%-1.2% from 32-26 cm), Pteridium aquihnum 

(0.8%-S. 0% from 32-24 cm), Rumex acetosella and Asteroideae. Hurnification 

residuals rise sharply, from -6.6% (30 cm. ) to 3.4% (24 cm). 

Zone HUL-El (13-23 cm): AD 1600 -AD 1790 

Pinus rises (to 14.6% at 16 cm), and levels of Quercus (7.6%-14.0%), Betula (4.4%- 

10.6%) and Alnus glutinosa (0.8%-4.2%) are all low. Corylus avellana-type is initially 

low, then rises sharply (25.0%-39.1 % from 16-14 cm); Ilex aqufiolium declines from 

22 cm. Levels of herbaceous pollen are very high in the early stages of the zone: 

Poaceae undiff. peaks at 45.2% (16 cm), Cereal-type varies from O. S%-2.0% and 

Plantago lanceolata peaks at 10.7% (20 cm). Other herbaceous pollen peaks include 

Ranunculaceae (1.6% at 18 cm), Rumex acetosella (1.5% at 22 cm), Rosaceae undiff. 

(1.5% 22 cm) and Asteroideae (1.5% at 22 cm); Pteridium peaks at 9.7% (22 cm), 

declining sharply after 18 cm. Humification residuals are high, peaking at 9.9% at 18 

cm. 
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Zone HUL-E2 (4-13 cm): AD 1790 - Present 

There are rises in Pinus (19.0%-122.8% from 12-4 cm) and Betula (16.1%-37.2% 

from 12-4 cm); Quercus (7.1%-14.5%) and Alnus glutinosa (2.4%-S. 7%) remain low. 

Declines occur in Corylus avellana-type (36.8%-20.4% from 8-6 cm), Plantago 

lanceolata (1.6%-00/o from 12-4 cm), Ranunculaceae (from 8 cm), Pteridium aquihnum 

(from 12 cm) and Cereal-type (from 12 cm). Poaceae undiff. (23.1%-34.7%) is 

stable, and levels of Fagus sylvatica. (1.0%-2.4%) are high. Humification residuals 

decline through the zone (-2.1% to -6.8% from 12-4 cm). 

6.5: Mockerkin Tarn: Pollen (Fig. 6-4) 

Zone MCK2-A (48-69 cm): 1770 BC - 220 BC 

The assemblage is dominated by Quercus (9.8%-16.9%), Alnusglutinosa (9.1 %- 

14.1 %), Cor7lus avellana-type (24.5%-36.2%) and Betula (declining from 24.1 %- 

17.6% from 68.5-48.5 cm). Poaceae undiff. rises from 12.3%-26.1 % from 68. S- 

57. S cm, then declines from 26. S%- I S. 9% from 5 S. 5-5 2.5 cm. There are rises in 

Cereal-type (0%-2.4% from 67. S-S7. S cm) and Isoctes lacustris (18.0%-31.7% from 

SS. 5-S4. S cm), and a decline in Plantago lanceolata (5.0%-0.9% from 60. S-S8.5 cm); 

Cannabis sati va-type first appears at 6 1.5 cm. 

Zone MCK2-BI (35-48 cm): 220 BC -AD 590 

Quercus (10.3-16.3%), Betula (17.3%-21.5%) and Alnusglutinosa (peak 23.7% at 37.5 

cm) show little change from the previous zone; Cor: ylus avellana-type rises from 

29.7%-43.4% from 39.5-37.5 cm. There are declines in Poaceae undiff. (24.3%- 

13.2% from 40.5-36.5 cm), Rumex acetosella (1.7%-O. S% from 40. S-39.5 cm), Rumex 

undiff. (1.7%-0.2% from 44. S-39.5 cm), Plantago lanceolata (3.0%-O. S% from 4S. S- 

36. S cm) and Isoetes lacustris (41.2%-26. S% from 43. S-42.5 cm). Levels of Cannabis 
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sativa-type are high (aside from a minimum of 0.2% at 43.5 cm), rising to 7.4% at 

35.5 cm. 

Zone MCK2-B2 (29-35 cm): AD 590 - AD 920 

There are rises in Fraxinus excelsior (0.3%-1.6% from 32.5-29. S cm), Ranunculaceae 

(0.5%-1.8% from 32.5-29.5 cm) and Poaceae undiff. (18.2%-43.0% from 34.5-29. S 

cm), and declines in Betula (18.0%-8.9% from 34.5-29. S cm), Alnusglutinosa 

(13.7%-9.1% from 34. S cm-29.5 cm), Corylus avellana-type (33.4%-18.6% from 

34. S-29.5 cm) and Calluna vulgaris (3.3%-0.7% from 34.5-29. S cm). Ulmus (I. I%- 

2.2%) and Quercus (7.4%-13.9%) are stable; levels of Cannabis sativa-type (peak of 

38. S% at 30. S cm) and Plantago lanceolata (2.2%-3.9%) are high. Isoetes lacustris peaks 

at 37.8% (303%) and there is a slight rise in Nymphaea alba (1.2% at 31. S cm). 

Zone MCK2-C (16-29 cm): AD 920 - AD 1530 

There are rises in Pinus (1.4%-4.1% from 28. S-26. S cm) Poaceae undiff. (46.3- 

51.4% from 28. S-16. S cm) and Isoeteslacustris (26.8%-22.8% from 28.5-16. S cm), 

and declines in Quercus(133%-6.2% from 19.5-16.5 cm), Alnusglutinosa (11.2%- 

7.7% from 28.5-16. S cm) and Corylus avellana-type (18.1%-9.8% from 28. S-16.5 

cm). Betula (4.5%-10.0%) is stable, and there are peaks of Fagus sylvatica (1.2% at 
20. S cm) and Ulmus (3.0% at 24. S cm). Cannabis sativa-type is absent from 21.5 cm 
depth; levels of Plantago lanceolata (1.9%-5.0%), Ranunculaceae (1.8%-4.8%) and 
Nymphaea alba (0.5%-1.8%) are all high. 

Zone MCK2-D (0-16 cm): AD 1530 - Present 

There is a rise in Corylus avellana-type (12.1%-17.5% from 15.5-0.5 cm); levels of 
Pinus (2.3%-7.8%), Quercus (6.7%-13.9%), Bctula (4.4%-8.6%), Alnusglutinoso 

(5.0%-9.9%) and Fraxinus excelsior (1.2%-3.5%) are all stable. Poaceae undiff. 
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(41.3%-57.0%) is high; Ranunculaceae (1.0%-3.7%) and Plantago lanceolata (0.4%- 

3.3%) are slightly lower than in the previous zone. 1soetes lacustris (18.0%-27.5% 

from 15.5-0.5 cm) rises, and levels of Nymphaea alba (0.7-2.5%) are high. 

6.6: Mockerkin Tarn: Diatoms (Fig. 6.5) 

Zone MCK2-A (48-69 cm): 1770 BC - 220 BC 

There are rises in Stauroneis anceps fo. gracihs (0.2%-1.7% from 60. S-S8. S cm), 

Cymbella gracihs (3.3%-8.1% from 68. S-48. S cm), Navicula leptostriata (1.1%-4.7% 

from 68.5-48.5 cm) and Pinnularia subcapita (O. S%-3.4% from 62. S-52. S cm), and 

declines in Fragilaria capucina (3.3%-0% from 66. S-SO. S cm) and Fragilaria virescens 

var. exigua (2S. 8%-11.8% from 62. S-60. S cm). Tabellariaflocculosa rises (S. 8%- 

19.4% from 62. S-S4. S cm) and then declines to 7.6% at 48. S cm. Aulacoseira ambigua 

peaks at 5.8% (62.5 cm); Fragilaria virescens initially rises (S. 4%-14. S% from 66. S- 

62.5 cm), then declines to 5.5% at 5O. S cm. Achnanthes minutissima falls from 6.9%- 

0.7% (68.5-62.5 cm), then rises to 6.1% (48. S cm); Navicula radiosa rises from 

0.5%-3.6% (62.5-60.5 cm), then falls to 2.0% (48.5 cm). 

Zone MCK2-B 1 (35-48 cm): 220 BC - AD 590 

Achnanthes lanceolata rises (0.2%-2.8% from 40.5-37.5 cm), and there are declines in 

Fragilaria virescens (8.3%-2.9% from 40. S-35.5 cm), Fragilaria virescens var. exigua 

(11.7%-9.9% from 41. S-38.5 cm) and Stauroneis anceps fo. gracihs (1.5%-0.2% from 

4-4.5-42.5 cm). Tabellaria flocculosa is low (peak 12.1% at 39. S cm); Achnanthcs 

minutissima is high (peak 13.6% at 37. S cm). Aulacoseira ambigua peaks at 6.2% (43.5 

cm) and Cyclotella comensis at 3.9% (38. S cm). 
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Zone MCK2-B2 (29-35 cm): AD 590 - AD 920 

There are declines in Achnanthes marginulata (3.0%-O. S% from 32. S-30. S cm) and 

Fragilaria virescens var. exigua (17.2%-8.1% from 33. S-32. S cm), and rises in Eunotia 

incisa (4.6%-8.8% from 34.5-29.5 cm) and Navicula radiosa (1.0%-2.7% from 33.5- 

32. S cm); Asterionellaformosa first appears in the record at 30.5 cm (1.2%). Achnanthes 

minutissima peaks at 17.7% (33.5 cm), Achnanthes lanceolata at 3.0% (33.5 cm), 

Cocconeis placentula at 1.7% (31. S cm), Navicula minima at 22. S% (30.5 cm) and 

Gomphonema gracile at 4.7% (32. S cm). Levels of Centrales (Aulacoseira ambigua 1.2% 

at 30. S cm, Cyclotella comensis 0% at 30.5%) and Fragilariaceae (Fragilaria construens 

var. venter O. S% at 3 1.5 cm, Fragilaria pinnata 0.2% at 31.5 cm, Fragilaria virescens 

1.0% at 33. S cm) are low, and Pinnularia subcapita disappears from the record from 

32.5-29.5 cm. 

Zone MCK2-C (16-29 cm): AD 920 -AD 1530 

There are rises in Aulacoseira ambigua (1.7%-8.2% from 28.5-16.5 cm), Aulacoseira 

granulata (1.5%- 16.8% from 27.5-26.5 cm. ), Tabellariaflocculosa (9.3%-18.3% from 

28.5-27.5 cm), Fragilaria construens var. venter (2.0%-6.5% from 28.5-16. S cm) and 

Fragilaria pinnata (1.2%-6.2% from 28.5-22.5 cm). Declines occur in Fragilaria 

virescens (4.6%-1.4% from 27.5-26.5 cm), Eunotia incisa (7.4%-1.7% from 28.5-26. S 

cm), Cocconcisplacentula (1.0%-0% from 27. S-26. S cm), Navicula minima (4.2%-0% 

from 28.5-24. S cm), Navicula radiosa (4.6%-1.4% from 27. S-26. S cm), CjYmbella 

gracilis (2.7%-I. S% from 28. S-16.5 cm) and Gomphonema gracile (3.2%-0.9% from 

28.5-26.5 cm). Gyrosigma acuminatum peaks early in the zone (7.0% at 24.5 cm), and 
levels of Cyclotella comensis (4. S% at 26. S cm), Stephanodiscusparvus (0.8% at 24. S cm) 

and Asterionellaformosa are high (1.4% at 22. S cm); Achnanthes minutissima is low 

(0.5% at 24.5 cm). 



207 

Zone MCK2-D (0- 16 cm): AD 1530 - Present 

There are declines in Aulacoseira granulata (32.3%-5.3% from 12.5-2.5 cm) and 

Tabellariaflocculosa (8.5%-5.6% from 14.5-0.5 cm), and rises in Aulacoseira ambigua 

(to 14.9% at 6.5 cm), Achnanthes minutissima (7.4%-O. S% from 12.5-2.5 cm), 

Cocconeis placentula (0.2%-2.1% from 10.5-0.5 cm), Navicula leptostriata (0.6%-3.6% 

from 6.5-4.5 cm) and Nitzschia gracilis (0%-2.7% from 10. S-2. S cm). Levels of 

Navicula minima increase (peak of 2.9% at 10.5 cm), and Stephanodiscus parvus (peak of 
3.4% at 2.5 cm) and Fragilaria capucina (peak of 1.6% at 0.5 cm) rise near the top of 

the zone. 

6.7: Mockerkin Tarn: Geochemical Analysis (Figs. 6.6 & 6.7) 

Zone MCK2-A (48-69 cm): 1770 BC - 220 BC 

There are rises in Fe (7.2%-10.4% from 68.5-49.5 cm) and P (0.40-0.78% from 

68. S-51.5 cm), and declines in LOI (37. S%-29.9% from 61. S-SS. S cm), Si (46.3%- 

42.7% from 53. S-49. S cm) and Mg (O. S9%-0.48% from 6S. 5-49.5 cm). Lithophile 

elements (K, Na, Al, Ti) show an initial fall from 68. S-65.5 cm (K 2.3S%-2.01%, Na 

0.81%-0.68%, Al 14.8%-12.4%, Ti 0.92%-0.79%), a subsequent rise and a second 
decline from 55, S-S1.5 cm (K 2.18%-1.86%, Na 0.76%-0.6S%, Al 14.2%-12.5%, 

Ti 0.87%-0.77%). Lithophile trace elements (Cr, V, Ba, Rb, Sr, Y, Zr, Nb, Ce, Ga 

and La) display the same pattern as their bulk counterparts. CI falls (520-490 ppm 
from 65.5-S3.5 cm), and there are rises in Co (49-62 ppm from 68. S-49.5 cm), Ni 

(33-39 ppm from 68.5-49. S cm), As (20-28 ppm from 61. S-SI. S cm) and 1 (3.2-9.3 

ppm from 67. S-49. S cm). 
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Zone MCK2-B 1 (35-48 cm): 220 BC - AD 590 

S rises (0.61%-1.05% from 47.5-35.5 cm) and Si declines (47.8%-42.1% from 47. S- 

3 9. S cm); levels of lithophile elements are low (Mg minimum 0.3 9% at 4 1. S cm, K 

1.8 1% at 4 1.5 cm, Na 0.6 2% at 3 9.5 cm, Al 11.8 % at 4 1.5 cm, Ti 0.74% at 4 1. S 

cm). LOI rises from 26.7%-35.9% from 47.5-43.5 cm, then falls to 32.9% at 35.5 

cm; Ca rises from 0.77%-1.05% from 43.5-39.5 cm, then falls to 0.86% at 3S. S cm. 

Most lithophile trace elements (Cr, V, Ba, Rb, Sr, Zr, Nb and Ga) display the same 

pattern as their bulk counterparts, although Y (19.9-20. S ppm from 47.5-413 cm), 

Ce (64-75 ppm from 47.5-39.5 cm) and La (3S-45 ppm from 47.5-413 cm) rise. As 

(from 41.5 cm), Sc (14. S-17.9 ppm from 39. S-37.5 cm) and CI (400-S90 ppm from 

47.5 - 37. S cm) all increase, and Co (90 ppm) and Ni (S I ppm) both peak at 43. S cm. 

Zone MCK2-B2 (29-35 cm): AD 590 -AD 920 

There are rises in Fe (10.7%-13.1 % from 3 3.5 -29.5 cm), Mg (0.46%-0.48% from 

33. S-29.5 cm) and S (1.14%-I. S3% from 33. S-29. S cm); levels of lithophile 

elements (K, Na, Al, Ti) are significantly higher than in the previous zone. Declines 

occur in Si (43.0%-40.7% from 313-29.5 cm), Mn (0.30%-0.25% from 33.5-29.5 

cm) and P (0.62%-O. SS% from 33. S-29. S cm). Cu (3S-42 ppm from 33.5-29.5 cm), 

Pb (132-177 ppm from 33. S-29.5 cm), Sn (to 6.6 ppm at 31.5 cm) and Se (2.2-2.9 

ppm from 33. S-29.5 cm) all rise, as does Br (80-112 ppm from 33. S-29. S cm). Th 

declines (5.1-3.9 ppm from 33. S-29. S cm); As peaks at 42 ppm (31. S cm), Sc at 21.3 

ppm. (3 1. S cm) and Cl at SOO ppm (3 1. S cm). 

Zone MCK2-C (16-29 cm): AD 920 -AD 1530 

LOI declines (31.9%-28.9% from 27.5-19. S cm), and there are rises in Ca (1.05% 

1.21% from 27.5-17.5 cm) and S (1.68%-2.19% from 27. S-23. S cm); Si levels are 

low, reaching a minimum of 3 6.4% at 2 3. S cm. Levels of Cu (S 2 ppm at 17.5 cm), 
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Zn (355 ppm at 21.5 cm), Pb (321 ppm at 23.5 cm), Sn (14.2 ppm at 21.5 cm) and 

Se (4.5 ppm at 25.5 cm) are all high, as are the lithophile trace elements (Cr, V, Ba, 

Rb, Sr, Y, Zr, Nb, Ce and Ga). There are falls in As (34-29 ppm from 27. S-17.5 cm) 

and Br (83-45 ppm from 27.5-17.5 cm), and Th reaches a minimum of 0.7 ppm at 

25.5 cm. Sc peaks at 2 1.1 ppm (1 9. S cm) and then declines; Cl falls from 410-330 

ppm (27.5-2 1.5 cm), and then rises to 420 ppm (17.5 cm). 

Zone MCK2-D (0-16 cm): AD 1530 - Present 

There are rises in Mn (0.39%-0.84% from I S. S. 1. S cm), Si (38.9%-41.9% from 

IS. S-I. S cm) and P (0.61%-0.88% from 153-11.5 cm), and declines in LOI 

(33.1%-30.2% from 15.5-I. S cm), Ca (1.39%-1.12% from IS. S-13. S cm) and S 

(1.80%-O. S7% from 1S. 5-1.5 cm). Small increases are recorded for Ba (579-S96 

ppm from 15. S-1.5 cm), As (28-40ppm from I S. 5-3. S cm) and CI(380-S40ppm 

from 15.5-1.5 cm), and there is a decline in Cr (95-88 ppm from IS. S-1.5 cm). 

6.8: Walton Moss (Fig. 6.8) 

WLM 1 7-A (89-1 00cm): AD 820 -AD 930 

There are rises in Betula (5.3%-12.1% from 98-90 cm), Alnus glutinosa (11.6%-18.2% 

from 100-90 cm), Corylus avellona-type (25.4%-41.7% from 98-90 cm) and Pteridiurn 

aquilinum (0.4- 1.1 % from 98-92 cm). Declines occur in Poaceae undiff. (48.9%- 

31.9% from 96-90 cm), Cereal-type (1.4%-O. S% from 98-92 cm) and Plantago 

lanceolata (S. 1%-2.1 % from 98-90 cm). Macrofossil DCA (316 at 100 cm) and 
humification residuals (21.4% at 98 cm) are both high. 



212 

%\; I 

u 

C: 

77 

C-- 

%ýý ýLI 

T7-TT, FlNdTfflý 

A Aýý 

£r$p 

t 

.m 



213 

WLM17-B (68.5-89 cm): AD 930- AD 1180 

There are rises in Quercus (7.3%-13.1% from 88-70 cm) and Betula (to 2S. 6% at 70 

cm), and declines in Alnus glutinosa (40.8%-25.6% from 86-70 cm), Corylus avellana- 

type (45.8%-29.7% from 88-70 cm), Pteridium aquihnum (from 1.4% at 86 cm) and 

Poaceae undiff. (30.1%-20.6% from 74-72 cm). Rosaceae undiff. peaks at I. S% (80 

cm) and Artemisia at 1.3% (82 cm). Macrofossil DCA declines from 238 at 88 cm to 

79 at 84 cm, rises to 299 at 74 cm and declines again to IS 8 at 70 cm; humification 

residuals rise from -12.1% at 86 cm to 23.7% at 70 cm. 

WLM1 7-C (55.5-68.5 cm): AD 1180 -AD 1370 

There are rises in Pinus (0.8%-2.8% from 68-58 cm), Poaceae undiff. (14.3%-26.1% 

from 65-56 cm) and Cereal-type (0.6%-4.5% from 65-58 cm). Declines occur in 

Betula (20.7%-10.2% from 68-67 cm) andAlnusglutinosa (27.3%-13.5% from 6S-S6 

cm); Fraxinus excelsior is low (0% at 60 cm). Quercus rises from 11.0% to 22.6% (63- 

60 cm) and then declines to 17.8% (56 cm); Corylus avellana-type rises from 3S. 2% to 

54.0% (68-65 cm), and then declines to 31.1% (56 cm). Herbaceous taxa are 

generally high; peaks are recorded for Rumex undiff. (1.7% at S9 cm), Rosaceae 

undiff. (1.5% at 56 cm), Plantago lanceolata (1.0% at 62 cm), Asteroideae (1.9% at 60 

cm), Secale cereale (1.7% at 57 cm) and Pteridium aquilinum (2.1% at SS cm). 

Macrofossil DCA rises from 114-316 (68-62 cm); humification residuals reach a 

minimum of -4.4% at 67 cm. 

WLM17-D (40.5-55.5 cm): AD 1370- AD 1580 

There are rises in Quercus (7.7%-16.7% from 47-4-4 cm) and Betula (3.4%-14.4% 

from SS-42 cm); Poaceae undiff. is initially high (46.0% at 54 cm), declining to 

30.9% at 42 cm. Alnusglutinosa falls from 9.2%- 4.3% from SS-S3 cm, then rises to 

13.6% at 44 cm; Corylus avellana-type rises from 16.9%-31.1% from 54-S2 cm, then 
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declines to 21.3% at 42 cm. Asteroideae (1.9%-0.4% from 53-SO cm) and Cereal- 

type (2.9%-0.2% from S5.49 cm) both decline in the early stages of the zone and 

then recover (Asteroideae 1.3% at 44 cm, Cereal-type 2.0% at 42 cm). Plantago 

lanceolata peaks at S. 6% at 44 cm, Ranunculaceae at 1.7% at 50 cm, Rosaceae undiff. 

at 1.9% at 46 cm, Rumex undiff. at 1.6% at 42 cm and Rumex acetosella at 1.1% at 42 

cm. Macrofossil DCA declines from 258-64 from SS-50 cm; humification residuals 

decline from 4.9% to -18.4% from 55-51 cm. 

WLM17-E (25-40.5 cm): AD 1580 -AD 1800 

There are rises in Pinus (1.0%-29.2% from 36-28 cm), Ulmus (0.2%-3.0% from 32- 

28 cm), Fagus sývlvatica (0.2%-2.4% from 30-26 cm), Poaceae undiff. (34.1%-68.3% 

from 40-26 cm), Plantago lanceolata (3.9%-8.3% from 40-26 cm) and Asteroideae 

(from 32 cm). Declines occur in Quercus (15.0%-6.1% from 40-26 cm), Betula 

(14.4%-3.8% from 40-34 cm), Alnusglutinosa (9.0%-4.8% from 40-26 cm), Corylus 

avellana-type (18.0%-3.9% from 40-38 cm), Rurnex undiff. (2.1%-0.6% from 40-26 

cm), Cereal-type (7.4%-0.9% from 38-26 cm) and Pteridiuzn aquihnum (2.1%-0.2% 

from 36-28 cm). Ranunculaceae peaks at S. S% (34 cm); Chenopodiaceae at 1.4% (36 

cm). Macrofossil DCA rises from S2-208 from 40-30 cm, then declines to 77 at 26 

cm.; humification residuals rise from -11.1% to -2.0% from 38-34 cm, then decline 

to -17.5 cm at 30 cm). 

WLMI 7-F (2-25 cm): AD 1800 - Present 

There are rises in Pinus(15.9%-66.5% from 24-8 cm), Quercus(6.0%-14.2% from 

24-20 cm), Alnusglutinosa (2.2%-10.5% from 24-22 cm), Fagussylvatica (1.8%-7.4% 

from 24-6 cm) and Fraxinus excelsior (0.2%-1.8% from 20-18 cm). Declines occur in 

Ulmus (5.8%-0.7% from 20-2 cm) and Plantago lanccolato (7.4%-0.3% from 24-2 

cm). Betula rises (2.8%-14.7% from 24-12 cm) in the lower part of the zone and then 

declines to 2.9% at 6 cm; Corylus avellana-type rises from 7. S%-25.2% from 12-6 cm, 
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then declines to 8.5% at 2 cm. Poaceae undiff. initially declines (69.3%-54.7% from 

24-22 cm, and the stabilises, aside from a minimum (39.0%) centred on 6 cm. 

Macrofossil DCA rises from 78-171 from 24- 10 cm, then declines to 28 at 4 cm; 
humification residuals decline from -3.9% to -20.0% from 24-20 cm. 

6.9: Watendlath Tarn (Fig. 6.9) 

WTD2-A (55-77 cm): 

No significant trends are present with in this zone. The assemblage is dominated by 

Quercus (S. 1%- 11.3%), Betula (8.6%-15.9%), Alnus glutinosa (8.6%-1 S. 7%), Corylus 

avellana-type (20.1%-28.3%), Poaceae undiff. (13.2%-21.3%) and Calluna vulgaris 
(24.0%-32.3%). Other taxa present include Ulmus (0.7%-2.0%), Rosaceae undiff. 
(1.0%-2.7%), Plantago lanceolata (0.7%-3.3%) and Pteridium aquihnum (0.4%-2.8%). 

WTD2-B (33-55 cm): 

Only minor changes from the previous zone are noted in VV7D2-B; the assemblage is 

still dominated by Quercus (3.8%-8.0%), Betula (7.7%-13.9%), Alnus glutinosa (8.8%- 

14.7%), Corylus avellana-type (17.5%-26.4%), Poaceae undiff. (I S. 1%-26.2%) and 
Calluna vulgaris (23.8%-30.7%). There are declines in Rumex acetosella (1.3%-0% 

from 5 1.5-37.5 cm) and Erica (2.6%-0.2% from 54. S-4-4. S cm), and a gradual rise in 

Plantago lanceolata (2.0%-4.0% from 54. S-33.5 cm). No significant trends are 

shown in the records of Ulmus (0.4%-2.2%), Rosaceae undiff. (0.9%-2. S%) and 
Pteridium aquihnum (0.4%-1.9%). 

WTD2-C (21-33 cm): 

The assemblage remains dominated by Quercus (4.2%-9.0%), Betula (7.7%-13.9%), 

Alnus Slutinoso, Corylus avellana-type, Poaceae undiff. and Calluna vulgaris. There are 
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rises in Alnusglutinosa 8.4%-14.6% from 32.5-25.5 cm), Poaceaeundiff. (14-. S%- 

19.2% from 32.5-21.5 cm) and Erica (0.7%-2.8% from 31.5-21. S cm), and a gradual 

decline in Calluna vulgaris (32.1%-27.0% from 30.5-21.5 cm). Corylus avellana-type 

pollen peaks at 29.7% (32.5 cm) and 31.1% (28.5 cm); Ulmus pollen declines from 

2.3% (29.5 cm) to 0% (26.5 cm) and then rises to 1.8% (23.5 cm). No significant 

variations are found in the records of Rosaceae undiff. (0.4%-2.0%) and Plantago 

lanceolata (I. S%-3.2%). 

'VVTD2-D (0-21 cm): 

There are rises in Pinus (0.2%-5.3% from 19.5-1.5 cm), Fraxinus excelsior (1.3%-5.7% 

from 17.5-3. S cm) and Poaceae undiff. (16.6%-34.9% from 20.5-4.5 cm). Declines 

are recorded fbi-Alnusglutinosa (12.0%-5.7% from 14.5-3.5 cm), Coglus avellana- 

type (31.1%-20.0% from 20. S-0.5 cm) and Calluna vulgaris (28.7%-11.7% from 

19.5-4. S cm). Rosaceae undiff. peaks at 3.4% (14. S cm). No significant variations are 

recorded for Ulmus (0.8%-1.9%), Quercus (4.9%-8.2%) and Plantago lanceolata (I. I- 

3.5 cm). 
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CHAPTER SEVEN: INTERPRETATION AND 

DISCUSSION 

7.1: The Vegetational History of Late Holocene Cumbria 

In Chapter 6 only cursory descriptions of the palaeoecological and geochemical 

variations encountered at each of the study sites were given; this chapter will consider 

the deeper significance of these changes and test the hypotheses identified in section 

3.8. Amongst the most important sources of evidence in this study are the pollen 

records derived from each site. In this section, changes in individual and composite 

pollen spectra (vide pp. 90-93) at each site will be reviewed in turn, and significant 

episodes of landscape abandonment identified. In order to avoid creating a spurious 

sense of geochronological precision, all dates quoted in this chapter will be rounded 

to the nearest decade. 

Deer Dyke Moss: 

Southern Cumbria before the Norman Conquest has been very much terra incognita 

for historians and (to a slightly lesser extent) archaeologists. The Middle Bronze Age 

(1800-1200 BC) is generally held to have been a period of considerable population 

expansion across north-western England (Higham 1986), but it is only in 

palaeoecological records that much evidence for early human activity around the 

southern coastline may be observed. Humans were certainly present in Cumbria from 

the early Holocene onwards - Gale & Hunt (1985) date the Upper Palaeolithic site at 

Kirkhead Cave to around 11000 BP - but it is not until the elm decline (c. SOOO BP) 

that any anthropogenic impact upon the landscape can be identified. Oldrield (1960) 

and Birks (198 2) both noted minor landnam-type clearances in records from southern 
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Cumbria during this period; more permanent cultivation was established in the area 

from around 1300 BC (Wimble et a]. 2000). 

In the record from Deer Dyke Moss (Figs. 6.1,7.1), the first sign of human 

impact is the small peak in cereal-type pollen from 1080-9 10 BC. This stage, linked 

with brief declines in Quercus and Ulmus pollen, appears to be from a short-lived 

expansion of cultivation onto the better-drained soils in the surrounding forests; 

increasing influx of Alnus glutinosa pollen during this phase would appear to preclude 

the possibility of such expansion being linked with any substantive colonisation of the 

wetlands around the Leven estuary. Such impacts are, however, implied by the shifts 

in arboreal pollen encountered early in the more sustained agricultural phase that 

begins around 5 10 BC. The clearances here seem to reflect mixed agriculture - there 

are substantial rises in Poaceae undiff., Plantago lanceolata and Plantago media Imajor in 

addition to the rises in cereal-type pollen - and the substantial decline in Alnus 

glutinosa from 450-370 BC suggests that wetland areas around the site were either 

being brought into cultivation or cut for peat at this time. This second clearance phase 

occurs some two to three centuries before similar episodes noted by Wimble et a]. 

(2000) at White Moss and Foulshaw Moss, suggesting that Iron Age colonisation of 

the region was conducted in a distinctly piecemeal fashion. 

There is little historical evidence to suggest any Roman activity in southern 

Cumbria (Higham 1986), and this pattern appears to have continued in the early Dark 

Ages; although the kingdom of Rheged theoretically incorporated the whole of 

modern-day Cumbria, in practice its authority over the lands south of Tebay was 

strictly nominal (Phythian-Adams 1996). Quercus and Alnus Slutinosa regenerate at 

Deer Dyke Moss from around AD 100; open-land indicators gradually decline to a 

minimum at AD 350 - although there is a brief episode of pastoral clearance around 

AD 480, marked by an expansion in Poaceae undiff., Ranunculaceae and Filipendula. 

A second clearance phase begins around AD 750; there is a sharp rise in Poaceae 

undiff. and Plantago media Imajor and a parallel decline in Alnus glutinosa and Corylus 
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Fig. 7.1: Composite pollen spectra from Deer Dyke Moss 
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avellana-type; other arboreal pollen remain relatively low throughout this stage. 

Other agricultural indicators becomes substantive later during this period, with rises 

in Plantago lanceolata, Asteroideae and cereal-type pollen dating from AD 880. This 

resurgence in settlement is slightly later than the 7ýhcentury colonisation proposed 

elsewhere in southern Cumbria by Oldfield (1963,1969) and Wimble et a]. (2000), 

and is probably too early to represent any attempts at settlement by Hiberno-Norse 

immigrants (cf. Oldfield 1969, Higham. 1986). From the timing of the episode, it 

seems more likely to represent settlement of the region by Anglo-Saxon pastoralists 

moving into Cumbria following the political unification of Rheged and Bernicia in AD 

685, although the 9thcentury increase in arable indicators may be of Norse origin. 

This phase terminates suddenly around AD 1070, when there is a marked 
decline in Plantago lanceolata, Poaceae undiff. and Cereal-type pollen, and a 

corresponding increase in Quercus, Alnus glutinosa and Coglus avellana-type. 

Contemporaneous patterns of regeneration have also been noted in southern Cumbria 

by Oldfield and Statham (1963) and Wimble et a]. (2000), and seem to represent a 

general decline in land use across the region around the time of the Norman 

Conquest. There are few signs of recovery in the later Medieval period; Quercus and 

Alnus glutinosa expand relative to CorYlus avellana-type from AD 1170-1300, and a 
further decline affecting Ranunculaceae, Rosaceae undiff., Plantago lanceolata, 

Artemisia and cereal-type pollen can be noted from AD 1300-1340. 

Herbaceous pollen remains low throughout the period, with the exception of 

an isolated peak in pastoral indicators (Rosaceae undiff., Plantago lanceolata, Plantago 

medialmajor and Poaceae undiff. ) around AD 1 S60. Although Oldfield (1969, cf. 
Morriss 2001) tentatively dated a clearance phase at Deer Dyke Moss to the period of 

monastic dissolution (15 36 onwards) to this era, no signs of sustained pastoral 

expansion can been seen during this period in the present core. The increase observed 
by Oldfield is more probably associated with the third (and most widespread) major 

clearance phase at the site, dated to around AD 1680. In this, major increases in 
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Ranunculaceae, Rumex undiff., Rosaceae undiff., Poaceae undiff. and cereal-type 

pollen; this phase peaks around AD 1760, with some signs of regeneration in Quercus 

and Ulmus cover since. 

Elterwater: 

Localised settlement in the central Lakeland massif can be dated back to the third 

millennium BC (Higham. 1986); this interpretation is supported by palaeoecological 

records of forest clearance (particularly around the axe factories of Langdale) and 

widespread megalithic construction. By the Iron Age, a complex economic system 
integrating upland cattle ranching and lowland arable production had developed in the 

Langdale area, although many of the more isolated fells were essentially untouched. 
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Fig. 7.2: Full Holocene pollen spectra from Blelham Tarn (Pennington 1965) 
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Evidence for major shifts in land cover during the historic period are unclear, 

although a full Holocene record from Blelham Tarn (Pennington 1965, Fig. 7.2) 

appears to show a significant regeneration phase at around 50 cm depth, with declines 

in Poaceae undiff., Plantago lanceolata and Asteraceae pollen influx. 

In comparison, the data from Elterwater (Figs. 6.2,7.3) display remarkable 

levels of stability throughout the period studied. Most major components of the 

pollen spectra undergo little variation, with Poaceae undiff. remaining at around 30- 

40% of the pollen sum throughout the record. It is possible that this stability may just 

be the result of sediment mixing within the core, but the integrity of the site 

chronology (vide pp. 179-180) would appear to preclude large-scale sedimentary 

resuspension. Some elements of the pollen spectra do display significant variations - 

Fraxinus excelsior and Pinus both increase in the uppermost zone (ELT-E); however, the 

most interesting change is the enormous rise in Saxifraga oppositfiolia beginning around 

AD 920. It is unlikely that a sustained rise of tl-ds nature could be caused by 

contamination from inwashed plant material; equally, although Sax! fraga opposit! folia is 

an important component of the modern catchment vegetation, its abundance is far 

below that implied by the concentrations of its pollen in the surface sediments. 7he 

only plausible explanation is that the species has been significantly and systematically 

over-represented in pollen records from Elterwater for the past millennium. Such 

effects would most probably come from heightened levels of local pollen production, 

although Sax! fraga oppositfiolia is hardly a typical lake margin species (Stenstrom et a]. 

1997); the phenomenon may be worthy of further investigation. 

Only two clear abandonment phases can be noted in the pastoral and arable 
indicators. From AD 780-830 there is a decline in the influx of Chenopodiaceae, 

Saxifragaceae, Rosaceae undiff. and Poaceae undiff., with corresponding increases in 

Quercus and Corylus avellona-type. A second period of decline from AD 920- 1000 can 

also be identified, with falls in Cannabis sativa-type, Urtica-type, Saxifragaceae and 
Lactucoideae. Other spectra appear to be similarly unresponsive; the only notable 
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changes observed were peaks in the influx of Quercus, Aln us glutinosa and Coglus 

avellana-type around AD 830 and AD 1550, and a maximum in Erica and Calluna 

Vulgaris around AD 1200. 

Hulleter Moss: 

Anthropogenic disturbance began later in the more secluded fells of the Lakeland 

massif than in the better-drained uplands of the region; Dickinson (1975) proposes a 

date of 1500 BC for the first sustained woodland clearance around Rusland Moss. 

These early clearances were typically short-lived; more permanent cultivation of the 

Lake District fells was restricted to the Windermere area until the Dark Ages 

(Pennington 1969). Much of the later clearance in the region was the work of 

Hiberno-Norse pastoralists from the 10th century AD onwards (Higharn 1986), an 

influence clearly discernable in the preponderance of -thwaite, -thozpe and -by 

elements in local place-names. Although high-resolution studies of the historic period 

in these areas are limited, some records appear to show a distinct regeneration phase 

occurring after this stage; Core XIX from Winifred Dickinson's study of Rusland 

Moss (Dickinson 1973, Fig. 7.4) shows a notable decline in Poaceae, Plantago 

lanceolata, Filipendula and Gahum at around 35 cm. depth. 

The first significant signs of anthropogenic impact noted at Hulleter Moss 

(Figs. 6.3,7.5) occur in the Dark Ages; there is a slight rise in Poaceae undiff. and 

Plantago lanceolata centred around AD 430, though the increases noted are very 

minor. More established evidence for clearance at the site may be noted from AD 

640, with rises in the influx of Rumex acetosella, Rosaceae undiff., Plantago lanceolata, 

Poaceae undiff., cereal-type and Pteridium aquilinum pollen and a parallel decline in 

Quercus. There appears to be a brief hiatus in this episode from AD 740-8SO, when 

Plantago lanceolata and Poaceae undiff. both fall and Corylus avellana-type expands; 

resurgent clearance after this phase sees non-arboreal pollen reach a maximum 

around AD 870. There is a steady decline in anthropogenic indicators after this peak; 
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Fig. 7.4: Pollen spectra from Core XIX, Rusland Moss (Dickinson 1975) 
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Rumex undiff., Rumex acetosella, Lactucoideae, Centaurea nigralscabiosa, cereal-type and 

Pteridium aquihnum fall after AD 890, and Plantago lanceolata and Poaceae undiff. do so 

(with greater rapidity) from AD 950. Quercus, Betula and Alnus glutinosa all expand 

during this period, which (from its scale and stratigraphic position) may be tentatively 

associated with the recent regeneration phase identified by Dickinson (1973). 

Thereafter, levels of anthropogenic impact remain low throughout the Middle 

Ages, with the exception of an isolated peak in Ranunculaceae, Plantago lanccolata, 

Asteroideae and Poaceae undiff. pollen around AD 13SO. From AD 1420-1 S40 

declining levels of mature woodland pollen (Quercus and Aln us glutinosa) relative to 

Betula and Corylus avellana-type suggest low-level anthropogenic disturbance during 

this period (from either forest grazing or limited woodland management). Betula and 
Corylus avellana-type both fall sharply around AD 16 10, when there are major 

increases in a variety of open-land indicator pollen, including Ranunculaceae, Rumex 

acetosella, Rosaceae undiff., Plantago lanceolata, Plantago medialmajor, Asteroideae, 

Poaceae undiff., cereal-type and Pteridium aquihnum. These anthropogenic indicators 

peak around AD 1690 and then decline; Betula and Coýylus avellana-type both undergo 

a major expansion from this time. This final deforestation phase probably represents 

the clearance and drainage of the Rusland valley in the 17d, century, although its 

timing is slightly at odds with historical records showing most of the development of 

the Lakeland fells taking place from the Restoration onwards (Pearsall & Pennington 

1973). This divergence can be explained by the error margins associated with the 14c 

dates from the site (vide pp. 180-18 1), although it is also possible that Elizabethan and 
Jacobean population pressures in southern Cumbria (cf. Appleby 1978) may have led 

to localised clearances at a slightly earlier date. 

Mockerkin Tam: 

The western coastal plain of Cumbria was one of the first regions of the British Isles 

to experience extensive anthropogenic disturbance, with landnam-type clearances 
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recorded from as far back as the 4ýh millennium BC (Pennington 1969). By the 2"d 

millennium BC most of the region has undergone at least partial deforestation, and 

arable production was widespread throughout the coastal plain by I SOO BC. These 

conditions prevailed throughout western Cumbria for the next two millennia; Walker 

(1966) noted very little variation in the record from Ehenside Tam after an initial 

clearance phase around 1600 BC. The pollen spectra from Mockerkin Tam (Figs. 6.4, 

7.6) reflect this stability; Poaceae undiff. remains constant at around 20% of the 

pollen sum, and there are no significant shifts in the abundances of the major arboreal 

taxa. There is some evidence suggesting an intensification of arable cultivation around 

the site in the late Bronze Age: a slight increase in cereal-type pollen can be noted 

around 960 BC, and Cannabis sativa-type (cultivated in northern England from the 2"' 

millennium BC onwards, Bartley et al. 1976) is present at low levels of abundance 

from 1190 BC. Such shifts are however very minor, and there appear to be no 

significant discontinuities in the patterns of Bronze Age and Iron Age settlement at 

Mockerkin Tam. 

Roman activity in western Cumbria was extremely limited; most of the overt 

Roman presence in the region was restricted to the garrisons at Carlisle and (from 

AD 122) Hadrian's Wall, and the main military route to these outposts led through 

Kendale and the Vale of Eden. The lives of the mobile pastoralists who inhabited the 

rest of the county were largely untouched by the Roman occupation; although ports 

were established at Ravenglass and Maryport to supply the garrisons to the north and 

at Hardknott, these appeared to have had little contact with the native populations 

(Higham 1986). It is therefore unlikely that the deepening recession experienced by 

the Roman economy from AD 360 onwards would have had much direct impact on 
local settlement patterns. However, a more serious consequence of waning Imperial 

power would have been the contemporaneous collapse of the Pax Romana on the 

Empire's northern frontiers. From AD 36S-367 northern England was repeatedly 

attacked by raiding parties of Picts, Saxons, Scots and Atacotti; although this initial 

assault was successfully repelled, it was clear that Rome no longer had ability or the 
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will to guard its extremities. After major Saxon incursions in AD 408 the rural 

populations of southern England were in open revolt against both the Empire and the 

local patrician class; within a further two years the legions had been recalled and the 

political structure of Roman Britain had collapsed (Higham 1986). 

The early S'hcentury saw the remains of Roman Britain descending into 

anarchy and tribalism and under attack from barbarians from all directions. However, 

by the middle of the century some degree of political and military stability had 

returned to the country, as the tribal groupings of Romano- Celtic Britain gradually 

coalesced into a small number of regional kingdoms. The following years were 

marked by a brief renaissance of Romano-Celtic culture throughout the country, and 
Pennington (1965) and Walker (1966) both identify this "Brigantian" period as a time 

of renewed forest clearance and settlement expansion in Cumbria. In north-western 
England, Gwrast Lledlwm assumed control of Rheged in AD 450 (Phythian-Adams 

1996); in AD S35 this kingdom was divided, with the northern part of the kingdom 

(comprising present-day Cumbria and Galloway) under the authority of the 

unpromisingly-named Cynfarch the Dismal. 

There is a close (if apocryphal) link between Mockerkin Tarn and this dynasty 

in the person of Morcant Bulc, the dispossessed king of Brynaich who usurped the 

throne of Rheged in AD S97 (Higham 1986). Morcant (an unsavoury character 

variously held to have ordered the assassination of his predecessor Owain map Urien, 

persecuted saints Mungo and Kentigern, and to have been the factual model for the 

character of Mordred in Arthurian mythology) is reputed to have moved his court 
from Llwfenydd in the Vale of Eden to Mockerk-in (supposedly named in his honour, 

cf. Harmer 1954). However, such royal status of the tarn was to be short-lived; 

constant feuding between the Romano-Celtic statelets of north-western England had 

left them vulnerable to Anglo-Saxon incursions. By AD 616 a series of military 

misadventures had left most of the territory of Rheged effectively under Anglo-Saxon 

control, and the region was formally incorporated into Northumbria in AD 68S. 
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early Dark Age periods, and aside from the consistent presence of Cannabis sativa-type 

pollen in the record (see below) there is little evidence indicating any significant 
Romano-Celtic activity at the site. However, a major clearance phase can be observed 
immediately after this stage; from around AD 620-900 there are consistent rises in 

Ranunculaceae, Urtica-type, Plantago lanceolata, Poaceae undiff. and cereal-type, with 

the influx of Betula, Alnus glutinosa and Cor: ylus avellana-type pollen all falling. The 

timing of this episode suggests that these clearances were of Anglo-Saxon rather than 

Romano-Celtic origin, although the error margins associated with the age-depth 

regression of the core (vide pp. 184- 18 S) are substantial enough for an association 

with Morcant BuIc's supposed activities in the area to be credible. 

The enormous increase in Cannabis sativa-type pollen during this period merits 

further discussion. Earlier records from the site suggest that hemp had been cultivated 

around the lake from the late Bronze Age onwards, but from around AD 200 there is 

a sudden quantitative shift in the nature of this record. Concentrations of Cannabis 

sativa-type are sustained at remarkably high levels (>S% of the pollen sum) after this 

point, and from AD 680 the taxon's relative abundance rises sharply to a maximum of 
38.5% around AD 840. Such high concentrations almost certainly result from the 

retting of hemp fibres in the lake (cf. Bradshaw et a]. 198 1), with production at the 

site peaking during the late Dark Ages. The timing of this peak corresponds closely 

with the Cannabis peak observed at Ehenside Tam (Walker 1966,2001) and the start 

of sustained Cannabis cultivation in northern Cumbria (Dumayne-Peaty & Barber 

1998, Cox et a]. 2001). 

The history of northern England during the later Dark Ages and early 
Medieval period is one of almost continuous decline. By the middle of the 8" century 
AD Northumbria had lost its primacy amongst the Anglo-Saxon kingdoms of England 

- first to the resurgent Mercia of Offa's reign, and later still to Wessex (Higham 
1986). The decline, imperceptible at first, was hastened by a near-constant cycle of 
Norse attacks from the last decade of the St' century onwards. Norwegian raiders 
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attacked Jarrow and Monkwearmouth in AD 794 (Higham 1986); although there are 

no reports of similar assaults west of the Pennines from this time, this is probably just 

a reflection of the paucity of any historical records from Cumbria during this period. 

Viking raids were certainly frequent around other parts of the coastline of western 

Britain in the early 9th century, and it seems unlikely that Cumbria was spared. 

In the latter half of the 9th century a new era of Norse activity began in 

northern England. Hitherto, Scandinavian fleets had been content with raiding and 

piracy, always seeking to avoid direct confrontations with any substantial Anglo- 

Saxon resistance (Higham 1986). This policy changed when the Danish king Ragnar 

Lodbrog was captured and executed (in a snake-pit, according to popular legend of 

the time) by King Aella of Northumbria (Richards 2000). Ragnar's sons (Ivar the 

Boneless, Ubbi and Halfdan) planned their revenge for many years, slowly building a 

vast invasion fleet. This landed in East Anglia in AD 86S; the Danish army swiftly 

overcame local resistance and then turned to the north and attacked Northumbria. 

York fell in AD 867, and in AD 871 a substantial Danish force under the command of 
Halfdan crossed the Pennines and ravaged Cumbria. By the mid-870s the political 

structure of Northumbria had collapsed, and the Danish invaders were in command of 

most of northern England. The region settled into an uneasy peace thereafter, with 

the 1 Oth century marked by successive waves of colonisation (Higham 198 6) - first by 

the Norse, and then by immigrants from the surviving Brythonic kingdom of 
Strathclyde (vide p. 24). 

At Mockerkin Tam, a definite hiatus in the pattern of early Medieval 

settlement can be observed. Although arboreal indicators continue to fall throughout 

the period, the peak of Cannabis sativa-type pollen at the site declines precipitously 
from AD 840-950; from this it seems likely that there was a near-total ccssation of 
hemp retting at the site from the latter half of the 9'h century onwards. Substantial 

declines in Rumex acetosella, cereal-type and Secale ccreale pollen are also noted during 

this period, suggesting a general fall in arable production in the vicinity. Pastoral and 
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arable indicators are generally stable during the remainder of the Medieval period, 

although a second decline phase can be from AD 1000- 105 0, with falls in the influx of 

Cannabis sativa-type, Rumex acetosella, Rhinanthus and Cereal-type pollen. This second 

phase of abandonment, although more subtle in character, appears to be 
I 

contemporary with similar II th century declines noted in southern and northern 

Cumbria (cf. Oldfield 1969, Dumayne-Peaty & Barber 1998). 

Walton Moss: 

The palaeoccological records derived from Walton Moss in the present study (Figs. 

6.8,7.8) cover a period from around AD 800 to the present day; a detailed review of 
the pre-Medieval development of the region is thus not required here. The 

palaeoecology of early historic impacts on the Scottish border regions has been 

comprehensively reviewed by Dumayne (1992,1994, Dumayne-Peaty 1999, 

Dumayne-Peaty & Barber 1998); these records generally show the first major 

clearances taking place in the region during the late Iron Age, with a maximum in 

deforestation during the early Roman period and a subsequent decline in the Dark 

Ages. It should be noted in passing that Hadrian's Wall was not (until the final years 

of the Roman occupation of Britain) in any sense the northern limit of Imperial 

power, and was more a means of regulating the movements of native populations 

around the marches of the Empire than a delimiter of political boundaries. 

The palynological data from Walton Moss displays considerable variation in a 

number of anthropogenic indicators, and perhaps as many as five distinct 

abandonment phases may be identified from the record. The first of these is one of 
the most severe: a long-term decline from AD 860-9SO in the abundance of a number 

of taxa including Caryophyllaceae, Plantago lanceolata, Plantago media Imajor, Poaceae 

undiff. and cereal-type. The decline (which also sees considerable regeneration of 
Betula, Alnus glutinosa and Corylus avellana-type cover) appears to have been largely 

pastoral in nature, and corresponds with 9" century declines observed in virtually all 
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the other sites investigated in this project. It is tempting to ascribe this decline to the 

campaigns of Halfdan's Danish forces in Cumbria in the 870s, although climatic 

change is also a potential driving force; this possibility will be discussed in section 7.3. 

Anthropogenic indicators remain sparse in the record after this decline, 

although two further declines (in Plantago lanceolata, Plantago medialmajor and Poaceae 

undiff. from AD 1110- 1140 and in Urtica-type, Plantago lanceolata, Plantago media/ 

major, Poaceae undiff. and cereal-type from AD 1220-1230) can be observed in the 

mid-Medieval period. However, both these phases are brief and of limited 

significance, and their importance should not be overstated. More notable is the 

decline (predominantly in arable indicator taxa, the only such decline noted in the 

record from Walton Moss) from AD 1370-1420 (cf. Barber 198 1, Dumayne-Peaty & 

Barber 1998). If one makes allowance for the error margins associated with the 

age/depth regressions from the site, this episode is very close to the key early 14' 

century period studied in this project. 

The presumed abandonment phase is particularly notable for the divergent 

response of arable and pastoral indicator taxa during the episode. Whilst arable 
indicators (Urtica-type, Rumex acetosella, Rumex undiff., Asteroideae, Artemisia, Cereal. 

type and Secale cereale) all fall during this period, there is a simultaneous increase in 

the abundance of Poaceae undiff., Plantago lanceolata and Plantago medialmajor. 
Significant falls in the abundance of Alnus glutinosa, Betula and Cor ]us aye ana-t e are :, y 11 yp 

also associated with this episode, which the paradoxical result that the abandonment 

phase is associated with a major fall in the levels of arboreal pollen. The explanation 
for this phenomenon is likely to be associated with the differential levels of pollen 

production by many major pastoral and arable indicators. The majority of key arable 

and arable weed taxa are either autogamous or entomophilous, and their 

representation in pollen spectra - even when they form a significant proportion of 
local land cover - is thus typically poor. Therefore, if arable land is transformed to 

pasture without any change in the ratio of arboreal to non-arboreal land cover in the 
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local landscape, it is quite possible for relative pollen spectra to record an apparent 

increase in the level of non-arboreal pollen. 

There are two possible scenarios that may be considered for this decline; 

either there was a conscious decision made to transform arable land to pasture, or the 

transition represents an early successional stage with grasses and perennial weeds 

expanding onto recently-abandoned cultivation sites. The latter appears more likely; 

the accumulation rate at Walton Moss (vide Fig. S. 11) is certainly rapid enough for 

records of such fine ecological detail to be preserved. Moreover, a secondary decline 

phase at Walton Moss dated to AD 1400-1420 is marked by a decline in the influx of 

pastoral indicators (Plantago lanceolata, Plantago media Imajor and Poaceae undiff. ) and 

an expansion of early-successional arboreal taxa such as Betula and Corylus avellana- 

type. These paired decline phases are the clearest evidence of Late Medieval land 

abandonment found in any of the sites in this study. Finally, a last Medieval decline 

phase can be identified from AD 1460-1480, with falls in the abundance of Poaceae 

undiff., Rosaceae undiff., Plantago lanceolata, and Plantago media Imajor. However, this 

episode is (like the mid-Medieval declines noted at the site) both brief and limited in 

its impact, and appears unlikely to have any regional significance. 

Summary of decline phases: 

Applying 95% confidence limits (Birks & Gordon 198S, vide pp. 93-94) to the 

composite pollen spectra derived from the study sites will allow one to make a more 

objective assessment of the true significance of the variations in pastoral and arable 

indicators. Error margins associated with the "C dates used in the project make fine- 

scale comparisons between the sites problematic. However, if one plots the variations 

in anthropogenic indicators (Figs. 7.9-7.13) during the Medieval era, it is 

immediately apparent that there were a number of distinct regional decline phases in 

the period (Table 7.1), of which the 14'h century episode was by no means the most 

important. Indeed, the most widespread period of land abandonment appears to have 
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Fig. 7.13: 95% confidence intervals for composite arable and pastoral pollen spectra 
from Walton Moss 

been in the 9' century: major declines in the earliest part of the Medieval era can be 

observed at Deer Dyke Moss (AD 800-880), Elterwater (AD 780-830), Hulleter 

Moss (AD 8SO-970), Mockerkin Tam (AD 840-950) and Walton Moss (AD 860- 

950). All these abandonment phases - with the exception of that in the largely 

quiescent record from Elterwater - are of considerable size, although their nature 
does vary from site to site. 

At Walton Moss, the decline is predominantly pastoral in nature; although 

there are falls in cereal-type and Secale cereale, the most notable declines are in 

Poaceae undiff., Plantago lanceolato and Plantago media Imajor. At other sites, the 
declines are more pronounced in arable indicators: this is most apparent with the fall 

of Cannabis sativa-type at Mockerkin Tarn, but similar effects may be noted at Deer 

Dyke Moss (declines in Asteroideae, Lactucoidcae, Artcmisia and cercal-type) and 
Hulleter Moss (Cannabis sativa-type, Urtica-type, Chenopodiaccac, Rumex undiff., 
Asteroideae and cereal-type). These declines arc concentrated in the second half of 
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Decline: Date: Taxa associated with decline: 
"Ce'r L-JVK C IVI(. )-" 

Ai-ablc AD SOO-880 I lljlj, ý (I lilt II loýs, I, S, I IIX, RII It II ICLI I aCC, IC ), S, WC, 1c (111( 1 It i 

AStC1-0idC, I(', Artennsia, cci-cal-tNI)c 

Pas'toi-al At) 990- 1010 Quercus, Scili. x, lUmilwillaccac, Clicimpodiaccac, Rosact,. w 

undiff., Filipen, lula, Apiaccac, PI'llit'll(lo I'mccol'it'l, Phillt'j"lo 

medialmajor, Rubiiccac 

Pastol-al AD 1070-1090 Ranmiculaccac, hlipendulu, I'lanta,, lo lonccol, )ta, Rhmanthus, 

Arterjusia, Poaccac midiff., cci-cal-typc 

Amble At) 1300-1340 Bctula, 
. 
11nusgititinos, i, Rammculiccac, Rosmvac midiff., 

Phintal, lo lanccokitu, Plarit, igo mcdwIni, ijor, -Irtulusia, P(mccoc 

Luidiff., cci-cal-type 

Elterwater 

P, Istol-. 11 AD 780-830 SIXifi-, I0, I('C, IC, R0SICCI(' UlIdd . f., P(mccile ulldilf., Pterldmill 

Arable AD 920-1000 -Ilnusglutinosci, Ccuirwhissatisu-tvpe, Urtic, i-typc, Polvoolwccac, 

RIMICN U11diff., Sixitnigaccac, FilipciJula, Lactlicoideac 

Hulleter Moss 
Arable At) 850-970 Tilw, Gilinal'IS SLjt1t'l-tN'pC, 111"th-CIAN'1W, C1I('1I0j)()di, 1('(', I(-, R11111c'A 

1.111diff., Sax i fi-, waccic, Phintigo medialmajor, Astei-oideac, 

Poaccac midiff., cei-cil-typc, Ptcridium aquillnum 
P, istoral AD 950-990 ( oglus-avc1lano-ty1w, Plawago hinceolata, Astei-oide. ic, 

Luidiff., cereal-type 
Pastoral AD 1200-1270 111mus, Rainuicul. weac, Urtica tN'pC, 1,111 ccohl ta, Po'Ice'Ic 

widiff., Pterichum aquilinum 
Pastoi-al At) 1350-1420 (11mus, . -Ilnusg1minomi, Froximis ex(elsior, Rmimiculm",, ic, 

SIxif , 1-, 1pc(', I(., Asten)ide'le, 

Mockerkin Tarn 

('11111,11,1S AD 840 L)ýO 11hims, Betula, CLI'll-b's sat"'a-type, Runick 

'l(Ttosella, SCC'jlC 'Cru"11C 
Ai-, iblc AD 1000-10, SO I ilici, Cannabis satno typc, Rume. x ticetoscliti, Rhiminthu. %, 

tY 1) c 
Walton Moss 

1"Istol-A AD 860-9 SO Ilt"It'l"I IWII. X, Cm- ()p1I P1,1111,1 tlo 1,111"Cohli'l, Philita 

inc, lialinalor, Pomv, w midiff., tYpe, se(uh, (VIV, 11C 
Pastol-, Il AD II 10- 1 140 Pldl)t, 1, (10 1,111ccolat'l, Plawd, 110 HIL'(110/111oll't, P(). I(T, I(' L111diff. 
P'Istol-, 11 At) 1220-1 )W Ilt-tica typc, Plantago lamcol'lt'l, tiledla/ultwl, 

midiff., ccl-c'11 typc 
Al"IbIc AD 1 ý70 14 ýO ( on his ai-climm lypc, Capt-il(diacc. w, 11mco typc, Rilim, \ 

a(ciosella, Runin widiff- Ast(-i-()idc, w, li-remisla, cen"11 tNp,., 
Scc, de cere, i/c 

P'Istol-al At) 1400 14-ýO (onluý, ncllaim typc, P(), WC, 1C midth., 
(vi-c'11 tYpc 

1"Istor'd AD 1460-1480 Plim. " Rosmv, w 1111dill., Platita"J'' 1,11), 

111CIIIII/ ffl']/01, h)ACCM. 11111ilh. 

Table 7.1: Pollcii inf'Crred dcclillc ill Mcdic% al ( i'l 
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the 9" century AD, although the position of the episode noted at Elterwater in this 

pattern is somewhat questionable. Two distinct abandonment phases can be noted at 

the site, the first (AD 780-830) mainly affecting grasses and heathland taxa, and the 

second (AD 920- 1000) associated with a range of anthropogenic indicators (including 

Cannabis sativa-type, Urtica-type, Polygonaceae, Rumex undiff., Filipendula and 

Lactucoideae). 

The timing of these declines is slightly discordant with those observed at other 

sites, although this may be due to the relative weakne4s of the "C chronology at 

Elterwater (vide pp. 179-180). If one accepts the limitations of the chronology and 

further assumes a correlation between the timing of major declines throughout the 

region, the second abandonment phase (AD 920-1000) does bear a closer 

resemblance to late-9hcentury events observed at other sites, and could tentatively 

be correlated with a Cumbrian-wide period of early Medieval settlement 

abandonment. However, tempting though such associations might be, there is no firm 

basis for imposing them upon these records. The two events mentioned are the only 

statistically-significant declines noted in the Elterwater record; these low levels of 

variation suggest that (at the very least) anthropogenic impacts in the central Lake 

District were notably out of phase with those elsewhere in the county. All that can be 

said with certainty is that some signs of reduced land-use intensity are noted from the 

early Medieval era, and that aside from these the record as a whole shows remark-ably 

constant levels of human activity throughout the historic period. 

The next regionally-significant abandonment phase that can be identified is the 

1 Vh century decline noted in previous studies of southern Cumbria (Oldficld & 

Statham 1963, Oldfield 1969). Considering the prominence attributed to tl-ýs event, 

signs of its presence are surprisingly sparse in the current project; only the records 
from Deer Dyke Moss and Mockerk-in Tam feature abandonment phases dating from 

this period. At the former site, two significant dcclines in pastoral indicators can be 

observed from AD 990-1010 and from AD 1070-1090. The earlier event, a very brief 
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decline marked by a fall in a number of herbaceous taxa (Ranunculaceac, 

Chenopodiaceae, Rosaceae undiff., Filipendula, Apiaceae, Plantaso lanceolata, Plantaso 

media Imajor and Rubiaceae) and a rise in Corylus avellana-type influx, is of doubtful 

significance; if an abandonment phase is indicated by this event is appears to have 

been of minimal duration, and it appears more likely that the supposed decline is 

merely a data artefact caused by anomalously high levels of Coýylus avellana-type 

pollen deposition. In contrast, the later decline (AD 1070-1090) seems to mark a 
definite transition in the pollen spectra at the site. Several arable and pastoral 

indicators (Ranunculaceae, Filipendula, Plantago lanceolata, Rhinanthus, Artemisia, 

Poaceae undiff. and cereal-type) decline during this period, and there are clear signs 

of forest regeneration from increases in Alnus Slutinosa and Betula. 

The contemporaneous decline at Mockerkin Tarn (AD 1000- 1050) is more 

subtle in character, and mainly affects arable-type indicators (Cannabis sativa-type, 

Rumex acetosella, Rhinanthus and cereal-type). Aside from a slight increase in Quercus 

influx, there are no signs of forest regeneration at the site. Elsewhere, the 

abandonment phase apparently passed unmarked; it is possible that a slightly later fall 

in pastoral indicators (Plantago lanceolata, Plantago medialmajor and Poaceae undiff) at 
Walton Moss from AD I 110- 1140 may be associated with the period, although this is 

a minor, short-term event of doubtful regional significance. Later declines at Walton 

Moss (AD 1220-1230) and Hulleter Moss (AD 1200-1270) can only be associated 

with the period if one severely distorts the chronologies for these sites. In summary, 

it is only the record from Deer Dyke Moss that offers unequivocal evidence for an 
II th century decline phase. It is possible that small hiatuses in the settlement patterns 

around Mockerkin Tarn and Walton Moss occurred during this period; however, the 

event appears to have been far less regionally important than was hitherto suspected, 

and its impact beyond the southern coastline of Cumbria of minimal importancc. 

The last regional decline phase that can be noted in the pollen spectra is that 

of the 14" century. Again, despite a wealth of existing evidence for widespread rural 
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depopulation during this period (vide section 2.2), there is little in the palynological 
data to suggest such an event. The clearest record of such a phase can be found at 
Walton Moss, where a major decline in arable-type indicators (Urtica-type, Rumex 

acetosella, Rumex undiff., Asteroideae, Artcmisia, cereal-type and Secale cereak) occurs 
from AD 1370-1420. If one allows for the errors associated with the age-depth 

regression at the site, this episode may be correlated with the demographic collapse of 

the early 14' century. 

Records of Late Medieval decline at other sites are less convincing. At Deer 

Dyke Moss, declines can be noted in a range of anthropogenic indicators 

(Ranunculaceae, Rosaceae undiff., Plantago lanceolata, Plantago rnedialmajor, Artemisia, 

Poaceae undiff. and cereal-type) from AD 1300-1340. The timing of the event, and 

the number of herbaceous taxa affected, offer reasonably secure evidence for the 

presence of a Late Medieval abandonment phase at the site. However, the event is 

short-term and small-scale, and there are a number of other declines in the record 

that are considerably more significant. At Hulleter Moss the palynological record is 

even more questionable. A brief decline in a number of herbaceous taxa (including 

Ranunculaceae, Brassicaceae, Asteroideae and Poaceae undiff. ) can be observed from 

AD 13SO-1420, but the amplitude of the variation is very low. It should also be noted 

that the decline takes place in the middle of a period of already-minimal human 

impact; Medieval agricultural activity in the Rusland valley appears to have been 

negligible following the 9, h century abandonment phase. 

Signs of the 14'hcentury demographic collapse are in general surprisingly 

sparse in the palynological record. That some sort of decline took place during this 

period is not in doubt; decades of historical and archaeological research have provided 
firm evidence for widespread rural depopulation in the Late Medieval era. 
Nevertheless, the only site showing a major fall in anthropogcnic indicators during 

this period is Walton Moss. Although faint outlines of similar events may be detected 

at Deer Dyke Moss and Hulleter Moss, the declines noted at these sites are essentially 
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minor inflexions in the composite spectra and are overshadowed by the events of the 

9th arýd 1 Phcenturies. There are two possible reasons for this limited response; either 

the decline did not have a major impact on the sites selected for this study, or its form 

was not amenable to palynological methods. It should be remembered that the fall in 

Late Medieval population was by no means a uniform trend, and it is to be expected 

that individual sites would show considerable divergence in their palaeoecological 

responses during this period - particularly as the pollen source areas for most of the 

study sites are relatively small. Nevertheless, using local socioeconomic disparities as 

the sole explanation for the lack of palaeoecological evidence seems implausible. 

Historical records indicate substantial rural depopulation around Elterwater and 

Mockerkin Tarn during the 14thcentury (vide pp. 34,1 S9-16 1), yet the pollen spectra 

from these sites show no signs of any hiatus in settlement during this time. 

The second possibility - that depopulation did occur around many of the 

study sites but did not result in substantive changes in land cover - is more credible. 

As Carl Sagan observed in another context, "absence of evidence is not evidence of 

absence" (Sagan 1996, p. 2 15), and the fact that the Late Medieval decline phase is 

seldom detected by the use of a single experimental method cannot be taken as a 

reliable basis for rejecting its existence. The reason for the limited extent of the 

records of the decline is more probably due to the divergent responses of different 

agricultural systems to depopulation. it is notable that the only major abandonment 

phase recorded from pollen spectra during this period occurs at Walton Moss, which 

was also the only site featuring high levels of arable pollen influx during the High 

Medieval era. At first sight it seems odd that a relatively fertile lowland area should 
decline so precipitously relative to the poorer and more isolated communities within 

the Lake District; the solution to this apparent paradox may lie in the distinctive 

socioeconomic structures of these regions. 

Arable production has always been a labour-intensive process, and the loss of 

a substantial Proportion of the population of a cultivation-based system (such as 
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Walton Moss in the later Medieval era) would have had a disproportionate effect on 
local agricultural practices: the ploughing, tillage and harvesting of large areas of 

cultivated land required the support of a large workforce (cf. Campbell 1996). If this 

was not available, the remaining population would find the maintenance of the 

original extent of arable land increasingly problematic, and this area would eventually 

contract to an appropriate level for the surviving community. Such changes would be 

compounded by the rigid seigniorial controls on agricultural production typical of 
lowland Cumbria at this time (vide pp. 27,73-74). Landowners and peasantry alike 

were typically "locked in" to particular modes of agricultural production; if an 

external environmental stimulus was responsible for the crisis of the early 14" 

century these communities would have had very little scope for manoeuvre. 

In contrast, the upland communities of Medieval Cumbria possessed a more 

resilient economic base. The mixed agricultural systems of the Lake District were 
heavily dependent upon stock-rearing, a means of production considerably less 

labour-intensive than arable cultivation (Winchester 1987). Consequently, any loss of 

population would have had relatively little impact on the extent of pasture around a 

community. Even if levels of grazing intensity did decline, this would not necessarily 
be reflected in the pollen spectra from the site; even significantly reduced herd sizes 

might still be sufficient to inhibit woodland regeneration. The presence of such 

regeneration in records from the 9th century decline suggests near-total land 

abandonment during this phase; in contrast, 14th century declines in the Lake District 

seems to have been typified by general reductions of in situ population levels rather 
than by wholesale desertions of particular areas. From this it may be concluded that 

arable and pastoral spectra display slightly different sensitivities to different forms of 
landscape abandonment, and that the latter will only register decline phases if such 

periods are marked by the near-complete depopulation of a particular area. It appears 

that the population decline of the 14 1h century was far more evenly-distributed, and 
the consequent changes in land cover are thus only noticeable in arable spectra. It is 

noteworthy in this context that the two most convincing records of Late Medieval 
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depopulation (Walton Moss and Deer Dyke Moss) both come from arable indicators; 

furthermore, at two other sites (Hulleter Moss and Mockerk-in Tarn) there are similar 
falls in composite arable spectra, although both of these are below 95% confidence 
limits. 

One last point that should be considered is the apparent divergence in pollen 

representivity shown by the lake and mire sites in this study. It would be dangerous to 

overemphasise the trends displayed by such a restricted number of studies, but it is 

noticeable that the mire sites appear to be consistently more responsive to changing 

vegetational patterns than their lacustrine counterparts. Of course, one can easily 

justify the low responsiveness of the data from Elterwater and Mockerkin Tam with 

reference to specific features of the sites and records;, Elterwater appears to have been 

a genuinely unresponsive site throughout the historical era, whereas the unexpectedly 

slow sediment accumulation rates encountered at Mockerkin Tam severely limits the 

chronological resolution of the pollen spectra derived from the site. However, 

similarly divergent records from lake and mire sites have been noted previously (cf. 

Morriss 2001), and it does appear that there is a genuine difference in the 

palynological representivity of these depositional environments. 

It is possible that this difference may simply be an inescapable consequence of 

the relative marginality of lake and mire sites -a catch-22 situation whereby 

agricultural land is automatically thought less marginal merely because it is adjacent to 

a lake. This explanation seems plausible for the sites considered here (given the 

restricted size of their effective pollen source areas) but would not explain similar 

phenomena in larger basins dominated by regional pollen rain. Postdepositional 

mobility of sedimentary material appears more likely: the periodic resuspension of 

pollen grains at the surface/water interface (Davis 1968, Davis & Brubaker 1973) 

could cause considerable distortion of fine-scale palynological records, particularly in 

systems with low accumulation rates. Although comparable effects can be produced 

in mire systems by the downwash of pollen grains through the surface layers of the 
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acrotelm (Clymo & Mackay 1987), it appears that this mechanism is considerably less 

effective than equivalent processes in lake sediments. It should also be noted that 

mires are typically far more "open" sites than lakes in Cumbria (Pearsall & Pennington 

1973); trees growing around lake margins would act as a strong local pollen source, 
diluting any anthropogenic signals from the effective pollen source area. 

In conclusion, two major abandonment phases can be noted in palynological 

records from Medieval Cumbria. The first, centred around the second half of the 9th 

century, affected a wide range of anthropogenic indicators throughout the region. 

Significant levels of woodland regeneration following the declines at Hulleter Moss 

and Walton Moss (indicating a major fall in grazing pressures at these sites) seem to 

indicate near-complete desertion of certain areas of the county. A second 

abandonment phase centred around the 14th century seems more subtle in character. 
This phase almost exclusively affected arable indicator taxa, suggesting a general 

reduction of population levels rather than complete site abandonment. The clearest 

records of the event are seen at Walton Moss (the only site in this study that seems to 
have been a major centre of arable production during the later Medieval era) and 

Deer Dyke Moss, although slight falls in arable pollen influx (below 95% confidence 
limits) may also be observed at Hulleter Moss and Mockerkin Tam. Elterwater, the 

only study site located in the central Lakeland massif, appears to have undergone very 
little change throughout the historical period, although it is possible that this may be a 

consequence of systematic under-representation of anthropogenically-driven 

vegetational changes in certain lake sediment records. 

7.2: Multivariate Analysis of Palynological Data 

A potentially more objective means of assessing changing levels of anthropogenic 
impact from pollen spectra is to summarise the main trends of vegetational change at 

a site using multivariate analysis; a full account of the principles and methodology of 

this approach is given in section 3.3. Although (as with all statistical techniques) 

ordination is not a flawless analytical procedure - particular care must be taken to 
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avoid distortions caused by high levels of residual variance in the data - the approach 
does provide an effective means of summarising generalised patterns of vegetational 

change. Multivariate analysis was used in two aspect of this research: firstly, to derive 

summary gradients of broad-scale vegetational change through time from each study 

site, and secondly to explore the relationships between herbaceous indicator taxa. 

For the studies of broad-scale vegetational change, an initial DCA was 

conducted on the total dry land pollen from each site (excluding all taxa below 1% 

abundance throughout the record) to determine the choice between linear or 

unimodal techniques for the ordination. As expected, the gradient length of variation 

along the primary eigenvector was significantly below 2CF at all study locations (Deer 

Dyke Moss: 1.1 65CF, Elterwater: 0.498CF, Hulleter Moss: 1.003CY, Mockerkin Tam: 

0.814CY, Walton Moss: 0.861 CY), and principal components analysis was thus used 

throughout; all samples were partially weighted (square root transformation) to 

ensure adequate representation of the less abundant taxa in the analysis output. 
Although Canoco (ter Braak 1991) is capable of deriving up to four independent 

eigenvectors from a data set, it was found during this study that variation along 

eigenvectors became increasingly stochastic as their significance fell; most gradients 

explaining less than 10% of the variability in pollen data appeared to be responding 

more to random errors in the abundances of particular taxa rather than to any clear 

ecological trends (cf. Jackson 1993). Study of the PCA output was thus restricted to 

the first two eigenvectors. In the following pages, the variations encountered along 

these gradients at each site will be considered. 

Deer Dyke Moss: 

The first two eigenvectors from a partially weighted PCA of the pollen spectra from 

this site (Figs. 7.14,7.15) respectively explain 30.3% and 11.1 % of the total 

variability in the data set. The significance of these gradients (considering the 

amplitude of the shifts between arboreal and non-arborcal pollen at the site) is 
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surprisingly low, although is should be noted that the pollen counts at Deer Dyke 

Moss were considerably smaller than those at other sites in the study, and there will 

consequently be a higher level of random noise in these pollen records when 

compared with those from the other study locations. 

The primary eigenvector is defined by a very clear contrast between arboreal 

and herbaceous taxa; most major tree and shrub taxa (with the exception of Baula) 

are clustered at one end of the gradient, whereas the other extreme is typified by key 

anthropogenic indicators including Poaceae undiff., cereal-type, Plantago lanceolata 

and Plantago inedialmajor. It is interesting to note that the temporal variation in 

Fraxinus excelsior, a species commonly associated with the expansion of agricultural 
land in the early Modern period (Rackham 1990), here appears to be linked with 

other arboreal taxa. There seems to be no distinction between pastoral and arable 

indicators along the gradient; the greater PCA scores associated with Poaceae undiff. 

and Plantago spp. are probably merely a reflection of their greater relative abundance 

in the record. Temporal variations along this eigenvector follow those observed in the 

composite pollen spectra from the site extremely closely. Prehistoric clearances at 

1080 BC and S 10 BC (vide p. 219) are both clearly registered in the record, as is the 

decline phase around AD 100. Clearance phases at the site around AD 750, AD 15 60 

and AD 1680 are all marked by sharp rises in the PCA score, and the two major 
Medieval decline phases from AD 1070-1090 and AD 1300-1340 both appear as 
distinct minima. 

The second eigenvector has little apparent connection with anthropogenic 

variables; although certain herbaceous taxa (notably Ranunculaceae and cercal-type) 

show some response to the gradient, this trend does not appear to be reflected by the 

majority of the main indicator taxa. Instead, the main response represented by the 

eigenvector seems to be the relative abundances of major arboreal taxa (particularly 

Alnus glutinosa and Betula) and shrub and heathland cover (predominantly Coýylus 

avellana-type and Pteridium aquilinum). It is noteworthy that (for much of the length of 
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the record) the primary and secondary eigenvectors appear to be in an approximate 

inverse relationship. Oldfield (1969, cf. Brown 1999) closely linked the expansion of 

Pteridium aquihnum in southern Cumbria with generalised forest clearance in the 

region. However, the species relationships implied by this gradient suggest that at 

Deer Dyke Moss much of this expansion took the form of woodland understorey/ 
floor growth, with the rises in abundance of Pteridium and Coglus avellana suggesting 

an increase in forest openness during these periods. Despite the reputation of 

Preridium aquffinum as a fearsomely competitive species (cf. Humphrey & Swaine 

1997, Marrs et a]. 2000), such transitions are very rarely driven by autogenic 

processes, and it appears far more likely that variation along the eigenvector was 

caused by increases in grazing pressure in forested areas (Dolling 1999, Mountford & 

Peterken 2003). 

Elterwater: 

The first two eigenvectors from a partially weighted PCA of the pollen spectra from 

this site (Figs. 7.16,7.17) respectively explain 36.2% and 9.7% of the total 

variability in the data set. The PCA output from Elterwater is of particular interest 

because of the low overall variability in the pollen spectra from the site; it was hoped 

that such analyses would help elucidate the general patterns of vegetational change at 

the site during the late Holocene. 

A clear trend may indeed be observed in the variations along the primary 

eigenvector; it is, however, difficult to assess its significance. Positive values generally 

appear to be associated with herbaceous flora (with the notable exceptions of Poaceac 

undiff. and Rumex acetosella), but a number of other taxa display a similarly strong 

positive relationship with the eigenvector - particularly Corylus avc1lana-type and a 

number of heathland taxa (Calluna vulgaris, Erica and Preridium aquihnum). Negative 

values appear to be linked to arboreal vegetation (Quercus, Fraxinus cxcclsior, Bctula and 
Alnus glutinosa) and Saxifragaceae, but given the diverse range of taxa involved it is 
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difficult to link the gradient to any clear measure of anthropogenic impact. The 

almost uninterrupted decline of the eigenvector values over the past two millennia 

reflect long-term expansion of Quercus and Saxifragaceae at the expense of Corylus 

avellana-type and heathland cover. If any variation in human impact over the length of 

the record can be gauged from this gradient, the trend seems to be one of declining 

levels of human impact over the historical period, with long-term declines in the 

abundance of Plantago lanceolata and Lactucoideae particularly prominent. 

The secondary eigenvector has a markedly lower explanatory value, although 

its ecological significance is similarly obscure. Positive values in the gradient are 

associated with a diverse range of taxa, including a number of anthropogenic 

indicators (Centaurea nigralscabiosa, Filipendula, Asteroideae), trees and shrubs 

(Quercus, Corylus avellana-type) and possible heathland vegetation (Saxifragaceae, 

Rosaceae, Calluna vulgaris). The taxa showing negative relationships with the gradient 

are equally varied (Alnus glutinosa, Betula, Plantago lanceolata, Lactucoideae), but some 

import may be read into the cluster of taxa at the base of the biplot, which includes 

Poaceae undiff., cereal-type and Pteridium aquilinum. 

As one might expect from its low explanatory value, the variations through 

time associated with this eigenvector appear largely stochastic. However, there is a 
definite minimum observable in the values from around AD 610-830, a period 
bearing a remarkably close resemblance to the minor peak in the cercal-type pollen 

spectrum from AD 610-860. This phase was not registered in the composite pollen 

spectra derived for the site, primarily because of a lack of associated changes in other 

arable indicator taxa. Nevertheless, the peak in cercal-type pollen and the 

corresponding minimum noted along the secondary eigenvector does provide limited 

evidence for a minor clearance phase at Elterwater during the later Dark Ages, and 

the timing of the end of this period (mid_gth century) is remarkable close to that of the 

major 9h century abandonment phase noted at other sites in this study. 
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Hulleter Moss: 

The first two eigenvectors from a partially weighted PCA of the pollen spectra from 

this site (Figs. 7.18,7.19) respectively explain 47.3% and 21.4% of the total 

variability in the data set. The primary eigenvector appears to express the relationship 
between arboreal and herbaceous taxa at the site, with positive values associated with 

a variety of anthropogenic indicators (Poaceae undiff., Plantago lanceolata, cereal-type, 
Pteridium aquilinum, Rumex acetosella, Ranunculaceae, Asteroideae and Urtica-type), 

and negative values associated with woodland and shrub vegetation (Aln us Slutinosa, 
Corylus avellana-type, Tilia, Frazinus excelsior, Ulmus and Quercus, plus Powodium). 

Given this relationship, it is unsurprising that variations along this gradient 

correspond closely with those observed in the composite pollen spectra from the 

record; the declines during the 9th and 14th centuries are clearly observable, as is the 

major clearance episode in the 17th century. 

The secondary eigenvector seems to represent a more subtle distinction in 

land-use patterns. Positive values are typically associated with mature woodland taxa 

(Quercus, Ulmus, Fraxinus excelsior and Betula), although Alnus glutinosa displays no 

apparent response to the gradient. Conversely, negative values reflect the abundance 

of a number of different taxa: most notable is a cluster of arable indicators (cereal- 

type, Asteroideae, Rumex acetosella), although other taxa indicative of pastoral land use 
(Plantago lanceolata) and - perhaps - woodland grazing pressure (Corylus ovellana-type, 
Pteridium aquilinum) display significant responses. It therefore seems likely that the 

eigenvector represents a slightly convoluted index of anthropogenic impact, biased 

towards (but not wholly conforming with) levels of arable production. The 9" 

century decline is marked by a very rapid rise in PCA scores, although no comparable 

shift can be seen in the Wh century; recent shifts towards pastoral land use around 
Hulleter Moss can also be seen in the major sustained rise in PCA scores from the ITh 

century onwards. 
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Mockerkin Tam: 

The first two eigenvectors from a partially weighted PCA of the pollen spectra from 

this site (Figs. 7.20,7.21) respectively explain 54.8% and 22.9% of the total 

variability in the data set. The primary eigenvector represents a clear index of total 

anthropogenic impact; positive values are associated with arboreal taxa (Quercus, 

Betula, Alnus glutinosa, Corylus avellana-type, plus Polypodium) and heathland-type cover 

(Rosaceae, Calluna vulgaris, Pteridium aquihnum) - although some major anthropogenic 

indicators (Lactucoideae, Rumex acetosella) are also associated with this group. Such 

groupings seem characteristic of the overwhelming dominance of pastoral taxa 

amongst the anthropogenic indicators recorded in the pollen spectra; cereal-type 

pollen is similarly unresponsive to the gradient. The positive values associated with 
Cannabis sativa-type are a reflection of the distinctive depositional pathway of this 

species at Mockerkin Tam; the actual peak in Cannabis sativa-type pollen at the site is 

significantly out of phase with other anthropogenic indicators. 

Taxa associated with negative values along this gradient are predominantly 

pastoral (Poaceae undiff., Ranunculaceae, Plantago lanceolata), although certain 

arable-type weeds (Asteroideae, Artemisia) also appear to be linked. The abundances 

of Fogus sylvatica and Fraxinus excelsior are both (as distinct from sites in southern 
Cumbria) linked to the general degree of landscape openness, suggesting that neither 

species was a significant natural component of the local arboreal flora. Variation along 

the eigenvector is relatively restricted; although the Dark Age/early Medieval 

clearances are immediately apparent and the late Roman regeneration phase can also 
be seen, these are the only distinctive episodes recorded by this gradient. 

Taxon distribution along the secondary eigenvector is overwhelmingly 
dominated by the abundance of Cannabis sativa-type. Variations along this gradient 

suggest a surprising level of correspondence with other anthropogenic indicators at 

the site. With the sole exception of Rumex spp., all major herbaceous taxa are also 
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associated with positive values along the eigenvector; similar responses are displayed 

by certain arboreal taxa (Fagus sylvatica, Fraxinus excelsior, Ulmus and - intriguingly - 
Alnus glutinosa). Conversely, negative values reflect the dominance of heathland 

(Calluna vulgaris, Pteridium aquilinum) and arboreal taxa (Quercus, Bctula, Cor: Ylus 

avellana-type). It is somewhat surprising for the abundance of Alnus glutinosa to display 

such a linkage to an apparent anthropogenic index, although it should be remembered 

that pollen spectra for this species frequently reflect very localised patterns of 

production and deposition (Janssen 1959, vide pp. 134-13S). Variations along this 

secondary eigenvector closely reflect the abundance of Cannabis sativa-type pollen, 

with the maxima of the late Iron Age and the late Dark Age/early Medieval transition 

both clearly observable. There is little in the record to suggest any influence from 

other indicator taxa associated with the gradient, although a slight decline in PCA 

scores around the 14'h century AD may be taken as supporting evidence for a limited 

arable-type decline at the site during the Late Medieval period. 

Walton Moss: 

The first two eigenvectors from a partially weighted PCA of the pollen spectra from 

this site (Figs. 7.22,7.23) respectively explain S9.9% and 11.4% of the total 

variability in the data set. Taxon distribution along the primary eigenvector suggests 

that the gradient functions as an effective index of anthropogcnic impact; positive 

values are associated with pastoral and arable indicators (Poaceae undiff., Plantago 

spp., Chenopodiaceae, Ranunculaceae, Asteroideae, cercal-type) and negative values 

with arboreal cover (Quercus, Betula, Alnusglutinosa, Corylus avellana-type). As at 
Mockerkin Tam, certain arboreal taxa (Fogus g1vatica, Fraxinus excelsior, Ulmus) are 
linked to anthropogenic disturbance; late Holocene variations in these taxa seem to 
have been quite distinct in southern Cumbria and the coastal plain of Cumberland. 

Pearsall & Pennington (1973) noted that (as a characteristic woodland species) 
Fraxinus excelsior was largely confined to southern Cumbria; these findinas confirm 

that this pattern has been established for a considerable period of time. Variation 
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along this gradient corresponds closely to the abundance of Poaceae undiff. in the 

pollen spectra from the site; the 9th century decline and the clearance phases of the 

14th and 17th centuries are immediately apparent, although no other significant 

episodes can be noted in the record. 

The import of the secondary eigenvector is harder to gauge. Most herbaceous 

taxa (with the exception of Poaceae undiff. and Chenopodiaceae) are associated with 

positive values along this gradient; the particular prominence of cereal-type and 

Asteroideae in this distribution suggests that the eigenvector shows a strong response 

to changes in arable production, although the presence of several key pastoral 

indicators (Plantago lanceolata, Plantago medialmajor, Ranunculaceae, Filipendula) and 

Pteridium aquihnum in this pattern indicates that the truth may be more convoluted. 

The distribution of arboreal taxa along this gradient is similarly perplexing; although 

most are associated with negative values along this gradient, Quercus and Cor7lus 

avellana-type (two taxa with minimal ecological similarities) both display a positive 

response. This apparently arbitrary shift can most plausibly be attributed to the 

preferred use of Quercus and Cor7lus in traditional "coppice-with-standards" forest 

management practices (Rackharn 1990). Despite such complexities, variations in this 

gradient correspond well with changes in the composite arable spectrum at the site. 

The minor decline in cereal-type pollen during the 9" century is clearly displayed, as 

is the major rise in arable pollen influx during the late 12'h century. The record of the 

14'h century decline is somewhat convoluted, although maxima in arable production 

in the late 13 th and 17 th centuries are both shown. 

In conclusion, multivariate analysis of pollen records has some value, although 
this is considerably less than that claimed by its more enthusiastic proponents. Most of 
the gradients extracted from the pollen data in this study showed some potential as 
indices of anthropogenic impact, but little new inrormation was gained from their 

use. Variations displayed by primary eigenvectors often seemed mcrc restatements of 
the obvious; it was in the secondary gradients that most of the more interesting 
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patterns and associations were to be found. This was most evident in the behaviour of 

Pteridium aquihnum at Deer Dyke Moss; at other sites possible distinctions between 

arable and pastoral response patterns could be observed, although these signals were 

considerably less clear than those derived from composite pollen spectra. Ultimately, 

the clearest benefit of these analyses is that the taxon distributions and the generally 
high explanatory value of the eigenvectors suggest that anthropogenic impact has been 

by far the most important factor affecting late Holocene vegetational change in 

Cumbria. 

Indicator Values ef Herbaceous Taxa: 

As discussed in section 3.3, indicator values for many pollen spectra are based on an 

implicit uniformatarianism; the assumption that species response to land use changes 

has always been the same as in the present day is a convenient but unsubstantiated 

convention. Multivariate analysis offers a potential means of addressing this problem; 

such tests, carried out on subsets of herbaceous taxa, can show the dominant 

associations through time between different indicator types, and may help to identify 

long-term contrasts between arable and pastoral assemblages. In the present study, 

PCA analyses were conducted on subsets of herbaceous taxa (excluding all taxa below 

1% abundance throughout the record); all samples were partially weighted (square 

root transformation) to ensure adequate representation of less abundant vegetational 

components. 

The output from these analyses (Figs. 7.24-7.28) was highly inconsistent, and 
it is difficult to draw general conclusions from the material. Although most of the 

resultant diagrams showed a certain degree of separation between predicted arable 

and pastoral indicators, these classes were frequently intermingled and the 

significance of individual taxa changed greatly from site to site. There are several 

possible reasons for this lack of clarity; one may note long-term changes in cultivation 

practices, time-lagged responses to large-scale changes (cf. Anderson ct al. 1996) and 
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opportunistic expansion by individual species (cf. Elliott et a]. 1997), but the greatest 
difficultly may lie in the relatively low intensity of land-use in late Holocene 

Cumbria. Only two sites in this project (Hulleter Moss and Walton Moss) record 
high influxes of cereal-type pollen over any sustained period, and records of intensive 

cultivation at most of the study sites are generally minimal. The consequent lack of 

any strong gradients in the data suggestive of arable production is thus unsurprising. 

Nevertheless, certain features observed in the PCA biplots are worthY of 
further comment. Some formerly unassigned herbaceous taxa do seem to have 
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consistent associations with particular indicator groups; of these, Rumex undiff. is 

probably the most significant. In all the biplots save that from Deer Dyke Moss - 

which is, in any case, a highly stochastic and almost-impossible to interpret diagram - 
the taxon is closely associated with major arable indicators. Indeed, at three of the 

sites (Elterwater, Hulleter Moss and Walton Moss) it is more closely related to 

cereal-type than Rumex acetosella. Such findings are of course only significant for the 

agricultural systems of Cumbria (and regions closely resembling it), but they do 

suggest that Riezebos & Slotboom (1978, vide Table 3.4) were correct in classifying 

the Rumex genus en bloc as an arable indicator. 

The other major surprise in the diagrams is the relationship between Poaceae 

undiff. and Plantago lanceolata. One would expect the abundances of these taxa, both 

associated with pastoral land use (Hjelle 1998,1999, Austad & Losvik 1998), to be 

closely correlated. Instead, the taxa appear to be largely independent, and at Hulleter 

Moss, Mockerkin Tam and Walton Moss are actually in an inverse relationship. 
Although the gradients identified by these analyses are relatively weak-, it appears that 

the divergent abundance of Poaceae undiff. and Plantago lanceolata is still one of the 

major features of the data. Poor representation in the fossil assemblage is a similarly 
implausible explanation, as both taxa have excellent pollen production and dispersal 

characteristics (Faegri et a]. 1989, Vonwahl & Puls 1991). 

The phenomenon is most probably due to the dominance of Poaceae undiff. in 

the analysed data sets; pastoral indicators of various types form the bulk of the 
herbaceous pollen from the study sites, and the contradictory behaviour of Poaceae 

undiff. and Plantago lanceolata is likely to be a data artefact caused by their differing 

sensitivities to changing levels of grazing pressure. This may be seen more clearly if 

one plots the ratio of Plantago lanceolata to Poaccae undiff. with composite pastoral 

pollen spectra (Figs. 7.29,7.30). Although the relationship between these records is 

weak, some degree of correspondence can be observed - particularly during the 

pastoral-type abandonment phases of the 9'h century AD. From this, it is apparent 
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that the absolute levels of Poaccae undiff. and Plantago lanceolata pollen in a record 

may not be the sole index of grazing intensity available from such spectra. During 
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such periods of declining grazing intensity, it appears that the relative abundance of 
Plantago lanceolata declines in relation to that of grassland as a whole. Quite why the 

species should display such a disproportionate response to pastoral-type declines is 

unclear, although modem ecological studies (Cavers et a]. 1980, Rebele & Lehmann 

2002) do suggest that Plantago lanceolata is more typical of short-grass communities 

and may be out-competed in more advanced successional stages. 

7.3: Climatic Impacts on Medieval Settlement Patterns 

According to the principles outlined in sections 3.2 and IS, the hypothesis of 

climatic impact on Medieval settlement patterns in Cumbria should only be 

corroborated if the following two conditions are satisfied: 

1. If climate was the dominant factor behind marginal settlement 

abandonment in the Medieval era, the social response to any climatic 
deterioration should have been rapid. If a 9S% significant abandonment 

phase is to be considered climatically-determined, it must be simultaneous 

with, or occur no more than fifty years after, a major climatic 
deterioration. 

2. Cumbria is a small region, and any changes experienced In Medieval 

climate should have been synchronous at all study sites. Therefore, any 

widespread patterns of climatically-dctermined abandonment at marginal 

sites should be similarly synchronous. 

The master palaeoclimate record derived from Walton Moss (Barber 

Langdon 2000, Fig. 7.31) consists of a two thousand year record of hurnification 

residuals and macrofossil variability (derived from the primary cigenvector of a DCA 

of the plant macrofossil data). These records show slight divergence at certain points; 

although both proxy techniques provide a record of effective precipitation at the site, 
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their sensitivities to climatic/hydrological forcing are not identical - humification 

residuals in particular have a strongly seasonal signal (Mauquoy & Barber 1999a, vide 

pp. I 11- 112). Nevertheless, the two signals are clearly in close correspondence 

throughout most of the record, with the period of asynchroneity from AD 150-590 

the sole noteworthy exception. Confidence limits are difficult to determine for such 

records, and it has so far proved impossible to devise a reliable test of the significance 

of humification residuals (cf. Chiverell 2001). Approximate limits can be derived 

from the plant macrofossil data; as points in a DCA matrix are separated by X2 

distance, their position along an eigenvector will give an effective scale for the 

standard deviations of the variability (Pielou 1984). 

However, such an approach has limited applicability, as variations in the plant 

macrofossil record are rarely large enough to register signiricancc at 9S% confidence 



271 

Decline phase: 10"' Century: 12"' Century: 14"' Century-. 
Macrofossil DCA AD 920-990 AD 1110-1190 AD 1360-1450 
decline dates 
Macrofossil DCA 3.12-0.79 2.99-1.14 3. OS-0.64 
decline range 
Humification AD 920-970 AD 1160-1200 AD 1370-1430 
decline dates 
Hurnification 17.2% to - 12.2% 23.7% to -4.4% 4.9% to - 18.4% 
decline range I I I I 
Confirmed decline I AD 920-970 1 AD 1160-1190 1 AD 1370-1430 

Table 7.2: Timing of major climatic deteriorations in Medieval Cumbria 

limits. A more practicable option is to use the two palaeoclimate proxies to provide 

independent confirmation of major palaeoclimatic shifts (Mauquoy & Barber 1999a, 

vide p. 59), with significant climatic deteriorations marked by simultaneous declines 

in both records. If one does so using (subjectively-determined) major shifts from the 

Walton Moss record, three major phases of climatic deterioration are clearly 

observable in the Medieval era (Table 7.2): from AD 920-970, AD 1160-1190 and 

AD 1370-1430. 

In order to improve the geochronological precision of the test, potential 

palaeoclimatic proxies were derived from two other sites in this study. At Mockerkin 

Tam, the records of halogen deposition relative to loss on ignition (Pennington & 

Lishman 1971 , vide pp. 112-113) were of limited value (Figs. 7.32-7.34). One major 

problem was the low chronological resolution of the geochemical record, which made 
identification of secular-scale climatic variations in the record extremely difficult. 

More fundamentally, the deposition levels for different halogens seemed to bear little 

relationship to one other; although some slight correspondence could be observed in 

bromine and chlorine concentrations, significant levels of residual variability made 

accurate correlations of these records nigh-impossible. Iodine, generally considcred 

the most reliable palacoclimatic indicator of these records (D. R. Engstrom, pcrs. 

comm. ), showed a long-term increase during the late Holocene, suggesting a long. 
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term increase in precipitation and/or oceanicity over this period. However, the 

record bears little relation to the effective precipitation records from Walton Moss, 

and it seems likely that these records have been subject to considerable diagenctic 

change. The halogen deposition records from Walton Moss will thus not be used for 

palaeoclimatic tuning. 

The humification residuals from Hulleter Moss have a similarly poor 

correspondence with variations at Walton Moss (Fig. 7.3S), which may be due to the 

relatively low climatic sensitivity of the record. However, certain episodes - 

particularly the 1 Oh century decline and the brief period of amelioration in the 17, h 

century - do seem to parallel those observed in the main climatic record. Climatic 

deteriorations in 12th and 14th centuries are harder to identify, with the fall in 

humification values from AD 13SO-1460 barely perceptible. Nevertheless, the 

broadly synchronous nature of such climatic shifts is encouraging, although such 

correlations are unfortunately far from secure enough to provide a basis for tuning the 

Hulleter chronology to the Walton Moss record. 

40 

30 

20 

lo 

0 

10 

. 20 

30 

All' 

0 200 4-00 600 goo 1000 1200 1400 1600 isoo 2000 

Calendar years AD 

Walton Moss Hwnification Walton Moss Macrofossil DCA ....... IhAleter Moss Huntification 

Fig. 7.35: Covariance in palaeoclimate records from Walton Moss and Ilulletcr Moss 



274 

Deer Dyke Moss 

Li 

Elterwater 

HulleterAioss 

Mockerkin Tam 

0 

Walton Moss 0 

Climatic deterimations 

700 Soo 900 1000 1100 1200 1300 1400 1SOO 

Calendar years AD 

Fig. 7.36: Timing of'significant climatic and settlement declines in Medieval Cumbi-ia 

If one plots the major climatic and settlement decline phases in Medieval 

Cumbria (Fip, 7.36, rideTables 7.1 & 7.2) the relationship between these. data may 

he more clearly observed. The timings of the predominantly pastoral declines of tile 

late 9"' century are in accord, with only the episode at Fiterwater (ride p. 224) 

displaying any significant divergence frorn this pattern. It is immediately apparent that 

climatic forcing cannot be implicated in the majority ofthese declines; the climatic 

deterioration of the 10"' century begins 60-120 years aftei the ons'et ofthe early 

Medieval abandonment phases. One may counter this by questioning flie accuracy of' 

some of the inler-site correlations (and age-depth regressions) used in this study, but 

only at tile expense ofviolating the condition of'decline synchroneity specified above. 

The climalic forcing hypothesis is thus rejected for the 9"' century abandonment 

phase. This rejection is unequivocal at all sites save for Hulleter Moss; the evidence 

from this record will be discussed later in this section. 
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The second climatic deterioration noted in the Walton Moss record (AD 

1160-1190) had no discernible impact on palynological data from Medieval Cumbria. 

Although pastoral-type declines at Hulleter Moss and Walton Moss can be observed 

in the early 1P century, these are minor episodes of doubtful significance and linking 

their presence to climatic forcing would appear fanciful. A stronger case for climatic 

impact can be made for the declines of the 14' century; although the recorded falls in 

anthropogenic indicator pollen are generally small, their timing (AD 1350-1420 at 

Hulleter Moss, AD 1370-1420 at Walton Moss) is close to that of the Late Medieval 

climatic deterioration (AD 1370-1430) at Walton Moss. The timing of minor declines 

in arable-type pollen at Deer Dyke Moss (AD 1300-1340) and Mockerkin Tarn (AD 

1290-1340, below 95% confidence limits) appears slightly discordant with this 

pattern, but may reflect slight inaccuracies in the Walton Moss age-depth regression. 
Existing historical and palaeoclimatic studies (vide sections 2.2,2.5) suggest an early 
14th century date for the Late Medieval climatic and demographic declines, and it is 

noteworthy that the 14C date WLM-3 (vide table S. 7) - taken from material 
immediately below the start of the climatic and arable pollen declines - gives a 

calibrated 2CF age range of AD 11 6S- 1292. 

The relationship between the palaeoclimatic and palynological data certainly 

satisfies the first requirement of the climatic hypothesis (that climatic declines be 

contemporary with, or immediately preceding, declines in anthropogenic indicator 

pollen). Indeed, at Walton Moss (where the accuracy of the correlation between the 

two records is guaranteed) the declines in arable indicator pollen and the DCA scores 
from the plant macrofossil data are simultaneous. The degree to which the second 

requirement (that the declines should be synchronous at all study sites) has been 

fulfilled is more questionable. Significant falls in the influx of pastoral or arable pollen 

are noted at only three of the study sites in this project. Furthermore, although they 

appear to be broadly synchronous, all but one of these declines are essentially minor 
inflexions in the pollen spectra rather than the major hiatuses one might expect from 

the catastrophic population declines of the I 4th century. One is thus forced to record 
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an open verdict on (or at best, a tentative corroboration of) the climatic hypothesis 

from this evidence. Although close correspondences can be seen between climatic and 

palynological records at some sites, and despite the generally synchronous patterns of 
land abandonment across 14 th century Cumbria, it is questionable whether such data 

reflect a regional trend rather than the peculiarities of individual sites. 

Most of the declines observed during the 14'h century are relatively minor; 

only Walton Moss records a substantial fall in anthropogenic indicator pollen. Walton 

Moss is also one of only two sites where a convincing relationship between 

palaeoclimatic and palynological. records can be established (Fig. 7.37). The other is 

Hulleter Moss (Fig. 7.38), and it is notable that these are also the only sites where 

substantial influxes of cereal-type pollen are noted. Such records suggest that it was 

arable-based communities that were most susceptible to climatic forcing in Medieval 

Cumbria. Although climatic deterioration might have had limited impacts on pastoral 

practices (from survival rates in the lambing season, or the quality of transhumance 

pasture), it seems unlikely that these would have rendered the Lake District 

uninhabitable for livestock. In contrast, arable production in the region possessed 

little resilience; at best, the local climate was marginal for grain crops, and even 

small-scale changes in summer temperatures or precipitation levels might lead to 

catastrophic harvest failures (Scott et a]. 1998a, vide sections 2.4,3.2). 

However, the significance of such data may be interpreted in two distinct 

ways. Either the decline in arable production was universal, but (due to the poor 

representation of most arable-type indicators) was only recorded in sites recording 
high levels of arable pollen influx; or the decline was genuinely restricted to areas of 
intensive arable production. The latter possibility is easily conceivable; communities 

supporting intensive arable production would necessarily be operating closer to their 

environmental limits than those with only low-level subsistence cultivation, and a 

sudden change in environmental conditions could easily shift these systems beyond 

their demographic saturation point (vide p. 68). 
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Site: 
Deer Dyke Moss 

Date: 
AD 1300-1340 

Arable decline: 
3.3%-0.0% 

% decline: 
100% 

Elterwater AD 1250-1340 5.0%-3.2% 36% 
Hulleter Moss AD 8SO-970 6.6%-1.3% 80% 
Hulleter Moss AD 1270-1310 2.2%-1.1% 50% 
Mockerkin Tam AD 1290-1340 1 5.9%-3.5% 1 41% 
Walton Moss AD 1370-1420 1 7.7%-3.1% 1 60% 

Tablc 7.3: Composite arable spectra declines in Medieval Cumbria 

provide a definitive answer to this question from these data; only significantly higher 

pollen counts (and - preferably - considerably greater chronological resolution) at 

the existing sites could confirm the presence of significant arable declines in pastoral. 
based communities. However, if one compares the declines in composite arable 

pollen spectra at Hulleter Moss and Walton Moss with the most significant 14, h 

century declines at other sites (Table 7.3), it is apparent that substantial falls in arable 

pollen influx were ubiquitous in the 14'h century. The declines at Elterwater (36%) 

and Mockerkin Tarn (41 %) are smaller than those noted elsewhere, but this may 

simply be due to the systematic under-representation of land use changes in lacustrine 

pollen records (vide pp. 248-249); the complete cessation of arable pollen influx at 
Deer Dyke Moss is the most dramatic fall observed at any of the sites. Of course, not 

all of these changes can be established at 9S% confidence levels; it is possible that the 

variations noted at Elterwater and Mockerk-in Tam may simply represent stochastic 
fluctuations in pollen influx, unrelated to any change in land use. Nevertheless, all of 

these shifts would exceed 95% confidence limits if they were reproduced using 

counts of a thousand dry land pollen; from this evidence it seems that the 14" century 
decline in arable production was indeed a coherent regional trend. 

In summary, any suggestions of climatic influence upon the regeneration 

phases of the 9" and I Ith centuries may be safely rejected; the only early Medieval 

decline with any apparent relationship to palaeoclimatic variability is the isolated 

instance of the 9th century arable decline at Hulleter Moss. The pattern during the 
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14.6 century is more ambivalent; although the recorded declines in climate and arable 

pollen influx appear broadly synchronous, few of the latter are significant at 95% 

confidence limits. Nevertheless, low-level declines in arable production throughout 

Late Medieval Cumbria suggest that this abandonment phase was regionally 

significant. The climatic hypothesis is thus weakly corroborated for the 14'h century 
decline. However, it is recommended that considerably larger pollen count sizes be 

used in future to confirm these findings. Only arable-type pollen showed appreciable 

responses to climatic change, and the poor representativity of most of these taxa 

meant that assumed responses to climatic forcing often failed to reach predetermined 

significance levels. One might conclude from this that palynology is a relatively 

ineffective means of reconstructing past variations in land use intensity; in the next 

section the potential contribution of alternative proxy indicators will be considered. 

7.4: Multiproxy Records of Anthropogenic Impact at Mockerkin Tarn 

The sedimentary record from Mockerkin Tarn was studied using several distinct 

palaeoecological techniques, an explicitly-multiproxy approach designed with three 

objectives in mind: 

1. To provide a multiproxy record (using pollen, diatom and geochemical. 
data) of anthropogenic impacts on Mockerkin Tarn and its catchmcnt 
during the late Holocene. 

2. To investigate the impact of catchment land-use change on the aquatic 

ecology of a small lake system during this period, and to assess the 

potential of diatom assemblages as land-use indicators. 

3. To derive a semi -quantitative record (using sedimentary phosphorus 

concentrations and diatom-inferred phosphorus profiles) of phosphorus 

loading to the lake basin during the late Holocene, and to use this record 

to assess the likelihood of phosphorus stress being a limiting factor in 

Medieval agriculture. 
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These three objectives will be considered in turn in the following subsections; 

methodological and technical details of the diatom and geochemical analyses are 
described in sections 3.4,3.6 and 3.7. Locally-weighted weighted averaging (Juggins 

2001) was used throughout when reconstructing diatom-inferred limnological 

variables, with inverse deshrinking of the output producing slightly lower error 

margins than classical deshrinking. 

Diatom spectra: 

Diatom assemblages from the older sections of the core are dominated by epiphytic 
forms, notably Fragilaria spp. and Tabellariaflocculosa (Fig. 6.5). At this stage, 
Mockerkin Tam appears to have been a mesotrophic, moderately-acidic system, with 
the preponderance of Fragilaria spp. typical of shallow lakes (Brugam et a]. 1998). 

Diatom-inferred profiles for TP, DOC (dissolved organic carbon) and pH (Figs. 7.39- 

7.41) are stable throughout zone MCK2-A, with reconstructed variations well within 

the 2(Y error margins of these variables. TP varies from 13.2-18.6 9g/l and pH 
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Fig. 7.42: Abundance of Isoctes lacustris and Fragilaria spp. (relative to pollen and 

diatom sums) at Mockerkin Tam 

between S. S and S. 9, although the stability of the former index may simply reflect the 

insensitivity of the north-west European TP transfer function in oligotrophic and 

mesotrophic systems (vide p. 104). 

The significance of variations in DOC is somewhat harder to interpret; 

concentrations do undergo a slight increase in zone MCK2-A (33-6.1 mg/l from 
I 

I S70-S 30 BC), although this rise still lies within the 2cr error margins for the 

reconstruction. The most direct ecological impact of DOC is upon the extent of 

subsurface irradiance within a system (Leavitt et a]. 1999, Pace & Cole 2002), with 

consequent impacts on both macrophyte populations and benthic algae. However, if 

one plots the relative abundances of Isoctes lacustris and Fragilaria spp. (the dominant 

macrophyte and non-planktonic diatom taxa at Mockerkin Tam), it is apparent that 

there is little correspondence between these variables and DOC levels (Fig. 7.42). 

DOC concentrations also determine the depth of ultraviolet-B radiation penetration 
in the water column (Dixit ct a]. 2001), and high levels of UV-B irradiance have been 

linked with reductions in phytoplank-ton biodiversity (West ct al. 1999, Kaczmarska ct 
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Fig. 7.43: Shannon-Weaver indices of diatom biodiversity at Mockerkin Tam 

al. 2000). A variety of indices have been used to study biodiversity in Quaternary 

fossil records. Rarefaction analysis (Birks & Line 1992) has been used to reconstruct 

species richness variations from Holocene pollen spectra, but is a somewhat limited 

technique in that it only records absolute numbers of taxa, rather than their 

respective dominance. The more equable representation of individual species in fossil 

diatom assemblages means that more traditional diversity measures such as Shannon- 

Weaver indices (Moore 1973, KUttel 1984) can be used. Results from Mockerkin 

Tam (Fig. 7.43) show no correlation between DOC concentrations and biodiversity; 

indeed, if there is any relationship between the variables it appears to be a weald-y 

inverse one. These findings support Bertoni & Callieri's (1999) conclusions that 

incident UV-B radiation in lowland temperate lakes is generally too low to act as a 

significant control on lacustrine biodiversity. 

Around 220 BC there is a significant shift in the diatom assemblage, with 
declines in acidophilous species such as Tabcllariaflocculosa and Eunotia Incisa. The 

most notable increase in this period is in the epiphytic/ epili thic species Achrianthes 

rninutissima. The limnological significance of this species is somewhat ill-defined; 
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although most authorities (cf. Duigan et al. 1999, Marks & Power 200 1, Gr6nlund & 

Kauppila 2002) regard Achnanthes minutissima as characteristic of alkaline and 

eutrophic conditions, DeNicola (2000) notes that it can also be found in highly acidic 

systems. Nevertheless, there is a clear response to this shift in diatom-inferred pH, 

which rises from 5.9-6.6 from 250-120 BC. 

The response of DOC to t1ds shift in acidity (a fall of 5.6-3.0 mg/I from 250- 

120 BC) is a surprising reversal of normal trends in limnological development. The 

most important control on DOC levels is usually the acidity of the system (Schindler 

et a]. 1996, Yan et a]. 1996); decreasing pH within a freshwater lake will usually 

result in the selective precipitation of allogenic DOC from lake waters (Donahue et 

al. 1998), causing an overall reduction in DOC levels. At Mockerkin Tarn, the exact 

opposite appears to have happened; it may be deduced from this that most of the 

DOC in the system during zone MCK2-A was authigenic. A number of other 

processes may affect DOC concentrations - including algal exudation, cell lysis and 

zooplankton grazing (Sondergaard et al. 1988,1995) - and it seems likely that the 

decline reflects a fall in authigenic production during the Late Iron Age. However, 

fossil and geochemical records from the site show no major shifts in diatom 

abundance or macrophyte vegetation at the site during this period; the precise reasons 

for this shift in DOC levels remain uncertain. TP, in contrast, appears to have been 

largely unchanged during this transition; concentrations display slightly increased 

variability (maximum TP of 21.6 p g/1 at AD 4SO), but these changes are low-level 

and do not exceed the error margins for this variable. 

The next major change noted in the diatom record begins around AD 650, 

soon after the boundary between zones MCK2-131 and MCK2-132. This episode is 

marked by rises in Navicula rainima, Cocconeis placentula and several Achnanthes species 

(A. lanceolata, A. morginulata and A. minutissima), and contemporaneous falls in 

Cyclotella comensis, Tabellariaflocculosa and most Fragilaria species. It is clcar from 

diatom-inferred TP values that Mockerkin Tarn was becoming incrcasingly cutrophic 
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during this period, with TP concentrations peaking at 48.0 [Ig/l around AD 840. 

However, the changes recorded here are atypical, with the planktonic flora normally 

associated with eutrophication actually declining during this period. The successional 

pattern appears to be driven by parallel increases in the bioavailability of phosphorus 

within the system and of macrophyte growth density (Bennion & Appleby 1999, 

Garrison & Wakeman 2000); a rise in Nymphaea alba pollen can be noted in the early 

stages of zone MCK2-132 (vide Fig. 6.4). 

This possible association highlights certain difficulties that may be encountered 

when trying to reconstruct the trophic histories of shallow lakes. Such systems are 

notionally more susceptible to eutroPhication, due to their lower dilution capacity 
(Liu & Lane 200 1) and the greater degree of mixing between the photic zone and 
hypolimnetic nutrient reserves (Lennox 1984). However, their responses to 

increasing level of phosphorus loading can be strongly nonlinear, with distinct 

pathways of macrophyte and phytoplankton dominance both possible (Jeppesen et a]. 

1991, Jones et al. 2002). In less productive systems (TP <25 Vg1l), clear-water 

macrophyte dominance is the only stable state for the lacustrine ecology (Liu & Lane 

2001). As nutrient concentrations increase, the system may shift towards 

phytoplankton dominance, or remain as a macrophyte-dominated system; both these 

states are reinforced by a variety of negative feedbacks. Taking macrophyte- 
dominated systems as an example, an abundance of lake-surface and submerged 

vegetation will take up nutrients that would otherwise be released to the water 

column, stabilise (and often oxidise) the nutrient-rich sediments of the surface-water 
interface (which will also limit the turbidity of the lake waters), and may restrict the 
levels of subsurface irradiance available to epipelic and epilithic diatoms. 

Such effects mean that one should treat the TP reconstructions from 

Mockerkin Tarn with a degree of caution. Although the macrofossil record from the 

site is notably sparse (vide p. 172), the rise in Nymphaea alba pollcn during this period 
does suggest a possible expansion of macrophyte cover during the 7h century AD. 
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Nymphaea alba is characteristically a plant of mesotrophic lakes (Sayer et a]. 1999), but 

can respond positively to increased nutrient loading and is abundant in many 

macrophyte-dominated eutrophic systems (Marion & Paillisson 2003). Such growth 

could mean that the relatively minor increase in diatom-inferred TP might be a 

significant underestimation of actual changes in the system (Karst & Smol 2000), with 

the predominantly epiphytic/ benthic diatom flora largely insensitive to rising nutrient 

concentrations in the water column (Vadeboncoeur et al. 2 00 1, cf. Liboriussen & 

leppesen 2003). 

The distinctive assemblages of zone MCK2-132 disappear soon after the 

trophic maximum at AD 840, with first Navicula minima and then Achnanthes 

minutissima both undergoing rapid declines. Significant falls are noted in TP (48.0- 

14.3 9g/l from AD 840- 1000) and pH (6.6-5.8 from AD 840-9SO), and a parallel 

rise in DOC (4.1-5.9 mg/l from AD 900-9SO) - again, in an unexpected inverse 

relationship with pH. The biodiversity of the diatom assemblages, which underwent a 

slight fall resulting from the dominance of Navicula minima and Achnanthes minutissima 
during the previous eutrophication phase, suddenly rises to an isolated peak 

(Shannon-Weaver index of 3.61 at AD 950), giving the impression of a rather 

anarchic ecological response to the rapid shift in lininological conditions. In general, 

the lake ecosystem appears to be trying to revert to pre-disturbance conditions, with 

taxa such as Tabellariaflocculosa and Eunotia incisa - frequent in the lower parts of the 

core - becoming increasingly abundant. However, there are signs that nutrient 
loading to the lake was increasing by the end of this interregnum. Frogilaria brevistriata 

and Fragilaria pinnata - characteristic of eutrophic or alkaline conditions (Duigan et al. 
1999) - both increase in abundance from AD 1000; perhaps more significantly, 
Asterionellaformosa (the classic indicator of anthropogenic eutrophication, vide p. 106) 

makes its first sustained appearance in the fossil record at this date. 

This final phase of epiphytic dominance ends abruptly in the early 11" century 
AD. Planktonic diatoms of the order Centrales - most notably Aulacoseira granulato - 
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become abundant in the fossil record for the first time. The taxa increasing in 

frequency during this period - Aulacoseira granulata, Aulacoseira ambigua, Stephanodiscus 

parvus and Gyrosigma acurninatum being the most noteworthy - are all characteristic of 

anthropogenic eutrophication (Blinn et a]. 1994, Bradbury et a]. 2002, Gr6nlund & 

Kauppila 2002). It is thus surprising that the rise in diatom-inferred TP (14.3-25. S 

[tg/1 from AD 1000- 1 OSO) should be so moderate, although this may again reflect 
distortions caused by the dominance of macrophytes (Nymphaea alba undergoes 

another sustained rise during this transition) or other algal groups. DO C and pH both 

remain stable during this period; although there is a slight rise in the latter variable, 

this increase is not significant at RY error limits. 

The final stage in the limnological development of Mockerk-in Tam dates from 

the 15ýh century AD onwards. From around AD 1420-1660, there are a number of 

shifts in the diatom assemblages at Mockerkin Tam, with increases in Aulacoseira 

granulata and Navicula minima, and declines in Cýclotella comensis and Tabellaria 

flocculosa. Although these shifts are subtle in character, their impact upon diatom 

inferred TP is dramatic (24. S-60.7 pg/I from AD 1420-1660), suggesting significant 

eutrophication in the system over this period; an impression supported by a parallel, 

and more rapid, rise in pH (6.0-6.6 from AD 15 10- 1 S80). The dominance of 
Aulacoseira granulata during this phase results in a significant fall in assemblage 
biodiversity (the Shannon-Weaver index for the assemblage reaches a minimum of 
2.86 at AD 1660); DOC remains unchanged. 

Thereafter, phosphorus concentrations in the lake actually appear to have 

declined slightly; there are no signs from this record of any industrial or post- 
industrial era eutrophication of the type recorded at some other Lake District sites 
(cf. Haworth 1980, Bennion et a]. 2000). Some minor changes may be observed in 

the diatom records - particularly the re-emergence of Achnanthes minutissima, 
increases in Stephanodiscus parvus and Nitzschia gradlis, and an apparent rise in 

ecological diversity (vide Fig. 7.43). However, such shifts appear to have had little 
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impact upon the trophic status of the lake: diatom-inferred TP remains stable in the 

uppermost sediments from the core (between 29.0 and 32.1 Vg/I from AD 1890- 

present), and no significant changes can be observed in pH or DOC. 

Geochemical records: 

A range of palaeoenvironmental information may be drawn from the geochemical 

records obtained from Mockerkin Tam (vide section 3.6); some of these can be 

interpreted independently, whereas the true significance of other may only become 

apparent in conjunction with palaeoecological data. The indicators may be classified 
into four major groups (erosion, organic sedimentation, hypolimnetic anoxia and 

sulphur and phosphorus sedimentation), each of which will be considered in turn in 

this subsection. 

The lithophile elements (Figs. 6.6 & 6.7) display a remarkable level of 

agreement throughout the core, suggesting that they can act as reliable indicators of 

erosive intensity. The most significant indicators are the main alkali and alkaline earth 

metals (potassium, sodium and magnesium, Figs. 7.44-7.49) and aluminium (Figs. 

7.50 & 7. S 1), measured relative to both ash weight and titanium concentrations. 
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Fig. 7.44: Potassium concentrations from Mockerk-in Tam relative to ash weight 
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Fig. 7.45: Potassium concentrations from Mockerkin Tam relative to titanium 
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Fig. 7.46: Sodium concentrations from Mockerkin Tam relative to ash weight 
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Fig. 7.47: Sodium concentrations from Mockerk-in Tam relative to titanium 
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Fig. 7.48: Magnesium concentrations from Mockerkin Tarn relative to ash weight 
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Fig. 7.49: Magnesium concentrations from Mockerkin Tarn relative to titanium 
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Fig. 7.50: Aluminium concentrations from Mockerkin Tarn rclative to ash weight 
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Fig. 7.51: Aluminium concentrations from Mockerkin Tarn relative to titanium 

Calcium is excluded from this list, due to possible diagenetic effects from its strong 

affinity for humic and fulvic acids (Engstrom & Wright 1984). 

One should beware interpreting the erosional records from these indices as 

purely anthropogenic; although human impact has been perhaps the major control 

upon erosion in late Holocene Europe, other factors can influence the record. 

Changes in sedimentary source materials may impact such records (Dearing et al. 
2001), but are unlikely to have been a significant influence in such a small catchment 
during the late Holocene. Precipitation variations are probably more important (Blais 

et al. 1998, Royall 2000), although reconstructing palaeoprecipitation is notoriously 
difficult. The general trend in north-west Europe during the Holocene appears to 

have been a cyclic variation between warm/dry and cool/wet episodes (cf. Nesje & 

Dahl 2003), but precise quantification of such transitions has so far proved 
impossible. The effective precipitation records derived from raised bogs have 

sometimes been misinterpreted as pure precipitation signals (cf. Macklin 1999), but 

are in truth compound indices, in which temperature is believed to be the most 
important component (Barber et al. 2000); climatic signals derived from lake-level 

changes (Magny et al. 2001,2003) face similar problems. 
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Leaving these caveats to one side for a moment, presumed erosional 

indicators in the early part of the core seem remark-ably high considering the low 

levels of anthropogenic indicator pollen noted during this period. These levels are 

maintained until around 700 BC, when there is a sharp fall in lithophile elements, 

most notably in potassium. It is tempting to ascribe this phase to a change in 

sedimentary source material, but it is notable that the relative abundance of Isoctes 

lacustris in pollen spectra from the site (Fig. 6.4) undergoes a pronounced rise at this 

time. Isoetid distribution can be affected by a number of factors, including wave 

turbulence and the development of anoxia in the lake system (Gacia et al. 1994, Gacia 

& Ballesteros 1996), but by far the most important influence is the intensity of 

subsurface irradiance, particularly at their preferred habitat of 0.7-2. S m water depth 

(Rorslett & Johansen 199S). 

Therefore, a sudden increase in isoetid abundance should signify either a fall 

in either lake levels or water turbidity. The former should also result in an increase in 

Fragilaria spp.; as shown in Fig. 7.42, no such relationship can be observed at 

Mockerkin Tarn. It thus seems more likely that there was a significant fall in water 

turbidity as this point, which would correspond with a fall in catchment erosional 

yields. The cause of such a fall in lithophile sedimentation would be uncertain; a 

climatic explanation seems more likely, and the period around 700 BC did indeed 

mark a major shift in the palaeoclimates of north-western Europe. However, the 

change noted at this time is typically a transition from warm/dry to cold/wet 

conditions (van Geel et a]. 1996,1998, Barber et a]. 2003, Lucke et a]. 2003); one 

would expect increasing runoff to lead to an increase in erosion. It is therefore 

possible that this shift may indeed record responses to a climatically-driven decline in 

settlement and land use intensity (cf. van Geel ct a]. 1996), occurring at a level 

imperceptible to pollen analysis. 

The interpretation of the next notable event in these records is more certain. 
Around 220 BC, there is a brief but substantial rise in the sedimentation of potassium, 
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sodium and aluminium; this period is also marked by a substantial increase in the 

influx of Cannabis sativa-type pollen (Fig. 6.4) and a major rise in the diatom-inferred 

pH of the lake waters (Fig. 7.40). This rise in Cannabis represents a major increase in 

arable activity within the pollen source area for Mockerkin Tarn, and one would 

expect this to be marked by a short-lived period of elevated allogenic sedimentation 

at the time of the initial catchment disturbance (Davis 1976, vide Fig. 3.19); it seems 
likely that the isolated peak in lithophile elements around 220 BC records an 

erosional pulse of this nature. The last major transition in lithophile sedimentation 

also appears to be closely related to changes in land cover. From around AD 6SO 

onwards there is a sustained rise in the concentrations of all possible erosional 
indicators, with the transition most clearly observable in potassium (Figs. 7.4-4-7.4S). 

The response this time appears to be to the general increase in landscape openness 

recorded in the pollen records from this period; the cessation of Cannabis retting at 
the site from AD 870 has no discernible impact on these indices. 

The slightly distinct sensitivities of strontium and rubidium to chemical 

weathering have recently been used by lin et a]. (2001) as an index of past weathering 
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Fig. 7.52: Strontium/ rubidium ratios from Mock-erk-in Tarn 



294 

intensity, and one might expect variations in the Sr/Rb ratio to broadly reflect the 

patterns displayed in Figs. 7.4-4-7. S 1. However, the ratios displayed bear little 

relation to lithophile element concentrations or indeed any other geochemical records 
from Mockerkin Tarn. The relative immobility of these elements in lake sediments 

would appear to rule out significant diagenetic distortion of the record, and it seems 

more likely that the Sr/Rb ratio is recording a complex amalgam of physical and 

chemical processes. Chemical weathering may, of course, be influenced by both 

anthropogenic and climatic processes, and the variation shown in Fig. 7.52 may 

represent a somewhat confused composite of two distinct palaeoenvironmental 

variables. 

Loss-on-ignition records from Mockerkin Tam (Fig. 733) represent a 

composite of autochthonous and allochthonous organic sedimentation; interpreting 

the meaning of such data is hence problematic. One may assume (from the high 

concentrations of lithophile elements and the low productivity implied by diatom- 

inferred TP levels during this period) that the relatively high levels of organic material 
in the early stages of the core were largely derived from allochthonous input. Certain 
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Fig. 7.53: Percentage loss-on-ignition from Mockcrkin Tarn 
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Fig. 7.54: Silicon/ aluminium ratios from Mockerkin Tam 

features are of immediately recognisable significance - most obviously the 

pronounced minimum in LOI values (26.7%) at 220 BC, probably caused by the 

dilution of organic material during the inferred erosional peak at this time. No other 
features afford such a straightforward explanation, although the gradual decline in 

LOI values from AD 4SO onwards may represent another erosional effect. 

Silicon/ aluminium ratios from the core (Fig. 7.54) mainly reflect changes in 

the concentration of biogenic silica, and can thus be used as an approximate index of 
diatom and chrysophyte abundance (Patience et a]. 1996). SUAI ratios rise gradually 

through the early stages of the core (peaking at 3.68 around AD 200) and then 
decline rapidly from AD 450 onwards. This relationship might appear contradictory - 
diatom abundance falling when diatom records show increasing productivity in the 
lake system - but it should be remembered that diatoms are only one component of a 
lake's algal population. Tilman ct a]. (1986) note that diatom abundance is usually 

greatest when there is substantial mixing in the lake water column. Such conditions 
(typical during seasonal overturn, cf. Bradshaw ct al. 2002, Talling & Parker 2002) 

aid the release of nutrients from the sediment-water intcrface, and of silica in 
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particular. Falling levels of diatom abundance, in contrast, are associated with 

increasing levels of stratification in the system and dominance by green algae and 

cyanobacteria (Coles & Jones 2000). Iron/manganese ratios and sulphur 

concentrations (see below) hint at a major expansion of cyanobacteria in Mockerkin 

Tam from the Sth century AD onwards. Although palynological records showing an 

extensive macrophyte flora in the lake at this time suggest that their dominance was 

far from total (cf. Van Vierssen & Prins 1985), these data suggest that diatom-inferred 

TP values for this period may be a significant underestimate. 

Any inference of past levels of hypolimnetic anoxia from the geochemical 

record should be treated with severe circumspection. Although Mockerkin Tam is 

relatively productive, no evidence of thermal stratification was observed during the 

present study; it is likely that any perturbation of the system would result in near- 

total mixing of the water column. If anoxia does exist in the modem system, it is at 

most seasonal. Nevertheless, sedimentary iron/manganese ratios may give some 

indication of the past development of the system (vide pp. 120-123). Ratios in 

Mockerkin Tarn (Fig. 7. SS) shows a slight increase through the early stages of the 

SS - 

4S - 

z 3S - 
U. 

2S - 

is - 

-2000 -ISOO -1000 -SOO 0 Soo 1000 ISOO 2000 

Calendar years BC/AD 

Fig. 7.55: Iron/manganese ratios from Mockcrkin Tam 
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Fig. 7.56: Iron concentrations from Mockerkin Tam 
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Fig. 7.57: Cobalt, nickel and chromium concentrations from Mockcrkin Tam 

core, peaking at 33.6 around 460 BC; there is no clear correspondence between this 

peak and contemporaneous changes in the pollen and diatom spectra. Far more 

pronounced is the sharp rise in Fe/Mn ratios from around AD 450; these increase 

rapidly throughout the reminder of the Dark Ages and the early Medieval era, 
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peaking at S 1.6 around AD 900. Such shifts can be characteristic of anoxic 
development, but their significance should not be considered in isolation. Mackereth 

(1966) notes that long-term shifts in Fe/Mn ratios may be caused by two distinct 

processes: the preferential leaching of manganese in anoxic surface sediments, or the 

development of reducing conditions in catchment soils. A parallel rise in sedimentary 

iron concentrations (Fig. 7.56) can be observed in the later Dark Ages and early 

Medieval era, suggesting that the observed changes do indeed reflect a fall in reducing 

conditions in catchment soils, rather than any lacustrine process. This interpretation 

is, however, not wholly conclusive, as the declines in Si/Al ratios (Fig. 7.54) noted at 
Mockerkin Tarn do suggest increasing stratification of the water column during this 

phase. These records, in conjunction with extremely high levels of sulphur deposition 

recorded in the system (characteristic of seasonal cyanobacteria blooms) correlate 

closely with the increase in Fe/Mn ratios and may be symptomatic of seasonal anoxia. 

A number of other elemental concentrations can potentially be used as indices 

of hypolimnetic anoxia (Fig. 7. S7). Cobalt and nickel deposition (often strongly 

associated with that of iron and manganese, Mackereth 1966) is stable throughout 

most of the core, but both records feature isolated peaks around AD 70. It is difficult 

to link this event to the major transitions observed in the pollen and diatom records, 

although it does coincide with a sudden decline in the relative abundance of Isoctes 

lacustris in the pollen spectra from the site. Isoetids can be sensitive to rising levels of 

anoxia (Gacia et a]. 1994), but this link is not a strong one and the evidence for a 

significant change in the lake system at this time is tenuous. With no corroboration of 

such a shift from other geochemical records, it seems more likely that these peaks 

reflect changes in alloclithonous sediment supply. 

Accelerated chromium deposition is typically associated with the development 

of stable, long-term anoxia (Lotter 1998, Fig. 737). Chromium concentrations are 

stable throughout the lower parts of the core, but undergo a sustained increase from 

around AD 650 onwards, peaking at 96.3 pprn around AD 1470. Such evidence 
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the type observed at Mockerkin Tam usually result from increasing eutrophication. of 

the system (Urban 1994), with high concentrations of sulphur most often associated 

with sulphur-fixing bacteria and cyanobacteria blooms (Monheinmer 1974, David & 

Mitchell 1985, Filley et a]. 2002). 

Sulphur entering lake systems is often highly labile, with long-term 

sedimentary stability typically only assured by precipitation in immobile forms. Of 

these, iron sulphide is the most important (Nriagu & Soon 1985, Carignan & Tessier 

1.9 8 8). It is notable how the rise in sulphur deposition at Mockerkin Tarn closely 

parallels increases in sedimentary iron (Fig. 7.56); sulphur sedimentation in 

Mockerkin Tam may have initially been Fe-limited. Much of this Fe-bound sulphur 

can be released from surface sediments under reducing conditions (Engstrom & 

Wright 1984), and it is initially surprising that sedimentary concentrations at 

Mockerkin Tarn rose so dramatically during a period of possibly intensifying 

hypolinmetic anoxia. However, the extensive Isoetes lacustris cover at Mockerkin Tam 

may have acted as a buffer to this process. Isoetids can (in sufficient numbers) create a 
highly oxidised rhizosphere of up to 6cm depth in an otherwise anoxic lake bed 

(Holmer et a]. 1998, cf. Christensen et a]. 1998), preventing the release of reduced 

minerals from the surface-water interface. 

If sedimentary iron sulphides were being reduced at any point at Mockerkin 

Tam, this could have significant implications for diatom-inferred pH and TP data. 

Bacterial reduction will result in substantial rises in pH (Giblin et a]. 1990, Siver et a]. 
2003), and their oxidation (and consequent generation of H2SO4)can have the 

opposite effect (cf. Hindar & Lydersen 1994). It is impossible from the data available 

in t1iis study to disentangle the impact of sulphide dynamics from all the other forcing 

factors potentially affecting pH levels in the lake system, but one should note that the 

phase of heightened acidity from AD 870-15 10 (Fig. 7.40) overlaps significantly with 

the period of maximum sulphur sedimentation. Similarly, the formation of FeS 

(implied in zones MCK2-B2 and MCK2-C by the parallel increases in iron and 



301 

sulphur deposition) can result in large-scale releases of sedimentary phosphorus 
(Olsson et a]. 1997). It is thus possible that major changes in pH and TP (Fig. 7.39) 

observed in zones MCK2-B2 and MCK2-C could represent impacts from changes in 

sulphide cycling rather than a bonafide response to external forcing. 

Phosphorus dynamics and the Postan HjTothesis: 

Because of its importance to this project, phosphorus will be treated separately from 

the other geochemical indicators in this study. As discussed in section 3.6, 

phosphorus is a frequently-labile component of lacustrine sediments, and sedimentary 

records should therefore be considered in conjunction with diatom-inferred TP 

variations at the site. 

Sedimentary concentrations of phosphorus are initially low at Mockerkin 

Tam, but rise rapidly through the Bronze Age and early Iron Age, peaking first at 
0.62% around 1190 BC and then rising further to 0.78% around 460 BC (Fig. 7.59). 

Such changes may result from increases in authigenic sedimentation, but diatom 
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Fig. 7.59: Phosphorus concentrations from Mockerkin Tarn 
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spectra and other geochemical records from the site offer no evidence of increased 

lacustrine productivity during this time; the observed rise probably reflects the 

preferential erosion of phosphorus- enriched organic and clay fractions from 

catchment soils (Sharpley & Smith 1990, Heathwaite 1994). A significant decline (to 

0.59% around AD 70) after these peaks suggest that the catchment was moving 

towards phosphorus-disequilibrium (vide section 3.6) in the late Iron Age, although 

catchment nutrient dynamics appear to have stabilised during the Roman era. A 

second major decline in sedimentary phosphorus can be observed from the late 5' 

century AD onwards; the interpretation of this decline is less straightforward. 

Although further depletion of catchment phosphorus reserves duýing this period 

(marked by major increases in agricultural intensity) would appear likely, possible 

diagenetic impacts on the sedimentary record from increasing levels of seasonal 

anoxia (vide pp. 296-299) and the precipitation of iron sulphides (vide pp. 300-301) 

may also have been significant. Diatom-inferred TP values (Fig. 7.39) rise sharply 

during this period, and this increase may have been due to the release of phosphorus 

from surface sediments rather than any direct impact from land-use changes. 

However, one can largely discount the importance of such influences. Firstly, 

the oxygenated rhizosphere created by extensive isoetid growth limits the availability 

of phosphorus in the surface sediments in a manner similar to its effect on sulphur 

(Christensen et a]. 1998). Although the main core from Mockerkin Tam was taken 

from a depth below the effective range of Isoctes lacustris (vide p. 162), the species 

would have acted to limit phosphorus mobility throughout most of the lake system. 
Secondly, the observed decline in sedimentary phosphorus is sustained for a 

considerable period of time (0.67%-0.47% from AD 450-1200); phosphorus 

concentrations declined continuously for most of the Middle Ages regardless of the 

trophic state of the lake. Diatom-inferred TP levels (Fig. 7.39) were virtually 

identical at AD SOO and AD 1000; over the same period, sedimentary phosphorus 

concentrations fell from 0.67%-0.54% - and this after several centuries of potentially 

major phosphorus inputs from sustained Cannabis retting (vide pp. 103,130). 
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Phosphorus levels stabilise during the later Medieval era and then increase 

rapidly from the late I Sthcentury AD onwards. The rise probably reflects increased 

phosphorus loading from the catchment from agricultural improvements in the early 

modern period, although changes in the lake may also have had an effect. Levels of 

phosphorus sedimentation can be strongly influenced by the extent of hypolimnetic 

anoxia in the lake system (Engstrom & Wright 1984); Fe/Mn ratios and Cr 

concentrations may suggest decreasing hypolimnetic anoxia in Mockerkin Tarn from 

around AD 1500 onwards (vide pp. 296-299). Any such shift would have reduced the 

mobility of phosphorus in the surface sediments; declining mobility of sedimentary 

phosphorus in the modern era is suggested by diatom-inferred TP concentrations 

(Fig. 7.39), which fall from the late 17'hcentury AD onwards. 

Bare sedimentary concentrations of phosphorus are of course of little use if 

one is trying to infer nutrient stress in catchment soils. If one takes into account the 

sustained increase in accumulation rates at Mockerkin Tam (vide Fig. S. 10), the 

absolute delivery of phosphorus to the lake sediments remains very much constant 
from 500 BC to AD 1500; the crucial factor is the relative loading of phosphorus to 

the system. One can treat the Mockerkin catchment as an isolated ecological unit for 

most of its history; imports and exports of agricultural produce would have been 

minimal, and the lake possesses no significant inflows or outflows. Under such 

circumstances virtually all phosphorus loading to the system would come from 

erosional inputs; long-term depletion of phosphorus reserves in catchment soils may 
be inferred by measuring sedimentary and diatom-inferred phosphorus relative to a 

chemically conservative lithophile element such as titanium (vide p. 132). 

If one plots the data from Mockerkin Tam in this fashion (Figs. 7.60,7.61), 

two pronounced episodes of catchment phosphorus-disequilibrium are apparent: 
from 460 BC to AD 70, and a second, more intense phase from AD 450-1000. In 

both cases one can discount labile and dissolved phosphorus fractions from the 
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Fig. 7.60: Phosphorus/titanium ratios from Mockerkin Tarn 
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records, as diatom-inferred TP concentrations are near-identical at the start and end 

of the decline phases. It can clearly be observed from these records that long-term 

depletion of catchment phosphorus reserves was taking place at Mockerkin Tam, 

with disequilibrium effects particularly pronounced during the major clearance phase 
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from AD 650-900. However, it is questionable whether such mechanisms influenced 

land use changes at Mockerkin Tarn. The changes in phosphorus loading appear to be 

following changes in land-cover rather than leading them, and it is notable that the 

system appears to have been in equilibrium during the later Medieval period, when 

historical evidence (Clark 1992, Newman & Harvey 1997) suggests that nutrient 

stress should have been at its height (although this may simply reflect a general lack of 

evidence for Late Medieval depopulation from this site). On these grounds, one must 

reject the Postan Hypothesis as a significant factor in Late Medieval settlement 

abandonment at Mockerkin Tarn; although phosphorus stress was increasing in the 

catchment during the Middle Ages it does not appear to have had any close causal 

association with changing patterns of land use. 

Multivariate analvsis of diatom records: 

Used in conjunction, the multi-proxy records from Mockerkin Tarn can potentially 

provide a far more complete picture of past human impacts on the landscape than 

pollen spectra alone. However, for such an approach to be viable one must first 

understand the relationships between the different data sets, and in particular how 

diatom assemblages respond to changes within the catchment. It is surprising that aq! y 

such relationships can be identified in these records (considering the range of 

potential ecological and geochemical influences on diatom populations), but some 
degree of correspondence is indeed apparent. However, the manner in which 

catchment and lake interact is still poorly understood, and virtually all previous work 

on this topic has been conducted from a palaeolimnological viewpoint (vide pp. 99- 

103). This subsection will attempt to elucidate the nature of such influences in a more 

specific manner. 

The palaeoecological and geochernical data sets obtained from Mockerkin 

Tarn are extremely complex, and multivariate analysis represents the only effective 

means of studying the relationships between them. Constrained ordination techniques 
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Data set: 

Pollen 

Environmental 
axes: 
Diatoms 

Test 
type: 
I' axis 

Eigenvalue: 

0.441 

F-ratio: 

31.491 

P-value: 

Pollen Diatoms Overall 0.58 18.48 0.00 
Diatoms Pollen I" axis 0.40 25.11 0.00 
Diatoms Pollen Overall 0.55 7.63 0.00 
Geochemistry Diatoms 1" axis 0.20 15.84 0.00 
Geodiemistry Diato, s Overall 0.31 9.79 0.00 
Diatoms Geodlemistry Vt axis 0.43 44.90 0.00 

L 
Diatoms Geochemistry Overall 0.63 12.76 0.00 

Table 7.4: Monte Carlo significance tests for redundancy analyses of Mockerkin Tam 

data sets 

(redundancy analysis and canonical correspondence analysis, vide pp. 104-105) 

constrain ordinations to external environmental variables, allowing one to determine 

the proportions of species variability explained by the canonical axes. Four distinct 

relationships were investigated: pollen spectra constrained by diatom-inferred 

limnological variables, diatom spectra constrained by composite pollen spectra, 

geochemical indices constrained by diatom-inferred limnological variables and diatom 

spectra constrained by geocbemical indices. Analytical procedures were as described 

in section 3.4 (including partial weighting of pollen and diatom spectra); an initial 

D CA of the diatom spectra gave a gradient length of 1.645 CY for the primary 

eigenvector, and RDA was consequently preferred to CCA (vide pp. 9S, 105). The 

significance of the analysis output was examined using the Monte Carlo applications 

included in Canoco, 3.12 (ter Braak 199 1). Tests (using 9999 iterations) on the first 

canonical axes and overall trace statistics of the four analyses (Table 7.4) showed high 

levels of significance throughout, with P-values indicating 99% confidence limits for 

all the diagrams. 

RDA analysis of pollen spectra constrained by diatom-inferred limnological 

variables (Fig. 7.62) identified two major eigenvectors, respectively explaining 

0.4405 and 0.1239 of the variability in the data. The biplot species distribution is 



307 

1 

t 40 pH 

C; 
Jao 
w TP o 

0 
Cannabij 

Eigenvector 1 
(0.4405) Lactucoideac Rosaceae 

Alnus A P04"odium 
Rumex acetosella 0 

Cor Ylu" 
0 40 Praidium Calluna 

41 
0 Quercus 

Betula 

O. S 

Urtica Poaccae 

Asteroideae Fraxinus 
ulmus 

Anemisia Fagus 0 Ranunculaceae 
0 

0 

1 
40 . 

) Salm Plantagolanceolata 0-5 DOC Cl 

Cereal- : ype 
% 

Rumex undiff. 

-O. S 

.11 

Fig. 7.62: Mockerkin Tam: RDA biplot of pollen spectra constrained by diato'm- 

inferred limnological variables 
Taxon: 
Pinus 

Variance: 
7S. 04% 

Taxon: 
Rumex undiff. 

Variance: 
11.73% 

u1mus 3.74% Rumex acetosella 24.66% 

ylvatica Faguss 37.01% Rosaceae undiff. 1S. 94% 
Quercus 37.35% Plantago lanceolata 30.74% 
Betula 74.4% Asteroideae 29.68% 
Alnus glutinosa 65.6% Lactucoideae 47.69% 
Fraxinus excelsior SO% Artemisia 12% 
Corylus avellana-type 66.22% Poaceae undiff. 74.43% 
Salix 3.64% Cereal-type 6.67% 
Ranunculaceae 48.75% Pteridium aquilinum 7.66% 
Cannabis sativa-type 64.19% Calluna vulgaris 44.01% 

L 
Urtica-type, 12.43% Poýypodium 4.87%, 

Table 7.5: Mockerkin Tam RDA analysis: percentage of pollen spectra variability 

explained by diatom-inferred limnological variables 
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somewhat reminiscent of the PCA of the Mockerkin Tam pollen spectra (Fig. 7.20). 

The primary eigenvector is strongly associated with concentrations of TP and DOC; 

the pollen taxa linked with this gradient are predominantly open-ground indicators: 

Poaceae undiff., Plantago lanceolata, Ranunculaceae, Asteroideae and Rumex undiff., 

along with recent arboreal arrivals such as Fagus sylvatica and Fraxinus excelsior. 

Negative values along the gradient are mainly associated with arboreal and heathland 

taxa, although a number of important herbaceous indicators (Cereal-type, 

Lactucoideae, Rumex acetosella) are also found amongst this group. Surprisingly, 

despite previous studies linking catchment clearance with rises in pH (Jones et a]. 

1986, Renberg et a]. 1993), the gradient has no discernible connection with pH; from 

this data, catchment clearance would appear to be far more closely correlated with 

phosphorus mobilisation than base cation release. 

Instead, pH (and to a lesser extent, TP) is the dominant factor in species 

distributions along the secondary eigenvector. A number of herbaceous taxa (Poaceae 

undiff., Asteroideae, Artemisia, Urtica-type) are associated with this gradient, but by 

far the strongest linkage is with Cannabis sativa-type. Again, such findings contradict 

established views of catchment-lake interactions; HSkansson & Regnell (1993) and 

Bradshaw et a]. (2001) both linked Cannabis retting with increased loading of 

phosphorus to lake systems, but at Mockerkin Tarn it appears that the process had a 
far more direct impact on alkalinity levels. It effect on TP concentrations seems to 

have been negligible; if anything, increased representation of Cannabis sativa-type in 

the pollen spectra is typical of low TP concentrations. Such inferences seem credible 

upon a cursory inspection of the pollen and diatom spectra from the site (Figs. 6.4, 

6.5). Although the simultaneous peaks in Cannabis sativa-type pollen and diatom- 

inferred TP around AD 840 might appear significant, it should be noted that elevated 
levels of Cannabis (suggestive of retting) can be noted from 220 BC onwards -a date 

also marked by a sudden increase in diatom-inferred pH (Fig. 7.40). 
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In contrast, TP concentrations (Fig. 7.39) are essentially stable until the Dark 

Ages. This period was, admittedly, marked by increased levels of Cannabis influx, but 

the key qualitative change in the catchment during this period was the enormous 

increase in landscape openness. Quite why Cannabis concentrations should correlate 

with pH in this manner is unclear; retting activity has long been associated with 

nutrient enrichment (Rackham 1986) but there is no obvious mechanism by which 

the process could be linked with the release of base cations. It seems more like that 

the peaks of Cannabis influx were associated with periods of sustained arable 

production in the catchment, with the base cation release coming from tillage and 

ploughing. Most arable indicators are poorly represented in the pollen spectra from 

the site, and consequently it is only the Cannabis spectrum that gives any indication of 

past levels of arable activity around the site. 

As expected, the proportion of variance in the canonical axes explained by 

individual pollen spectra is closely linked to their relative abundance (Table 7.5). 

Apart from the greater absolute impact of larger land-cover components, variations in 

dominant taxa would be more likely to represent real changes rather than stochastic 

variations in representativity. However, significant variations independent of taxon 

abundance can also be observed. Certain arboreal taxa (Betula, Alnusglutinosa and 

Corylus avellana-type) are particularly strongly associated with low concentrations of 
DOC and TP, as (unexpectedly) are the Lactucoideae; Calluna vulgaris displays a 

similar pattern. The other end of the gradient is closely linked with the abundances of 
Poaceae undiff., Ranunculaceae and Fraxinus excelsior; Plantago lanceolata is relatively 

insignificant. The same taxa are also important along the secondary gradient, where 

the close linkage between Cannabis retting and pH levels is evident. 

The relationships inferred above can also be observed if one carries out an 
RDA analysis of the pollen spectra constrained by the composite pollen spectra (Fig. 

7.63). The two main eigenvectors identified explain 0.4043 and 0.115 of the 

variability in the data; the first of these seems to be overwhelming associated with 
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Fig. 7.63: Mockerkin Tarn: RDA biplot of diatom spectra constrained by composite 

pollen spectra 
Taxon: 
Aulacoseira ambigua 

Variance: 
43% 

Taxon: 
Achnanthes minutissima 

Variance: 
69. S2% 

Aulacoseira granulata 76. S6% Cocconeis placentula_ 35.11% 
Cyclotella comensis 24.83% Navicu 

, 
]a leptostriata 1437% 

Tabellariaflocculosa 14.96% Navicula minima 80.93% 
Synedra delicatissima sensu PR 24.48% Navicula radiosa 16.22% 
Fragilaria construens var. venter 72.15% Frustulia rhomboides 22.66% 
Fragilaria elliptica 32.52% Gyrosigma acuminatum 53.62% 
Fragilaria pinnata S 9.03% Cymbella gracilis 67.61% 
Fragilaria virescens 62.07% Gomphonema gracile 20.76% 
Fragilaria virescens var. exigua 32.24% Pinnularia subcapita 30.41% 
Eunotia incisa 37.76% Nitzschia gracilis 9.96% 
Achnanthes marginulata 37.83% 

Table 7.6: Mockerk-in Tarn RDA analysis: percentage of diatom spectra variability 

explained by composite pollen spectra 
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landscape openness, and in particular with pastoral indicators. Most diatoms linked 

with high levels of pastoral pollen are eutrophic (Gyrosigma acuminatum, Nitzschia 

gracilis, A ulacoseira ambigua and A ulacoseira granulata), although Fragilaria construens var. 

venter (occasionally associated with high productivity in shallow systems - Daggett et 

a]. 1996, Hickman & Reasoner 1998) also displays a strong response to this gradient. 

Negative values along this gradient are generally associated with oligotrophic taxa, 

although there are notable exceptions to this trend such as Cymbella gracilis and 

Navicula minima (see below), whereas the typically oligotrophic Tabellariaflocculosa is 

weakly associated with pastoral indicators (cf. Anderson et al. 1995). 

Aside from the composite pastoral spectra, all pollen indicators are grouped 

along the negative values of the gradient. Woodland, shrub and heathland taxa are all 

closely associated, corresponding with acidophilous/acidobiontic taxa (Eunotia incisa, 

Frustuha rhomboides) and most Fragilaria spp. (associated with clear shallow waters). 

Arable spectra and Cannabis sativa-type also show the same response to this 

eigenvector; the anomalous placement of arable indicators is perhaps unsurprising, 

considering their low abundance in the pollen records and the lack of any clearly- 

defined arable phases at the site. The position of Cannabis on the biplot confirms the 

patterns displayed in Fig. 7.62, for its abundance appears linked to alkaliphilous 

(rather than eutrophic) taxa. Cannabis is more closely associated with the second 

gradient, showing some covariance with pastoral spectra. Some of the taxa displaying 

positive responses to this gradient (eg. Gyrosigma acuminatum, Aulacoseiragranulata) 

appear to owe their presence to the latter pollen group; only Navicula minima and 

Achnanthes minutissima show an unequivocal association with Cannabis. 

Data showing the proportion of diatom spectrum variability explained by the 

canonical axes (Table 7.6) confirm the importance of Navicula minima and Achnanthes 

minutissima; other key taxa include Aulacoseiragranulata and Gyrosigma acuminatum 
(both eutrophic indicators) and Cymbella gracilis, which despite its normal association 

with mesotrophic/eutrophic waters is strongly linked with negative values along the 
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primary eigenvector. An unexpected feature of the RDA analysis is the strength of 

Fragilaria spp. response to catchment pollen records. As mentioned above, most 

members of the genus are significantly associated with woodland/ shrub /heathland 

land-cover (probably because of their limiting effect on water turbidity, cf. Bradshaw 

2001), and two other species (Fragilaria construens var. venter and Fragilaria pinnata) 

appear to be effective indictors of landscape openness. 

RDA can also be used to detect covariance between diatom and geochemical 
data. An ordination of a subset of geochemical indices, constrained by diatom- 

inferred limnological variables (Fig. 7.64) shows two main eigenvectors explaining 

0.195 9 and 0.1109 of the variability in the data. The first eigenvector is strongly 

associated with TP concentrations; indicators of possible seasonal anoxia (Fe/Mn and 
S) are associated with is gradient, as are the erosional indicator ratios K/Ti and 
Na/Ti. Negative values are linked with high pH, Si/Al ratios (supporting suggestions 

that diatom productivity is highest in weakly-stratified systems, vide pp. 295-296) and 

- curiously - phosphorus and P/Ti. The secondary eigenvector is associated with all 

three diatom-inferred limnological variables; phosphorus sedimentation (P and P/Ti) 

and erosional intensity (K/Ti and Na/Ti) are both associated with positive values 

along this gradient; negative values are typical of high organic sedimentation (LOI and 
Si/Al). 

The most interesting features of the diagram are the relationships exhibited by 

sedimentary phosphorus. Concentrations bear little relationship to diatom-inferred 

TP levels; the limnological variable that they are closely related with is pH. Earlier 

RDA analyses have shown that pH levels are correlated with the incidence of Cannabis 

retting at Mockerkin Tarn (vide p. 308). The results from this analysis suggest that 

Cannabis retting was indeed inputting significant quantities of phosphorus to the lake 

system - but that most of this was in non-labile forms and entered the sedimentary 

record without having any noticeable impact upon the water column. If one examines 

the proportion of geochemical variability explained by the canonical axes (Table 7.7), 
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Fig. 7.64: Mockerkin Tarn: RDA biplot of geochernical indices constrained by 

diatom-inferred limnological variables 

Indicator: Variance: Indicator: Variance: 

LOI 30.42% Na/Ti 63.37% 

Fe/Mn 15.9% p 51.43% 

SUM 64.01% P/Ti 41.23% 

K/Ti 60.63% S 27.87% 

Table 7.7: Mockerkin Tam RDA analysis: percentage of geochemical index 

variability explained by diatom-inferred limnological variables 

this relationship is of moderate strength (P = 51.43%, P/Ti = 41.23%); Cannabis 
C)-- 

retting appears to have had some discernible impact upon phosphorus sedimentation, 

although admittedly not a dominant one. It can also be noted from these figures that 

any hypolimnetic anoxia that may have existed in the system (Fe/Mn, S) had very 

little impact upon the diatom assemblages. The strongest observed relationships 
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Fig. 7.65: Mockerldn Tam: RDA biplot of diatom spectra constrained by 

geochemical indices 

concern diatom abundance (Si/Al - probably reflecting the decline in Fragilaria spp. 

abundance from AD 650 onwards) and erosional intensity (K/Ti & Na/Ti); the 

importance of the latter association again indicating that landscape openness and 

erosional intensity seem to have been the key controls on the lake's ecolo gical 
development. 

One can explore these relationships in more detail by carrying out an 

ordination of diatom spectra, constrained by the geochernical indices used above; the 

analysis generates two main eigenvectors explaining 0.4281 and 0.0729 of the 

variability in the data. The primary (and dominant) eigenvector is associated with 
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Taxon: 
Aulacoseira ambigua 

Variance: 
73.31% 

Taxon: 
Achnanthes margin ulaia 

Variance: 
T =. o 

I A ulacoseira gran ulata 88.2S% Achnanthes minutissima 42.37% 
_ Cyclotella comensis 48.18% Cocconeis placentula 47.88% 
Stephanodiscus parvus 43.98% Navicula leptostriata 44.91% 
Tabellariaflocculosa 47.26% Navicula minima 67.36% 
S ynedra delicatissima sensu PR 14.92% Navicula radiosa 33.89% 

. Fragilaria capucina 70.1% Stauroneis anceps 39.17% 
Fragilaria construens var. venter 84.12% Frustulia rhomboides 48.56% 
Fragilaria elliptica 33.3% Cymbella gracihs 81.02% 
Fragilaria pinnata 46.04% Gomphonema gracile 49.34% 
Fragilaria vaucheriae 36.23% Gomphonema olivaceum 36.820o 
Fragilaria virescens undiff. 71.45% Pinnularia major 20.51% 
Eunotia incisa 78.06% Pinnularia subcapita 29.24% 
Eunotia minutissima 25.56%. Nitzschia gracilis 33.38% 
Achnanthes lanceolata 16.04%1 

Table 7.8: Mockerkin Tam RDA analysis: percentage of diatom spectra variability 

explained by geochemical indices 

erosional intensity (K/Ti and Na/Ti), and to a lesser extent with sulphur 

sedimentation; negative values are correlated with organic sedimentation (LOT and 

Si/Al). The taxa associated with positive values along this gradient are without 

exception eutrophic indicators (Aulacoseira granulata, Aulacoseira ambigua, 

Stephanodiscus parvus, Nitzschia gracihs and Cocconeis placentula, plus Fragilaria construens 

var. venter and Fragilaria pinnata); negative values are correlated with benthic 

Fragilaria spp. and naviculoid taxa. These results again provide strong support for a 

direct linkage between erosional intensity and long-term anthropogenic 

eutrophication. 

Variation along the second eigenvector is somewhat harder to interpret. 

Positive values are linked with erosion (K/Ti and Na/Ti) and LOI concentrations; all 

other geochemical indices are associated with negative values along the gradient. The 

relationship between this gradient and diatom abundance seems somewhat arbitrary; 

the strongest relationships observed were with a number of Fragilaria spp. - both 
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epiphytic (F. virescens) and planktonic (F. pinnata and F. capucina). Other taxa 

positively correlated with the eigenvector include Pinnularia spp. and most eutrophic 

indicators - with the notable exception of Aulacoseira granulata. Negative values are 

associated with a variety of naviculoid taxa, with Achnanthes minutissima and Navicula 

minima most prominent. The presence of these two species suggests that the 

eigenvector represent a response to Cannabis retting at the site; an interpretation 

supported by the position of P and P/Ti along the gradient. Records of the 

proportion of variability in the canonical axes explained by individual diatom taxa 

(Table 7.8) show results broadly similar to the pollen-diatom relationships shown in 

Table 7.6; the percentage variation explained is generally higher, with this effect most 

pronounced amongst the Centrales (Aulacoseira ambigua, Aulacoseira granulata and 

Cyclotella comensis). The most notable exception to this trend is Achnanthes minutissima 

(variation explained: 69.52% for pollen, 42.37% for geochemistry). This species is 

particularly associated with the long-term Cannabis retting phase at Mockerkin Tarn, 

and it appears that this had a more direct impact on the lake's ecology than its 

geochemical records. 

Multivariate analyses are powerful statistical techniques, but caution should be 

exercised in their use: they are more reliable as exploratory tools than as explanatory 

ones (Hill 1988). Such caveats certainly apply to constrained ordination, and one 

should pay particular attention to the levels of residual variance in the data left 

unexplained by the major eigenvectors. Canoco 3.12 (ter Braak 1991) records these 

residuals as squared residual variance lengths; these data can be used to record 

changes in residual variance through time (cf. Clerk et a]. 2000). If one considers the 

residuals from the pollen-diatom RDAs (Fig. 7.66) it is apparent that the integrity of 

the ordination does become suspect during certain episodes. During the period of 

catchment clearance and peak Cannabis retting (AD 650-900) the pollen-diatom 

ordinations display a sharp rise in residual variance, peaking at the Cannabis and 
Navicula minima maxima around AD 840. Further distortions can be observed around 

the 1 Vh century AD (immediately after the transition to planktonic dominance in the 
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lake) and during the TP maximum in the 17 th century AD. Similar effects can be 

observed in the geochemical-diatom RDAs (Fig. 7.67). The record from the analysis 

of geochemical indices constrained by diatom-inferred limnological variables (Fig. 



318 

7.64) is generally stable, but undergoes a considerable increase in residual variability 

during the diatom-inferred TP maxima in the 9thand 17thcenturies AD. Changes in 

residual variance from the analysis of diatom spectra constrained by geochemical 

indices (Fig. 7.65) are quite distinct, with a single major peak of residual variance 

from around AD 75 0- 15 5 0; this appears to correspond to the increases in phosphorus 

and sulphur deposition (vide pp. 295-299) in Mockerkin Tarn during this period. 

Notwithstanding such qualifications, certain important points may be drawn 

from the redundancy analyses of Mockerkin Tarn. Undoubtedly the most important 

of these is that the lake appears to be defying convention in its responses to both 

catchment clearance and Cannabis retting. Current limnological theory (vide pp. 99, 

102-103) holds that the former should be associated with pH increases and the latter 

with eutropbication; in Mockerkin Tam, these associations are reversed. Although 

the cause of the eutrophication peak in the 9th century AD is open to debate (vide pp. 

308-309), there are strong grounds for believing that this does represent a genuine 

trophic response to catchment clearance. If confirmed in further studies, these results 

would make diatom-inferred TP reconstruction a viable means of inferring long-term 

anthropogenic catchment disturbance. Such approaches are, at present, limited in 

scope - the interpretation of such records is problematic and the poor representation 

of oligotrophic systems in TP training sets limits the sensitivity of the technique. 

However, such difficulties could be overcome with the investigation of further sites 

and the refinement of current transfer functions. 

Furthermore, this evidence suggests that the importance of Cannabis retting as 

an agent of cultural eutrophication has been over-stated; it appears that phosphorus 

inputs via the selective erosion of soil particulates (vide p. 130) may have been a far 

more important eutrophication mechanism than has hitherto been appreciated. There 

are also signs in the diatom spectra of individualistic species response (vide pp. 105- 

106) to changing environmental conditions. The initial eutrophication phase at 
Mockerkin Tarn was notably atypical in comparison with modern patterns, with 



319 

Date: Limnological and catchment development: 
1190 BC Low-level cultivation in catchment: first appearance of Cannabis sativa- 

type, slight increase in cereal-type pollen above this level. Minor peak in 
LOI values. 

710 BC Possible site abandonment and climatic decline. Reduced erosional input 
(major fall in K, Na, Mg & Al sedimentation) and rise in Isoctes lacustris. 

220 BC Renewed cultivation within the catchment: first sustained presence of 
Cannabis sativa-type, brief peak in lithophile (K, Na, Al) sedimentation. 
Transition marked by rises in Achnanthes minutissima and pH; DOC falls. 

AD 70 Possible early episode of hypolimnetic anoxia: peaks in Co and Ni 
sedimentation, sharp rise in LOI. Major fall in Isoctes lacustris pollen. 

AD 290 Regeneration phase within catchment: decline in Poaceae undiff., Corylus 
avellana-type expands. 

AD 450 Beginning of long-term changes in chemical and ecological structure of 
lake: declining diatom abundance (esp. Fragilaria spp. ) and beginning of 
rise in S sedimentation indicate increasing stratification in the water 
column. LOI and P sedimentation both falling from this period. 

AD 650 Clearance phase in catchment: pastoral-type indicators (Poaceae undiff., 
Ranunculaceae, Plantago lanceolata) all rise significantly; rises in lithophile 
(K, Na, Mg, Al) sedimentation also noted. Major increase in Cannabis 
sativa-type suggests increased hemp retting in lake. Early stages of first 
eutrophication phase at Mockerkin Tarn: Navicula minima, Cocconeis 
placentula, Achnanthes spp. rise and Nýymphaea alba expand. Possible rise in 
seasonal anoxia (increasing Fe/Mn ratios and Cr sedimentation). 

AD 840 Peak in Cannabis retting and of first eutrophication phase: Navicula minima 
and TP concentrations reach maximum. Peak in Isoetes lacustris. 

AD 870 Possible abandonment of site. Collapse of Cannabis retting; major falls in 
Navicula minima, TP and pH. DOC rises. 

AD 980 Final phase of epiphyte dominance in Mockerkin Tam: Achnanthes 
minutissima declines sharply, supplanted by Tabellariaflocculosa, Fragilaria 
construens var. venter, Fragilaria pinnata. First significant presence of 
Asterionellaformosa in record. 

AD 1030 Planktonic forms become dominant in Mockerkin Tam diatom 
assemblages: rises in Aulacoseira ambigua, Aulacoseira granulata and TP. 
Very high levels of Gyrosigma acuminatum noted. 

AD IISO Maximum in S sedimentation, possible maxima in seasonal stratification 
and hypolimnetic anoxia? Possible peak in cyanobacteria dominance of 
system: minima in diatom abundance and P sedimentation. 

AD 1SIO Second eutrophication stage at Mockerkin Tam: rises in Aulacoseira 
granulata, Navicula minima; sharp rises in TP and pH. Contemporaneous 
decline in anoxia suggested by falls in Fe/Mn ratios and S sedimentation; 
sudden acceleration in P sedimentation. 

Table 7.9: Late Holocene catchment and limnological changes at Mockerk-in Tarn 
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epiphytic taxa such as Navicula minima and Cocconeis placentula dominant; in addition, 

the apparently close relationship between Achnanthes minutissima (cf. Renberg 1990) 

and Cannabis retting is worthy of further investigation. 

Multiproxy records of anthropogenic impact at Mockerkin Tam: 

Using the data from Mockerkin Tam discussed above, one can reconstruct the site's 

palaeoecological and palaeolimnological history over the past three millennia 

(summarised in Table 7.9). Diatom and geochemical records provide a wealth of 

additional palaeoenvironmental data that can support and amplify inferences drawn 

from pollen spectra. The relationship between these records is not perfect, and there 

are indications that key changes in the diatom spectra (such as the transition to 

planktonic dominance in the 11 th century AD and the second eutrophication phase in 

the 17th century AD) may have been forced by autogenic ecological processes rather 

than catchment changes. Nevertheless, redundancy analysis indicates that these 

palaeoenvironmental indicators are generally in close correspondence, and the diatom 

spectra in particular appear to be extremely sensitive to local changes in landscape 

openness and erosional intensity (cf. Anderson et a]. 1995). 

Finally, it should be noted that (despite all the proxy records used) there is 

little palaeoenvironmental evidence for Late Medieval site abandonment at 

Mockerkin Tarn. One might (if optimistic) point to subtle changes in erosional 

indicators or long-term declines in anoxic conditions during this period; however, 

such records are distinctly equivocal. This might be due to the "invisibility" of such 

events in the palaeoenvironmental data, a consequence of the low stratigraphic 

resolution of the records or simply a genuine absence of such episodes in the locality. 

However (regardless of explanations), this site provides little evidence for significant 

rural depopulation in the 14'h century AD. 
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CHAPTER EIGHT: CONCLUSIONS 

"Answers are easT, it's asking the right questions which is hard. " 

Doctor Who (The Face of Evil, episode 2) 

The somewhat haphazard nature of palaeoecological. experimentation mean that one 

will always require a certain element of luck when addressing definite research 

questions in the field, regardless of the care taken by the researcher. Equally, results 
from such studies can often give rise to new hypotheses and research questions not 
identified in the original project objectives; this thesis is no exception to such rules. 
Strenuous efforts were made to pose and answer clearly-defined hypotheses 

concerning the late Holocene environmental history of Cumbria (vide pp. 52-61,140- 

142). However, the difficulties inherent in the testing of probabilistic hypotheses (vide 

pp. 57,60) mean that the findings discussed in Chapter 7 cannot hope to be 

definitive; they are merely a first step towards the resolution of a complex set of 

interlocking intellectual challenges. Tliis chapter is divided into two sections; the first 

of these will examine the major research themes of this study, and place its findings in 

the context of current palaeoenvironmental. research. In the second section, the 

shortcomings of the research conducted in this thesis will be addressed, and possible 
directions for future work in the field identified. 

8.1: Summary of Research Findings 

Land-use change in late Holocene Cumbria: 

Only two sites (Deer Dyke Moss and Mockerkin Tam) provided detailed records 

covering pre-Medieval land use change in Cumbria; these offer contrasting pictures of 

prehistoric clearance patterns on the southern and western coasts. The data from 
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Deer Dyke Moss showed little evidence of widespread agricultural activity until 

around 5 10 BC (vide p. 219). This clearance predates those observed at White Moss 

and Foulshaw Moss (Wimble et al. 2000) by 200-300 years, suggesting that the Iron 

Age colonisation of southern Cumbria was conducted in a distinctly piecemeal 
fashion. In contrast, the landscape around Mockerkin Tarn appears to have been at 
least partially cleared by the middle Bronze Age (vide p. 229), with a slight increase in 

arable cultivation noted from around 1200-1000 BC. No signs of agricultural 

expansion were observed during the Roman era, nor is there any evidence for a 
"Brigantian" period of forest clearance (cf. Pennington 1965, Walker 1966) following 

the collapse of the Roman Empire. At sites where Dark Age clearances can be 

observed (Hulleter Moss and Mockerkin Tam, vide pp. 22S, 231-233), such 

expansion appears to be associated with early Anglo-Saxon colonisation during the 

peak of Northumbrian power in the region. 

Two major regional decline phases were noted in the Medieval records, 
during the late 9' century and the 14'hcentury (vide Table 7.1). A third decline phase 
in the 1 Idcentury - previously identified by Oldfield (1969) - was only observed at 
Deer Dyke Moss and Mockerkin Tam, and appears to have been of little more than 

local significance. The 9hcentury decline phase was the more substantial event, with 

significant falls in anthropogenic indicators noted at all sites. These changes were 

usually more marked in pastoral-type taxa; associated woodland regeneration (from 

which one may infer a major fall in grazing pressure) suggests that extensive areas of 
Cumbria were near-completely abandoned during this period (vide p. 247). 

In contrast, the 14' century decline was relatively subtle in nature; only 
Walton Moss provided unequivocal evidence of Late Medieval abandonment, 

although the pollen data from Deer Dyke Moss and Hulleter Moss record smaller 
(although still 95% significant) falls in composite arable spectra (vide pp. 245-247). 

There is a high level of spatial variation in this abandonment phase, with the most 

pronounced declines (surprisingly) observed in more populous lowland sites. It is also 
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notable that the declines observed during this period almost exclusively affected 

arable-type indicators. Most arable and arable weed taxa are either autogamous or 

entomophilous, and their representation in pollen spectra is consequently poor; 

under these circumstances, it is unsurprising that the palynological record of Late 

Medieval decline in Cumbria is so fragmentary. There is no evidence for woodland 

regeneration during this phase, with pastoral spectra stable (or, at Walton Moss, 

actually increasing) throughout. These patterns seem characteristic of a general fall in 

population across the region. Although widespread depopulation can be inferred from 

the declines in arable taxa, it appears that no parts of the county were completely 

abandoned in the 14' century (vide p. 247); the area of land employed for pastoral 

production (if not the absolute numbers of livestock) remained essentially unchanged 

during this period. 

Multivariate anaýysis ofpollen data: 

Multivariate analysis of the pollen data confirmed trends apparent upon cursory 

inspections of the relative spectra; primary eigenvectors generally represented the 

balance between arboreal and non-arboreal taxa. The technique was thus of limited 

value in providing a semi-quantitative record of the intensity of past human impacts in 

the region (cf. Birks et al. 1988), with the arable phase noted at Elterwater from AD 

610-830 (vide p. 255) the only observed agricultural phase not immediately evident 
from the raw data. More unexpected associations were, however, revealed by 

secondary gradients in the records. At Deer Dyke Moss, the close association noted 
between Pteridium aquilinum and Corylus avellana-type (vide p. 2S3) suggested that 

Pteridium representation at this site may have been largely derived from open forest 

cover, with its abundance determined more by arboreal grazing pressure than 

heathland development (cf. Oldfield 1969, Brown 1999). Similarly, the long-term 

dynamics of Fraxinus excelsior exhibited clear regional trends. At Deer Dyke Moss, the 

species was closely associated with other arboreal taxa (suggestive of a long-term 

presence in southern Cumbrian forest cover, vide p. 252). In contrast, at sites in 
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northern and western Cumbria (Walton Moss and Mockerkin Tam, vide pp. 258, 

260) Fraxinus appeared to be a largely non-native species, with major increases in 

abundance noted during the early modem period. 

The effectiveness of the PCA analyses of herbaceous taxa was hindered by the 

generally low levels of arable-type indicators encountered in these records, but 

certain consistent associations were noted. Of these, the most important was the 

strong linkage between Rumex undiff. and arable-type indicators (vide p. 267), 

supporting Riezebos & Slotboom's (1978) classification of the Rumex genus en bloc as 

arable indicators. Certain herbaceous taxa displayed anomalous distribution patterns; 

the most remarkable effect observed was the abnormally high representation of 

Saxfiraga oppositfioha at Elterwater from AD 920 onwards (vide p. 224). 

Environmental impacts upon land-use patterns: 

The plant macrofossil and humification data from Walton Moss recorded three major 

episodes of climatic deterioration in Cumbria during the Medieval era (vide p. 271), 

dated to AD 920-970, AD 1160-1190 and AD 1370-1430. Attempts to improve the 

geochronological precision of the test by tuning palaeoclimatic proxies from other 

sites to the Walton Moss record (vide pp. 109-111) encountered some difficulties. 

Humification data from Hulleter Moss (vide p. 273) correlated closely with the 

Walton Moss data. However, the halogen records from Mockerkin Tam (vide pp. 
271-273) exhibited little correspondence (either with each other or with existing 

palaeoclimate records from the region) and their validity as palaeoclimatic proxies 

seems questionable. 

Of the major abandonment phases recorded in Medieval Cumbria, only the 

14ýhcentury decline exhibits the characteristics of universality and synchroneity 

necessary for the corroboration of climatic influence. The 9thcentury decline, 

although a more significant change in vegetation cover, actually precedes the early 
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Medieval climatic deterioration by 60-120 years, and it seems more likely that this 

abandonment phase was associated with the Danish invasion of Cumbria in the 870s 

(vide p. 234). The fragmentary I Vb century decline noted at Deer Dyke Moss and 
Mockerkin Tarn similarly predates the climatic deterioration of the 12 tb century. 
Only in the Wh century are records of agricultural and climatic decline coincident. 

The two records correspond perfectly at Walton Moss, and although there are some 

slight chronological discrepancies at other sites these lie within the standard error 
limits for their '4C age-depth regressions (vide p. 17 1). 

There are two discordant features in the data that must be accounted for: the 

poor palynological representation of the abandonment phase and the greater intensity 

of the decline observed in lowland sites. The former effect can be explained by the 

generally low levels of arable pollen encountered during the Medieval era. Although 

only three sites record significant declines in composite arable spectra during the 146 

century, low-level falls in arable indicators can be observed at all sites during this 

phase, and all of these declines would have been significant at TDLP counts of 1000 

pollen grains (vide p. 278). It is thus recommended that future investigations of the 

Late Medieval decline use considerably larger pollen count sizes. 

There are several possible explanations for the apparently greater sensitivity 
displayed by lowland sites, but the most plausible is that they were actually more 

marginal than those in the Lakeland massif (vide pp. 6S-66). Although the absolute 
impact of climatic change would have been greater in the uplands, these communities 

exhibited considerably greater economic and ecological diversity (vide p. 27), and 

would thus have been better buffered against climatic impacts. In addition, the 

important part played by pastoralism in their subsistence bases would have limited the 

representation of any decline phase in pollen records; even a substantial fall in herd 

sizes may not have been sufficient to allow perceptible woodland regeneration. From 

this evidence the climatic hypothesis can be regarded as being weakly corroborated, 

although further work on this topic is clearly required. 
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Another episode of climatic influence is hinted at in the records from 

Mockerkin Tam, where declines in erosional indicators and an expansion of Isoctes 

lacustris cover (suggestive of decreased water turbidity) can be noted around 700 BC 

(vide p. 292). The timing of the event corresponds closely with the 2600 BP climatic 

deterioration associated with abandonment phases in continental Europe (van Geel et 

a]. 1996). However, this potential abandonment phase is not supported by any 

evidence from pollen spectra, and its existence must be considered at best tentative. 

Tests of the Postan Hypothesis (Postan 19SO, 1973) at Mockerkin Tam were 

limited by the failure of attempts to produce an absolute record of phosphorus 

loading to the lake. However, integrated records of sedimentary and diatom-inferred 

phosphorus (vide pp. 301-305) did show two distinct phases of phosphorus- 

disequilibrium within the catchment, dated from 460 BC to AD 70 and AD 4SO- 

1000. Although these records demonstrate that catchment soils were becoming 

significantly depleted in phosphorus during the pre-industrial era, this cannot be taken 

as corroboration for the hypothesis. The disequilibrium phases seem to follow rather 

than lead major changes in land use, and there is (crucially) no record of phosphorus 

depletion in the Late Medieval era, when nutrient stresses on agricultural soils should 

have been at a maximum. 

Diatom responses to catchment disturbance: 

Changes within the catchment seem to have exerted a considerable influence on the 

ecological development of Mockerkin Tarn during the late Holocene. The lake 

showed strong responses to changes in both land clearance and Cannabis retting, but 

the relationships were different to those predicted by existing limnological studies 

(vide pp. 99,102-103). High TP concentrations and eutrophic/ planktonic diatom 

abundances were generally associated with increases in landscape openness and 

erosional intensity; low levels of catchment disturbance (woodland, shrub and 
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heathland cover dominant) were associated with Fragilaria spp. and naviculoid taxa. 

Fragilaria spp. displayed a surprisingly strong relationship with land-use changes (cf. 

Sayer 2001), and it seems likely that this association was influenced by their 

preference for low-turbidity conditions (vide p. 312). In contrast, Cannabis retting was 

associated with alkaliphilous rather than eutrophic taxa (most notably Achnanthes 

minutissima), although retting maxima did appear to be associated with high 

concentrations of sedimentary phosphorus (vide p. 313). Pronounced changes were 

also noted in DOC concentrations; surprisingly, these were in an inverse relationship 

with pH (vide p. 284), suggesting that these shifts largely reflected changes in 

authigenic production. 

The first major change in the lake system can be noted from around 220 BC, 

when there are parallel increases in Cannabis influx, lithophile sedimentation and 

diatom-inferred pH (vide pp. 283-284,292-293). TP concentrations remain stable 

during this period; the first discernible eutrophication phase (from c. AD 650-840) 

coincides with a sudden increase in pastoral-type pollen influx and geochemical 

erosional indicators (vide pp. 284-285,293). This phase is distinguished by an absence 

of the planktonic taxa typically associated with eutrophication; indeed, abundances of 

most Centrales spp. actually fall during this stage. Major increases were noted in the 

abundance of epiphytes such as Navicula minima, Achnanthes minutissima and Cocconeis 

placentula. There are also marked increases in seasonal anoxia (inferred from Fe/Mn 

ratios and Cr concentrations, vide pp. 296-299) and sulphur sedimentation - the 

latter possibly recording increasing cyanobacterial abundance. This interpretation 

may be supported by a parallel decline in Si/Al ratios (vide pp. 29S-296), indicative of 
declining diatom abundance and (perhaps) increasing levels of stratification in the lake 

system. 

After AD 840 a short-lived reversion to earlier mesotrophic/acidophilous 

assemblages can be observed; the sharp fall observed in diatom-inferred pH may be a 

response to the decline in Cannabis retting at the site, although the oxidation of 



328 

sedimentary sulphides (vide pp. 300-301) may also have contributed to rising levels of 

acidity. By AD 1000, increases in Asterionellaformosa, Fragilaria pinnata and Fragilaria 

brevistriata (vide p. 286) indicate rising levels of nutrient loading to the lake. Soon 

afterwards (around AD 1030) there is a sudden transition to planktonic dominance in 

the assemblage, with the increases in Aulacoseira granulata, Aulacoseira ambigua, 

Stephanodiscus parvus and Asterionellaformosa particularly notable (vide pp. 286-287). 

The rise in diatom-inferred TP during this transition is surprisingly small, although 

the record may have been distorted by possible increases in cyanobacterial abundance 

around this time. A final eutrophication stage can be observed from AD 1420-1660 

(vide p. 287), with significant increases in Navicula minima and Aulacoseira granulata. 

This period is also marked by a sudden increase in the sedimentary concentrations of 

phosphorus, possibly reflecting a decline in levels of hypolinmetic anoxia around this 

time (vide p. 303). 

8.2: Directions for Future Research 

Demonstrating causality in climate-culture relationships: 

One of the greatest challenges faced in contemporary environmental archaeology is 

the difficulty of demonstrating causality in human-environment relationships. During 

the past decade a huge number of studies have been produced showing cultural and 

climatic changes occurring synchronously throughout the Holocene and throughout 

the world (vide Table 3.2). It is very easy to fall into a facile determinism and assume 

that these coincident patterns are more than coincidental. In reality, demonstrating 

the existence of such relationships is extremely difficult, and the epistemological and 

statistical tools used in palaeoecology are poorly-suited to the task. The essential 

problem faced is the complexity of ecological and cultural systems, and the probable 

nonlinearity of their responses to external forcing. One may (as in this study) 

concentrate on isolated, marginal communities where climate-culture relationships 

approach a linear form. However, such an approach cannot impart any understanding 
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of the mechanisms involved, nor is it applicable to the larger-scale episodes of cultural 

collapse (vide pp. 73-74,80) that have attracted the bulk of recent palaeoecological 

interest in the field. 

The palaeoecological advances of the past two decades have been based upon 

the paradigm of linear and unimodal modelling (Birks 1998). As these methods were 

becoming widespread in palaeoecology, some population ecologists began to question 

their relevance. Pioneers such as May (1974,1976) showed that apparently stochastic 

fluctuations in species abundance were chaotic (cf. Lorenz 1963), and could be 

generated using simple nonlinear functions. With this came the realisation that 

ecosystem behaviour was far more deterministic, and more mathematically 

explicable, than had hitherto been supposed. Ecologists have since found chaos and 

self-organisation to be pervasive influences throughout the natural world (cf. Blasius 

et al. 1999, Bjornstad & Grenfell 2001). Palaeoenvironmental researchers have 

recently begun to pursue this interest in nonlinearity, with such behaviour recognised 

in climatic variations (Yiou et al. 1994, Paillard 1998), sedimentation patterns 

(Dearing & Zolitschka 1999, Richards 2002) and historical records (Adams 2001, 

Brunk 2002). 

If such phenomena can be found in palaeoecological data, it should be possible 

to use nonlinear time series analyses to provide an absolute, quantitative record of the 

degree of correlation between cultural and climatic variations. However, one must 
first establish what form this behaviour takes; nonlinearity is a broad term, 

encompassing chaos, self-organisation (vide pp. 75-79) and even quasiperiodicity. In 

this last case, it is well-known that Holocene palaeoclimate variations around the 

North Atlantic basin exhibit strong quasiperiodic characteristics (Bond et a]. 1997, 

Bianchi & McCave 1999, Chambers & Black-ford 2001). It is less well appreciated that 

such signals can also be found in records of anthropogenic activity. Oliver et a]. 
(1997) analysed a high-resolution pollen record from the east coast of Scotland and 
found pronounced cyclicities in the data, with an 800-year cycle reflecting the balance 
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Table 8.1: Tests for nonlinear and quasiperiodic system behaviour 

System behaviour: Cross-correlation method: M 
Chaos Mutual information (Fraser & Swinney 1986) or generalised 

chaos synchronisation (Rulkov et al. 1995) 
Quasiperiodicity Cross-spectral density (Kettunen & Ravaja 2000) 
Quasiperiodic Singular spectrum analysis (R6zynski et al. 2001) used to 
climate & chaotic decompose palaeoclimate data. Surrogate record cross- 
human impact correlated with the human impact records using computer- 

fitted feedforward neural network (Pascual & Ellner 2000) 
Self-organisation I Numerical modelling of simulated culture-climate 

relationships (Gaines & Gaines 1997,2000) 

Table 8.2: Cross-correlations methods for nonlinear and quasiperiodic climate- 

culture relationships 

between arboreal and non-arboreal taxa particularly notable. If records of sufficient 
length and resolution are available, the presence of any form of nonlinear behaviour 

can be determined using the techniques listed in Table 8.1. 

Assessing the validity of the correlations is a more complex challenge. 

Quasiperiodic and chaotic systems are (in certain respects) still deterministic, and 

quantified measures of covariance and optimal lag times can be established using 

statistical procedures (Table 8.2). However, if self-organisation is the dominant form 

of nonlinearity in cultural and environmental systems (cf. Brunk 2000,2002), purely 

palaeoecological studies of their interactions will be impossible. This is partly because 

of the volume of data required; if fractal phenomena are to be studied effectively, the 

records must extend over several orders of magnitude (cf. Dearing & Zolitschka. 

1999). Until such time as computerised fossil identification (Bayer et a]. 2000, France 

et a]. 2000) becomes a practical possibility, such data sets will be beyond the scope of 

palaeoecology. More fundamentally, mature self-organising systems are intrinsically 
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non-deterministic. System responses to external forcing are conditioned by their 

internal structure rather than the magnitude of the forcing; any statistical treatment of 

the relationsMp between climate and culture will consequently be meaningless. 

Resolving this problem will require the use of methodologies from other 
disciplines; one possible approach is the integration of palaeoecological records with 
detailed archaeological and anthropological field data (cf. Jones et a]. 1999, Williams 

2002). However, the technique that appears to offer the greatest potential is 

computer-based simulation. Although one cannot hope to mathematically delineate 

the behaviour of a self-organising system, one can easily generate self-organising 
behaviour using numerical models (cf. Brunk 2002). Modelling approaches have been 

applied to a number of problem's in environmental archaeology in recent years, most 

notably in studies of the environmental history of Easter Island (Brander & Taylor 

1998, Anderies 2000). Gaines & Gaines (2000) have gone beyond such treatments, 

successfully modelling the response of Anasazi communities to climatic stress on an 
individual household level. By treating model components as cellular automata 
(Wootton 2002, vide pp. 76,78) one can easily introduce self-organisation effects 

into such simulations. Such an approach will not guarantee the corroboration of 
hypotheses of climatic influence on cultural systems, but they can offer the potential 

of considerably improving our knowledge of the mechanisms by which such processes 

operate. 

Diatom responses to catchment disturbance: 

Results from Mockerkin Tarn show a considerable degree of correspondence between 

pollen, diatom and geochemical records, supporting previous suggestions by Fritz 

(1989) and Anderson et a]. (1995) that diatoms can act as highly sensitive indicators of 

catchment disturbance. However, these findings should be considered only 

preliminary, and further work is necessary before the technique can be considered a 

reliable index of anthropogenic activity. Redundancy analysis of the data (vide pp. 
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305-318) showed a close association between landscape openness, erosional intensity 

and total phosphorus concentrations. However, it is notable that prior to AD 6SO 

there is virtually no change in diatom-inferred TP concentrations (Fig. 7.39). This 

may merely reflect resistance by the system to low-level catchment disturbances (cf. 

Deevey 1984), but the possibility that this quiescence is due to insensitivity in the TP 

transfer function at low nutrient concentrations (vide p. 104) should not be 

discounted. The coverage of oligotrophic systems in the current north-west European 

training set is poor (Bennion et a]. 1996b), and should be expanded if this technique is 

to be more wide applied. 

In addition, results from a single site cannot hope to. accurately represent 

linmological responses from across north-western Europe. In particular, the generally 

stable levels of arable production (excluding Cannabis sativa-type) within the 

catchment make it difficult to differentiate the impacts of arable and pastoral land-use 

upon the system. It is recommended that further work be conducted on lakes in more 

intensively farmed regions of Britain (eg. Norfolk and the Shropshire- Cheshire meres, 

cf. Fritz 1989, McGowan et al. 1999) to examine such effects in more detail. The 

records from Mockerkin Tam may also have been compromised by postdepositional 

mobilisation of sedimentary sulphur and phosphorus (vide pp. 300-302); further 

research on the impact of these mechanisms, and possible buffering effects from 

isoetid growth, should be carried out. Likewise, distortions to diatom-inferred TP 

records resulting from macrophyte or cyanobacterial dominance should also be 

considered. 

Miscellaneous problem areas: 

Geochronological precision was one of the major limiting factors in this study. 
The obvious means of overcoming this problem is through the use of 

isochronous markers; however, the representation of historic-era Icelandic 

microtephras (Dugmore et a]. 1996) in Northern England is poor, with the 
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Hekla 15 10 tephra the only widely-distributed horizon from the period. The 

Pb/Sc and Cu/AI ratios (Renberg et a]. 2001, vide pp. 174-177,183-185) 

used at Mockerkin Tam offer a potential alternative to tephrochronology. The 

marker horizons can be rapidly and easily detected, and the minimum influx 

levels recorded around AD 1350 make the technique particularly attractive 
for investigations of the Late Medieval era. 

The apparently differential representation of pollen in lake and mire sites (vide 

pp. 248-249) is an effect that has been observed before (cf. Morriss 2001), 

but the traditional division of palaeoecologists into lacustrine and peatland 

specialists has discouraged adequate investigation of this effect. The British 

Isles contain a number of sites with lake and mire deposits in close proximity 
(eg. Tregaron Bog, Hughes & Barber 2003) that offer the potential for more 
detailed investigations of the phenomenon. 

Sedimentary and diatom-inferred phosphorus profiles from Mockerkin Tarn 

appear to show considerable variability in phosphorus loading to the lake 

system in the pre-industrial era. The obvious next stage in this research would 
be to derive a quantitative whole-catchment phosphorus budget for the 

system (Rippey & Anderson 1996, vide pp. 131-132), using multiple cores to 

counteract the fractionation of phosphorus deposits on the lake bed. Such 

research would provide valuable information on the long-term changes in 

nutrient fluxes in lake systems, as well as allowing a more rigorous test of the 
Postan Hypothesis. 
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