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Abstract Moorlands perform a wide variety of roles

within modern society. A vital component of these

landscapes is the patterning of vegetation, and man-

agement of this requires a thorough understanding of

the drivers of vegetation change. Although there has

been a considerable body of research focussed on the

processes that are important in patterning contempo-

rary vegetation these typically lack any significant

time-depth. Long-term data, using palaeoecological

techniques, offer insights into drivers of vegetation

change that are otherwise unachievable. This paper

presents new palaeoecological data from Dartmoor

(UK) to test two hypotheses: (1) that vegetation

character of moorland is spatially homogenous through

the past 8,000 years; and (2) that burning has a

significant role in the development of open, grass-

dominated, vegetation. Four peat cores spanning the

past 8,000 years were subject to pollen and micro-

charcoal analysis. Thirty-seven radiocarbon age esti-

mates were obtained to determine age-depth models

for the pollen and charcoal stratigraphies. Differences

within and between the pollen stratigraphies have been

used as an indirect measure of landscape heterogeneity

at a coarse scale. The data reveal periods of time during

which differences in the vegetation (as sensed by

pollen) around each site are small, and periods during

which differences between vegetation are large. Peri-

ods of time characterised by greater spatial difference,

and by inference greater heterogeneity, correlate with

periods characterised by greater human exploitation of

the landscape as revealed by archaeological evidence.

Human activities therefore promote greater spatial

patterning in the landscape. Fire alone is not an

important control on long-term peatland vegetation

development. The results are useful for conservation

strategies by demonstrating variability in spatial

diversity of vegetation patterns in the past, and pointing

towards opportunities to recreate and maintain diverse

vegetation mosaics.
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Introduction

Moorlands perform a wide variety of roles within

modern society (Holden et al. 2007; Reed et al. 2009).

They contain internationally scarce habitats (e.g.

heather moorland) that support globally rare species

of plant and animal; they are sources of potable water;

they support a variety of agricultural and recreational

practices; and the leisure activities and heritage

associated with them provide a major source of

tourism. This diversity of interests has led to the

recognition of their various components as public goods
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(Carruthers et al. 2009), which require a comprehensive

ecosystem services approach to management (Mooney

et al. 2009). A vital component of these landscapes is the

patterning of vegetation, and management of this

requires a thorough understanding of the drivers of

vegetation change. Although there has been a consid-

erable body of research focussed on the processes that

are important in patterning contemporary vegetation

these typically lack any significant time-depth. Long-

term data, using palaeoecological techniques, offer

insights into drivers of vegetation change that are

otherwise unachievable (Mitchell 2011), and the

potential contribution of long-term palaeoecological

data to understanding contemporary ecological pro-

cesses is being increasingly recognised both within the

palaeoecological and ecological research communities

(Birks 1996; Rhemtulla and Mladenoff 2007; Dietl and

Flessa 2011; Rull and Vegas-Vilarrúbia 2011).

This article contributes to knowledge of the drivers

of vegetation change, and in particular spatial pattern-

ing of vegetation in the past. There is a significant body

of palaeoecological data already available and pub-

lished that describes the temporal development of

vegetation (Gajewski 2008; Fyfe et al. 2009). Synthe-

sis of these data provide an overview of the nature and

timing of natural and human-induced vegetation

change; however, it is very difficult to assess the extent

of spatial patterning, or spatial difference, at localised

scales from such studies. This is a consequence of site

densities, and a poor understanding of the spatial scale

of representation of pollen sequences beyond the

model of Jacobsen and Bradshaw (1981) until recently

(see Bunting et al. 2004). The traditional sampling

approach to palaeoecology, namely analysis from

single, long, sequences, also precludes consideration

of the spatial dimensions of vegetation at local spatial

scales (Fyfe et al. 2010a), although synthesis of

datasets at the regional/national scale allows consid-

eration of regional scale difference in vegetation

development (e.g. Fyfe et al. 2010b; Roberts et al.

2011; Sadori et al. 2011). A more complete under-

standing of spatial patterning of vegetation at local

scales is desirable for conservation and ecological

management. Combining the data from multiple local-

scale pollen sequences is a powerful approach to

understanding local scale vegetation patterning (e.g.

Davis et al. 1980; Smith and Cloutman 1988; Simmons

and Innes 1996; Schauffler and Jacobson 2002; Fyfe

et al. 2003a; Davies and Tipping 2004; Hotchkiss et al.

2007; Woodbridge et al. in press). These studies

demonstrate that diverse vegetation mosaics may

characterise Holocene landscapes with temporally

and spatially varied human activities and impacts.

Palaeoecological methods also allow some assess-

ment of the processes of vegetation change. Patterning

of vegetation on moorlands is thought to be primarily

controlled by land management practices, primarily

grazing intensity and burning. The role of anthropo-

genic-induced fire in the development of vegetation

remains unclear (Bowman et al. 2009) and most likely

insignificant in comparison to climate at the regional

scale before 3,000-4,000 years BP (Vanniére et al.

2011), although burning can play a major role in

controlling vegetation structure and succession. Frank-

lin and Tolonen (2000) demonstrate clear relationships

between fire and vegetation in the boreal zone in

Finland, although this pattern is not necessarily

repeated across other boreal zones (e.g. Lorimer

1977; Carcaillet et al. 2010). Fire has been invoked

as a major driver for the creation and maintenance of

open heathland, for example, there is a strong associ-

ation between the development of Calluna-dominated

heathland and burning in the palaeoecological record

in Denmark (e.g. Odgaard 1992). Localised studies

implicate anthropogenic burning as a control on the

development of vegetation as part of prehistoric fire

ecology (Caseldine and Hatton 1993; Simmons and

Innes 1996; Delcourt and Delcourt 1997). Ecological

studies also recognise burning as a strong control on the

patterning of vegetation (Ward et al. 1972; Davies et al.

2010). It has been argued that burning appears to

promote grass-heath on British moorlands (Todd

1996), with intensity and severity of fire as important

factors in post-fire succession (Davies et al. 2010).

Grazing intensity has been demonstrated to control

vegetation structure and patterning (Weaver et al.

1998; Adler et al. 2001; Bradshaw et al. 2003;

Weisberg and Bugmann 2003). Unfortunately the

palaeoecological ‘toolset’ lacks reliable proxy indica-

tors for grazing intensity, and analysis of non-pollen

palynomorphs appears to only demonstrate the pres-

ence/absence of grazing rather than any level of

intensity (Blackford and Innes 2006). Documentary

evidence is useful in determining the impact of land-

use (including grazing) in areas with more recent

extensive transformations of landscapes, such as North

America (Foster 1992), but case studies demonstrate

that documented information is too fragmentary for
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long-term quantitative analysis (Davies and Watson

2007).

This article presents the results from four well-dated,

and temporally-detailed, pollen stratigraphies from an

area of open, blanket bog-dominated, moorland on the

northern part of Dartmoor (UK) and draws on other

published data from the wider area. The data have been

collected to test two key hypotheses. Hypothesis 1:

vegetation character within the study area is spatially

homogenous in the past, and pollen assemblages from

the different sites remain similar through time. Hypoth-

esis 2: burning has a significant role in the development

of open, grass-dominated, vegetation on Dartmoor.

Study area and methodology

Study area and samples

Dartmoor is an upland area with National Park

designation, located in southwest England (Fig. 1).

The upland is the furthest south of the western oceanic

uplands of Britain, with a geology dominated by

granite. Over half of the area of the National Park

(approximately 471 km2) is described as semi-natural

moor and heath, ranging in altitude between 300 and

600 m AOD. It is estimated that around 26% of this

moorland is blanket bog, which is characterised by

Calluna vulgaris, Erica tetralix, Eriophorum angus-

tifolium, Molinia caerulea, Trichophorum caespito-

sum and Sphagnum spp. (Ward et al. 1972). The

unenclosed moorland is in strong contrast to the

intensively cultivated lowlands of the region, and

antiquarian accounts describe it as ‘‘truly mountain-

ous’’ with ‘‘summits of several higher swells…truly

savage’’ (Marshall 1796). The latest review of the

palaeoecology of Dartmoor (Caseldine 1999) recog-

nised some 38 pollen sequences from the upland, and a

handful more have since been published (see Fyfe

et al. 2008). Only 12 of these are dated. Within these

dated sequences there is some considerable spatial and

temporal bias, with few demonstrable long temporal

Fig. 1 General location maps and location of palaeoecological

sequences (grey circles) and other sites mentioned in the text

(open circles). (1) Hangingstone Hill; (2) Cut Hill; (3) Winney’s

Down; (4) Broad Down; (5) Stonetor Brook (Fyfe et al. 2008);

(6) Amicombe Hill; (7) Whitehorse Hill; (8) Blackabrook

Down. Known prehistoric archaeological remains are mapped
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sequences, and most sites are closely related to

archaeological fieldwork. There is a long tradition of

archaeological research on Dartmoor, and several

phases of survey (e.g. Fleming 1988) have resulted in a

comprehensive understanding of at least the spatial

distribution of human activities on the upland (New-

man 2011).

The four palaeoecological sites presented here are

located in the highest part of the northern Moor, within

an area of spatially-extensive blanket bog (Fig. 1).

Extensive coring for stratigraphic analysis is discour-

aged by the UK Ministry of Defence, as sites lie

within, or close to, military firing ranges. Instead,

ground penetrating radar (GPR) survey was used to

characterise the depth and gross internal stratigraphy

of the mires (Warner et al. 1990), prior to sampling the

deeper areas to recover long sequences. A 1.9 m long

sequence was recovered from Cut Hill (NGR

SX59928275, 603 m AOD) from an open section in

2004; pollen from a separate short section is published

in Fyfe and Greeves (2010). The other three sites were

sampled using a closed-chamber corer. A 3.52 m long

sequence was recovered from Hangingstone Hill

(NGR SX61778573, 601 m AOD); a 4.70 m long

sequence from Broad Down (NGR SX61278102,

515 m AOD) and a 6.70 m long sequence from

Winney’s Down (NGR SX62688213, 518 m AOD).

All the sequences lie within spatially-extensive blan-

ket bog, although the distribution of blanket bog on

Dartmoor, and its general pattern of development and

spread through time, is not well understood.

Radiocarbon dating

Samples for radiocarbon analysis were submitted to

the Chrono 14C centre (Queen’s University Belfast).

The sampling strategy for dating was based on

building robust chronologies for the cores and testing

the internal integrity of the peat sequence by assessing

evidence for any hiatus in peat growth. Samples were

taken every *0.5 m, and comprised the humic acid

fraction of a 1 cm slice of peat. Age-depth models

were constructed by cubic spline interpolation

between dates using CLAM (Blaauw 2010).

Pollen and charcoal analysis

Pollen analysis was undertaken on 1 cm3 sub-samples

at either 8, 4, 2 or 1 cm resolution (see Figs. 2, 3, 4, 5).

Samples were prepared using standard procedures (see

Moore et al. 1991). An exotic marker tablet was added

to facilitate calculation of pollen and charcoal con-

centrations (Stockmarr 1971). Potassium hydroxide

(KOH) treatment was applied to remove humic acid

from the peat and samples were screened through

sieves, to retain the 10–180 lm fraction. Non-pollen

organics were removed using an acetolysis digestion.

The remaining material was dehydrated and mounted

in silicon oil for identification. A minimum of 300 land

pollen grains (including Cyperaceae) were identified

from each level. Grains were identified using the keys

in Moore et al. (1991) and Andrew (1981). Identifi-

cation was standardized to the taxonomy proposed by

Bennett (1994). Charcoal fragments were counted

from each pollen sample in two size classes

(10–50 lm, 50–100 lm) and are expressed as number

of charcoal fragments per cm3 (Tinner and Hu 2003).

Data analysis

Pollen data from the four sequences were combined

and analysed using principal components analysis

(PCA). This approach is widely used within palaeoe-

cology to recognise differences between sites (e.g.

MacDonald 1987; Sawada et al. 1999) and between

modern and sub-fossil pollen assemblages (e.g. Gail-

lard et al. 1994; Bennett and Hicks 2005). Only the

major taxa ([2% TLP) were included within the PCA,

to avoid rare types skewing the analysis. The multi-

variate analysis was undertaken using CANOCO4.52

(ter Braak 1987). The strength and direction of the

relationship between the charcoal and selected pollen

taxa (%Calluna, %Poaceae, %total arboreal pollen)

was tested by calculating the Pearson’s product

moment correlation coefficient using a 10-sample

moving window for each site. Use of a multiple

sample moving window means that changes in the

relationship between variables through time can be

recognised (cf. Woodbridge and Roberts 2011).

Results

Chronologies and pollen analysis

The four sequences presented here span the last

7–8,000 years, and radiocarbon dates demonstrate

continuous peat growth until at least recent times, with
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the exception of the Cut Hill sequence, which is

truncated at 1000 cal BP (Table 1). The records

therefore allow a detailed assessment of the degree

of spatial congruence between the pollen records over

this time period, and the importance of burning in the

development of the modern vegetation pattern.

Each pollen sequence has been divided into local

pollen assemblage zones (lpaz) that describe periods

of relative similarity between sample assemblages

(Gordon and Birks 1972). The sequences all show

broadly similar patterns through the diagrams (Figs. 2,

3, 4, 5). At around 7000 cal BP assemblages are

dominated by arboreal taxa, with the major constituent

Corylus. Quercus, Ulmus and Betula comprise the

other arboreal components of the assemblages, with

Alnus increasing after 7000 cal BP (start of HH lpaz-1,

WD lpaz-2, BD lpaz-1b, CUT2 lpaz-2). The charac-

teristic Ulmus decline (Parker et al. 2002) is recorded

clearly in all sequences, at around 4800 cal BP. There

is little diversity at this time in the non-arboreal taxa,

which are dominated by Poaceae, Cyperaceae and C.

vulgaris, although the level of taxonomic resolution

achievable for these groups may mask the true

vegetation diversity in Poaceae and Cyperaceae (Birks

1996, 2008; Odgaard 2001). The Hangingstone Hill,

Broad Down and Winney’s Down records are marked

by low and falling levels of Poaceae between 7000 cal

BP and 4500 cal BP (pollen zones HH lpaz-1; WD

lpaz-2; BD lpaz2), although some 20–30% of the

pollen sum remains either Cyperaceae or C. vulgaris.

Fig. 2 Pollen percentage diagram from Hangingstone Hill. Values are based on total land pollen
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Levels of open ground taxa gradually increase in all

records after around 4500 cal BP, until a marked

increase in Poaceae around 2400–2100 cal BP. Cut

Hill, Winney’s Down and Broad Down each record a

subsequent recovery in arboreal pollen types around

1600 cal BP (zones WD lpaz-5; part of CUT2 lpaz-8

and BD lpaz-5) prior to a steady decline to very low

values that characterise the modern environment; this

recovery followed by decline is not recognised at

Hangingstone Hill, where values of arboreal types

remain low following 2400 cal BP (HH lpaz-5b).

Multivariate analyses

The results of the PCA show that the majority of the

variability in the dataset is explained by the first axis,

with an eigenvalue of 0.6255 (ter Braak 1987).

Corylus has a low value on the first axis, with Poaceae

high (Fig. 6), suggesting that this axis reflects the

general degree of openness (low values relate to closed

environments and high values signify open environ-

ments). On the second axis (eigenvalue 0.1659) open

ground taxa are well-spread (Calluna high, Cypera-

ceae middle and Poaceae low) suggesting that this axis

reflects the character of the heath/bog vegetation. The

first axis scores from the PCA are plotted for each

sequence on a single age scale (Fig. 7). The PCA

confirms the visual analysis of the pollen diagrams,

that the general trends are similar, but also highlights

periods of time when scores diverge.

Discussion

The temporal pattern of vegetation development

on Dartmoor

The basal radiocarbon dates from each of the sites

presented here indicates that the spread of blanket peat

begins across northern Dartmoor during the earlier

Fig. 3 Pollen percentage diagram from Winney’s Down. Values are based on total land pollen
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Holocene, with the oldest date 8202–8373 cal BP at

Winney’s Down (UB-17184; 7,477 ± 28). Develop-

ment of peat appears to be diachronous, with the

earliest date at Cut Hill at least 1,200 years younger

(6798–6968 cal BP: UB-8844, 6,046 ± 25). These

dates are from the deepest peat sections identified at

each site, and are assumed to thus approximate the

date of widespread peat formation, although this

remains to be tested. It is possible that blanket peat

began to develop earlier in other parts of the sites. The

mechanisms for the development of blanket peat

remain poorly understood (Charman 2002). Dating of

basal peat from Scotland shows that the spread of peat

can be slow and gradual (Tipping 2008), and it thus

seems most likely that peat began to form in suitable

places as the end point of soil development, prior to

spreading and coalescing over a period that possibly

covered several thousand years. Unpublished dates

from the base of other sections at comparable altitudes

on northern Dartmoor confirm the asynchronous

development of blanket peat (5070–5575 cal BP on

White Horse Hill [NGR SX61708560]: 4,625 ± 50,

SUERC-10199; 4300–4790 cal BP on Amicombe Hill

[NGR SX56458685]: 4,010 ± 50, Beta-239097;

4,300-4570 cal BP on Blackbrook Hill [NGR

SX58277824]: 3,990 ± 40, Beta-248293).

Fig. 4 Pollen percentage diagram from Cut Hill. Values are based on total land pollen
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The dates of peat initiation from northern Dartmoor

thus demonstrate a mosaic of expanding blanket peat

in an area of predominantly dry soils, until the later

Holocene at least. The pollen data reveal that the area

was covered by deciduous woodland (Corylus and

Quercus) until around 2400–2100 cal BP. Pollen

indicators of open ground between 7000 and

c.2500 cal BP are taxa characteristic of blanket bogs

(C. vulgaris, Cyperaceae, most likely representing

Eriophorum spp.) derived from the vegetation local to

the coring site. From 2400 cal BP major transforma-

tions of the vegetation are recorded, with the devel-

opment of an open, grass-dominated landscape. There

are indications of an earlier phase of disturbance at

Hangingstone Hill, where human indicator species

(e.g. Plantago lanceolata-, and Pteridium) have

pronounced increases between 3500 and 3100 cal

BP (HH lpaz-2, Fig. 2); however, this disturbance

phase is not recognised in the other sequences.

A Bronze Age cist (dated broadly to 4000–3000 cal

BP) is known to exist within less than 1 km from the

Hangingstone Hill pollen site, and it is possible that

this burial monument relates to a small-scale distur-

bance evident at the site. The absence of indicators of

human impact on vegetation on high Dartmoor from

the majority of sequences in this study is remarkable,

as the area preserves the most complete and spatially-

extensive prehistoric fieldsystems in Europe around its

margins, believed to date to around 3600–3100 cal BP

(Fleming 1988; Newman 2011). There has been an

implicit assumption within the archaeology literature

(Fleming 1988) and the earliest palaeoecological

research (Simmons 1964) that the higher areas of

Dartmoor were largely open and cleared of woodland

by around 4000 cal BP. Caseldine (1999), in his

review of palaeoecological data from Dartmoor,

reiterates this view, although recognising a spatial

bias in sampling towards archaeological sites, and

Fig. 5 Pollen percentage diagram from Broad Down. Values are based on total land pollen
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some hints of higher arboreal values. The problems

with this spatial bias towards archaeological sites is

perhaps best seen from the local pollen record in the

Stonetor Brook (Fyfe et al. 2008), where dramatic

shifts in land cover are recorded during prehistory

from a site firmly embedded in the prehistoric

Table 1 Details of radiocarbon samples and calibrated age ranges

Depth (cm) Lab code 14C age D13C cal age BP

Hangingstone Hill

50–51 UB-14210 1358 ± 19 -29.7 1272–1304

100–101 UB-14214 1956 ± 20 -29.3 1834–1968

150–151 UB-14216 2845 ± 22 -29.5 2872–3059

200–201 UB-14219 3859 ± 33 -29.2 4157–4411

250–251 UB-14221 4409 ± 26 -31.5 4871–5210

300–301 UB-14223 4865 ± 30 -32.8 5490–5653

355–356 UB-14225 6579 ± 34 -29.4 7428–7561

Broad Down

50–51 UB-14186 1032 ± 23 -27.1 922–975

100–101 UB-14189 1582 ± 20 -31.0 1413–1524

150–151 UB-14190 2090 ± 20 -24.0 1999–2120

200–201 UB-14192 3013 ± 20 -30.3 3084–3326

250–251 UB-14194 3566 ± 21 -31.2 3735–3959

300–301 UB-14197 4282 ± 22 -29.5 4833–4864

350–351 UB-14201 4781 ± 33 -30.7 5335–5593

400–401 UB-14203 5256 ± 23 -29.5 5933–6176

471–472 UB-14205 6876 ± 25 -31.8 7663–7785

Winneys Down

50–51 UB-17172 468 ± 29 -32.3 494–539

100–101 UB-17173 1056 ± 22 -27.1 928–1051

150–151 UB-17174 1748 ± 24 -23.7 1570–1715

200–201 UB-17175 2163 ± 25 -27.3 2063–2306

250–251 UB-17176 2618 ± 26 -28.2 2725–2772

300–301 UB-17177 2937 ± 21 -28.8 3002–3205

350–351 UB-17178 3510 ± 27 -18.8 3700–3857

400–401 UB-17179 4460 ± 25 -24.1 4973–5281

450–451 UB-17180 4184 ± 23 -30.4 4627–4833

500–501 UB-17181 4973 ± 24 -30.8 5617–5840

550–551 UB-17182 5678 ± 26 -31.7 6403–6530

600–601 UB-17183 6048 ± 48 -29.3 6749–7147

669–670 UB-17184 7477 ± 28 -32.4 8202–8373

Cut Hill

40–41 UBA-8852 2058 ± 22 -28.8 1950–2112

60–61 UBA-8851 2524 ± 24 -28.9 2495–2739

80–81 UBA-8850 3028 ± 25 -30.4 3162–3337

100–101 UBA-8849 4115 ± 22 -30.1 4529–4809

120–121 UBA-8848 4536 ± 39 -30.0 5048–5314

140–141 UBA-8846 4747 ± 23 -29.3 5333–5583

160–161 UBA-8845 5120 ± 27 -34.1 5754–5926

180–181 UBA-8844 6046 ± 25 -28.8 6798–6968
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fieldscape (Fig. 1). A wooded ‘upland’ in prehistory

also contrasts strongly with the evidence from the

lowland river valleys, which describe clearance of

woodland from around 5500 cal BP in areas with

dense concentrations of prehistoric monuments (Fyfe

et al. 2003b) implicating anthropogenic drivers rather

than climatic shifts.

The timing of the first widespread disturbance

recognised from all sequences suggests significant

changes in land-use during the later Iron Age, from

around 2300 cal BP. Late Iron Age woodland

disturbance has been recorded from across northern

and western Britain, for example, in Wales (Turner

1964), North Cumbria (Dumayne-Peaty and Barber

1988), Shropshire (Leah et al. 1998), Lancashire

(Mackay and Tallis 1994), southern Scotland (Tipping

1994), the Solway Firth (Tipping 1995), and South

Cumbria (Wimble et al. 2000), suggesting that the late

Iron Age populations may have had a greater impact

on the environment than was previously suspected.

The chronology and extent of later prehistoric settle-

ment and enclosure on Dartmoor is not very well

understood (Newman 2011). The palaeoecological

data suggest a greater impact at this time than the

better known, spatially extensive, earlier field systems

recognised and mapped by Fleming (1988). Following

this later prehistoric clearance of woodland and

creation of open, grass-dominated moorland, arboreal

types (in particular Corylus) re-expand and suggest a

mixed landscape of grassland, bog and hazel copse.

From sometime between 1500 and 1000 cal BP an

inexorable rise in grassland taxa indicate the devel-

opment of the modern open landscape. This is a

traditional, temporally-focussed, description of the

general vegetation development observed in all of the

pollen sequences set against an archaeological narra-

tive. However, the sampling approach used here

allows a more complex and detailed analysis of

landscape pattern and change.Fig. 6 PCA ordination plot of species scores

Fig. 7 First axis PCA

scores plotted against age.

Location of age-control

points (radiocarbon dates)

for each sequence are shown

as open rectangles
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Spatial patterning of past moorland vegetation

(Hypothesis 1)

Comparison of the new blanket peat sequences with

sites at the margins of the moorland (Weddell and

Reed 1997; Fyfe et al. 2008) show clear differences in

past vegetation patterning between the areas domi-

nated by blanket peat and from the lowland margins.

Through analysis of the blanket peat sequences it is

also possible to explore to what extent there are spatial

differences through time within the peatland areas.

Identification of spatial heterogeneity is a key issue

within landscape ecology, but it is not straightforward

to measure, and there are multiple meanings within the

literature for the term (Kolasa and Rollo 1991). The

ability to measure heterogeneity of vegetation depends

on the scale of analysis, which can be considered in

terms of both grain size (the minimum mappable unit)

and the extent of the survey (Li and Reynolds 1995).

Pollen analysis is spatially crude, i.e. it is difficult to be

precise about the spatial extent of representation,

known as the relevant source area of pollen (RSAP:

Sugita 1994; Bunting et al. 2004), which can be

considered the grain size. It is also not possible, from

individual sequences, to describe spatial patterning of

vegetation within the RSAP. Using multiple

sequences it is possible to describe spatial difference,

which might be considered an indirect measurement of

heterogeneity, as a departure from homogeneity (Li

and Reynolds 1995). A further challenge to compar-

ison of different sequences is that data points are not

comparable in time: sites are not sampled evenly. It is

possible to re-sample pollen data to establish age

equivalence, and large data compilation syntheses rely

on this method (e.g. Gaillard et al. 2010). To avoid loss

of data, the approach used here has been to follow

trajectories of change based on first axis PCA scores

on a common age scale (Fig. 7).

The temporal patterns of first axis PCA scores

follow similar general trends (Fig. 7) and are inter-

preted as an indirect measure of openness within the

RSAP of each site. From this analysis three periods of

convergence (6400–4300 cal BP; 3000–1800 cal BP;

500 cal BP—present) and divergence (7000–6400 cal

BP; 4300–3000 cal BP and 1700–500 cal BP) are

observed; no statistical measure of difference has been

used. This result demonstrates that spatial differences

between the sites exist, but not always. Greatest

dissimilarity (heterogeneity) occurred in the earliest

samples examined, and in periods during which

greatest human impact, as reflected in the regional

archaeology (Newman 2011), is recognised. This

latter increase in spatial difference is evident in spite

of the distance between pollen sites and the known

archaeological record (Fig. 1), and (with the exception

of Hangingstone Hill) the limited recognition of

human impact from the temporal analysis of the

records.

What control does fire have on vegetation

development (Hypothesis 2)?

The persistence of woodland on the high moorland

evident in the records presented here challenges

existing assumptions about the drivers of vegetation

change, in particular the role of fire in the suppression

of woodland and the creation of the open moorland

proposed by Caseldine and Hatton (1993). They have

argued that hunter-gatherer communities used fire to

suppress woodland at the tree-line between 7700 and

6200 cal BP, resulting in an anthropogenic tree-line

that is gradually lowered through continual manage-

ment. Disturbance of woodland dynamics by Meso-

lithic fire has been widely recognised in the UK, in

both uplands (Simmons and Innes 1996) and lowland

wetlands (Mellars and Dark 1998; Bell 2007). Most

records of fire from charcoal within Britain are

therefore ascribed to anthropogenic causes, rather

than natural fire. Within the temperate zone of

southern Scandinavia charcoal records from pollen

sequences also correlate best with human indicators,

implicating humans in the deliberate setting of fire

(Bradshaw et al. 2010).

The results of Pearson’s correlation analysis

between charcoal concentration records (the proxy

for fire) and total trees, C. vulgaris and Poaceae from

the sequences presented here do show some significant

correlation at the start of the records, but the pattern is

far from straightforward (Fig. 8). At both Cut Hill and

Winney’s Down there is positive correlation between

Poaceae and charcoal, and negative correlation

between total arboreal pollen and charcoal until

around 6000 cal BP, suggesting that fire does play a

role at least initially in promoting open vegetation. At

Broad Down, there is no correlation between total

arboreal pollen and charcoal, although the data

indicates that burning promotes Poaceae over C.

vulgaris. No significant correlations are apparent at
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Hangingstone Hill until later in the sequence, where

burning seems to promote Poaceae. There is therefore

no clear pattern across all sites describing the

relationship between burning and vegetation cover,

and it is clear that although proxies for fire correlate

with the vegetation data for some sites at some times,

there is no simple long-term relationship apparent.

Charcoal values are presented here as concentration

curves; conversion of these to influx (shards per year)

makes no difference to the overall pattern.

The absence of a clear picture of relationships in

time and space between charcoal records and vegeta-

tion demonstrates that patterns are spatially and

temporally variable, and that fire alone was not an

important control on vegetation patterning. This

supports the earlier findings of Lorimer (1977) in

Maine (USA) and Carcaillet et al. (2010) in the

Canadian boreal zone, who also failed to identify fire-

vegetation relationships. However, other studies have

identified correlations (e.g. Delcourt and Delcourt

1997; Franklin and Tolonen 2000). This apparent

contradiction is likely to be an issue of fire intensity

and scale (of both fire and sampling methodologies).

On Dartmoor fires were not of sufficient intensity, or

spatial extent, to impact on vegetation at a scale large

enough to be recognised in all of the sequences and fire

was probably highly localised. Extrapolation of char-

coal records from individual sites to larger areas, to

invoke burning as a significant mechanism for land-

scape change, may therefore be unreliable.

The lack of a clear role for fire in the creation and

management of the moorland vegetation is contrary to

ecological studies, which signify a clear role for

burning (Ward et al. 1972; Davies et al. 2010).

However, it is clear that the resolution of analysis

achievable from the palaeoecological datasets pre-

sented here is mismatched to the resolution of

controlled experiments with grazed and burnt plots,

where at the stand scale fire may have a strong role to

play. Nevertheless, at the landscape scale, grazing

must have exerted a stronger role than fire on large-

scale vegetation patterning, certainly over the last

2,500 years during which time grassland dominates.

This is reflected by increased percentages of the

grazing indicator Plantago lanceolata in all of the

records during the most recent 3000–2500 years,

which also coincides with the time period when

sample PCA scores are most dissimilar between the

sites, thus indicating greater landscape heterogeneity.

This supports the model proposed by Bradshaw et al.

(2010) for controls on vegetation patterning in south-

ern Scandinavia. They argue that activities directly

related to animal husbandry (grazing and mowing) had

a far greater impact than fire.

Implications for linking palaeoecology

and conservation management

There are increasing calls for greater integration of

palaeoecology into the study of contemporary

Fig. 8 Pearson’s correlation coefficients based on 10-sample

moving windows at each site, for relationships between

concentration of smaller (10–50 lm, solid line) and larger

(50–180 lm, dashed line) charcoal particles, and percentage

Calluna, percentage Poaceae and percentage total trees. BD

Broad Down, HH Hangingstone Hill, CH Cut Hill, WD
Winney’s Down. Vertical dashed lines indicate significant

relationships at the \0.1 (r = 0.549) and \0.01 (r = 0.765)

levels. Grey boxes highlight periods of significant correlation

between variables
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ecological issues (Rhemtulla and Mladenoff 2007;

Davies and Bunting 2010; Dietl and Flessa 2011; Rull

and Vegas-Vilarrúbia 2011). In spite of the essentially

spatial nature of palaeoecological data, few studies

have sought to examine local scale spatial differences

(Fyfe et al. 2010a). This is in part a consequence of

relying on single sequences in palaeovegetation stud-

ies. Spatial patterns remain a central part of ecological

study (Fortin and Dale 2005; Kent et al. 2007), and

methodologies that allow spatial patterning to be

discussed from palaeoecological datasets offer more

information than those that are solely temporal. This

requires a different approach to sampling in palaeoe-

cology, and depends on multiple sequences with

secure chronologies, such as those presented here.

Ideally, these should be selected to emphasise

potential spatial variability. Whilst this approach is

more resource intensive, simulation approaches might

be used to optimise site selection (Stedingk and Fyfe

2009).

This study has not identified burning as a contin-

uous long-term control on vegetation dynamics at

any of the sites studied. This has implications for

landscape management. Future scenarios for moor-

lands within the UK point towards an overall

reduction in the intensity of grazing and prescribed

burning (Mooney et al. 2009). The data presented

here suggest that a reduction in prescribed burning

will have little impact at the landscape scale.

Variation in grazing is likely to have greater

consequences, although it is not possible to evaluate

these thoroughly from the data presented here.

Interdisciplinary studies that attempt to integrate

palaeoecological data from a network of sites, with

documentary accounts of grazing, offer much

potential for anticipating consequences of changes

in grazing intensity under future land management

scenarios (e.g. Davies and Watson 2007). This article

also supports the role of palaeoecology to contrib-

uting to land management strategies described else-

where (Davies and Bunting 2010). The pollen data

presented here support the general pattern of

dynamic mosaics of communities resulting in greater

local biodiversity. Today moorlands tend towards

predominantly mono-specific blanket mire commu-

nities, of either Molinia or Calluna. Restoration of

these landscapes should seek to promote the diverse

mosaic that is recognised in palaeoecological data-

sets, such as those presented here.

Conclusions

1. Pollen analysis from four sites located in an area

of spatially extensive blanket peat on Dartmoor

describes a pattern of vegetation development

over the last 8,000 years. This pattern is different

from that of the moorland edge, and suggests that

woodland communities persisted at higher alti-

tudes until around 2500 cal BP, whilst the

surrounding lowlands was largely cleared of

woodland.

2. Differences in the assemblages within the pollen

sequences have been used as an indirect measure

of landscape heterogeneity at a coarse scale.

Hypothesis 1 (vegetation character within the

study area is spatially homogenous through the

past 7,000 years, and pollen assemblages from the

different sites remain similar through time) is

rejected. The data reveal periods of time during

which differences in the vegetation (as sensed by

pollen) around each site are very small, i.e.

communities within the high moorland appear

homogenous, but there are also periods during

which differences between vegetation are large,

suggesting greater heterogeneity in communities.

Periods of time characterised by greater spatial

difference, and by inference greater heterogene-

ity, correlate with periods characterised by greater

human exploitation of the landscape as revealed

by archaeological evidence, in spite of the

distance of the sites from known archaeological

remains, and increased percentages of grazing

indicators (P. lanceolata) in the pollen records.

Human activities therefore promote greater spa-

tial patterning in the landscape.

3. Hypothesis 2 (burning has a significant role in the

development of open, grass-dominated, vegeta-

tion on Dartmoor) is also rejected. Fire alone is

not an important control on long-term peatland

vegetation development. Charcoal records at

some sites suggest that fire may have been

important for establishing vegetation of the blan-

ket bogs sampled for analysis, but this pattern is

not repeated across all sites. There is little

consensus between the sites for the role of fire

on vegetation patterning, and fire generally does

not have any impact on the pollen assemblages

throughout most of the last 7,000 years. Charcoal
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is recorded on every pollen slide examined, but

the implication is that fire intensity was either too

low to play a significant role in shaping vegeta-

tion, or the spatial extent of fire was too limited for

any impact to be recognised within the pollen

assemblage. It is suggested that grazing played the

most significant role in the creation and mainte-

nance of open ground following 2500 cal BP,

although there is little evidence to support this.

4. Linkages between palaeoecology and ecology are

increasing, and the results presented here demon-

strate that palaeoecological methods can be used

to determine dimensions of past spatial patterning

in addition to the temporal trends that are usually

offered by palaeoecological study. In particular,

the results are useful for conservation strategies

by demonstrating variability in spatial diversity of

vegetation patterns in the past, and pointing

towards opportunities to recreate and maintain

diverse vegetation mosaics.
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