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Abstract

Palynology — the study of pollen and spores —is a multi-disciplinary tool. It has been utilised for
many years in: (1) traditional palaeoecology for reconstructing Quaternary and deep-time
vegetation communities; (2) within archaeology to trace cultural and agricultural
developments; (3) in contemporary ecology to inform management and conservation; (4) in
studies of pollination biology and pollen dispersal; and (5) as a tool to determine the location or
provenance of items and animals, including in forensic settings. In this thesis, ten published*
papers are presented for a retrospective PhD by publication, all of which advance the utility of
palynology in different ways. After a general introductory chapter, these ten papers are
grouped into four chapters thematically. Firstly, two papers are presented that focus on local
scale vegetation reconstructions over the last three millennia. These papers provide
information on vegetation history that informs both ongoing archaeological research and
contemporary ecological management. Secondly, and moving to a wider spatial scale, two
papers are presented where multi-site palaeoecological data are mined to reconstruct the
impacts of past global climate perturbations (c.600 and 8,200 years ago). These papers
demonstrate the importance of the use of palaeoecology for predicting and managing
vegetational responses to human-accelerated climate change events of a similar magnitude.
Thirdly, to advance the use of palynology to inform contemporary ecology, an overarching
review paper is presented on the range of ways that palaeoecology can benefit applied
neoecology (including non-native management, in-situ conservation, reintroduction and
rewilding). This is then followed by two papers that use palaeoecological data to test general
ecological theory. The final group of papers demonstrates the application of palynology in
tracing the location and provenance of subjects within forensic settings and ecological contexts.
This thesis thus showcases the considerable scope and breadth of palynology as a research tool
and highlights novel ways that it has been applied by the candidate to make important

contributions to the fields of palaeoecology, archaeology, contemporary ecology and forensics.

* One paper is in review with Community Ecology (submitted April 2022)
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1. Brief foreword: Biography

| felt that this PhD by publication would benefit from a short foreword to allow the reader to
understand how this portfolio of ten papers combine with my academic journey to form a

cognate set of research publications that meet the professional standards of a doctorate award.

Following the completion of my Masters degree, | joined the University of Gloucestershire as a
Research Technician in 2003. | was keen to become involved in laboratory projects and
fieldwork linked to many research and consultancy projects that were taking place within the
then School of Environment. Many of these early research projects involved me developing
methods or undertaking the practical work needed to acquire data. The diversity of skills that |
had already gained from undergraduate and postgraduate courses were key to the successful
delivery of many of these projects. | was also able to add to my repertoire by learning new
techniques that further developed my existing skills. Although direct involvement with writing
papers was rare at this early stage in my career, | took every opportunity to read and comment
upon draft papers before submission. In this way, | was able to develop my scientific writing
skills alongside my empirical work. At this time, | was mainly engaged in work that involved
preparing palaeoecological samples for humification analysis, identification and counting of
pollen and plant macrofossils, and dating techniques (radiocarbon, Luminescence, lead 210 and
Spheroidal Carbonaceous Particle analysis). Other projects involved quantification of dust from
landfill sites, analysing particle size of archaeological sediments, and developing novel methods
for geochemically fingerprinting sediments. Some of this work is reflected in my earliest
publications listed in Table 1.1: Sillasoo et al. (2007) showcases work on the ACCROTELM
(Abrupt Climate Changes Across The European Land Mass) project, an EU funded multi-
disciplinary and multi-institution research venture; Fowler et al. (2010) investigates the
geochemical signature of dust from a hazardous waste site in the UK; Pirrie et al. (2009) reflects
on a novel technique for testing the similarity of sediment samples in forensic settings. Note my

maiden name (Newberry) in these early publications.

In 2006, | was recruited as a part-time lecturer to teach practicals on undergraduate
programmes in biosciences, geography and environmental science, and | became passionate
about teaching students industry-standard techniques. In the laboratory, this included
geochemical analyses of flora and sediment, colourimetry of water and soil washes, and simple

pH techniques; while on fieldwork this included coring bogs and lake sediments for



palaeoecological investigations, using liquid nitrogen to freeze and retrieve river bed samples,
and vegetation and non-invasive faunal surveys. This position came with no research activity
time but | continued working on projects in my role of Research Technician, which included the

development of consultancy in addition to primarily research work in the laboratory.

| was given the opportunity in late 2006 to assist in forensic cases as a consultant to UK and
Irish police forces. | worked in conjunction with the well-known forensic botanist Professor
Patricia Wiltshire in obtaining palynological evidence from a range of exhibits. | worked at crime
scenes, in forensic and pathology laboratories, at mortuaries and police-owned vehicle garages
to obtain pollen and spores from soil, sediment splashes on vehicles, clothing, footwear and
from within human orifices. As an expert witness | completed witness statements, took
responsibility for tracing continuity of exhibits in my possession, and testified in court. This
consultancy work spanned 48 operations from 21 police forces, plus two forensic consultancies
and the RSPCA. While much of this work could not be published, the experience of being an
expert witnhess became the springboard for four publications (Hart and Webb (2013) and Webb
et al. (2018), included within this PhD, as well as Pirrie et al. (2009) and Pirrie et al. (2013)
detailed in Table 1.1). The economic downturn of the late 2000s, coupled with the increasing
internalisation of police resources, reduced the number of cases that were available and my
time spent in the forensic laboratory diminished. This coincided with my teaching contract with
the University of Gloucestershire being increased, which came with allocation in my workload
for research. | relinquished my research technician role when | returned from maternity leave

in 2013 to become employed solely as a research-active academic (albeit part-time until 2019).

Awards of small internal grants (detailed in Table 1.2) enabled me to return to the relative
sanctuary (certainly when compared to Crown and magistrate courts!) of academic palynology.
During this time, | embarked on fieldwork to the small Pembrokeshire islands of Skomer and
Skokholm to unravel the vegetation history of the islands during the late Holocene (the last c.
4,000 years). These islands had been of interest to me since attending an undergraduate
geological field trip to Newgale, where | saw sub-fossil tree stumps in the sound between the
Welsh Coast mainland and the islands. Literature was never clear as to the timing and cause of
the loss of Mesolithic woodland in this area and when colleagues were heading onto Skomer
for summer sea bird censuses, | jumped at the chance to take the corer and undertake sampling
to investigate further. The subsequent paper from this trip (Webb et al. 2017), which is

included in this PhD, was my first experience of lead authorship and engagement with the



entire publication process from conception through to writing, reviewing, editing and

submission.

Having time to develop my own research for the first time enabled me to branch out and
collaborate with colleagues, both internally and externally, and | was able to offer my
palaeoecological skills to enhance a number of active research projects. This included work
ultimately published as Charman et al. (2012) and van der Plicht et al. (2013) (Table 1.1), and a
novel study investigating the routes taking by migrant birds prior to their arrival in the UK
(Wood et al. 2014), which is included within this PhD. Researching while employed in a post-92
teaching-focused University has its challenges, with limited time allocation designated for
research and resources being the most significant of these challenges. It requires my colleagues
and me to be resourceful in ways to increase both time and funding for research, and one
mutually beneficial approach is to work collaboratively with students/graduates to expand
undergraduate dissertation projects to become academic publications. This process not only
enables more research to take place, but also emphasises my ability to select appropriate
projects and guide students through the research activity. Publications Webb et al. (2018)
(included in this PhD) and Goodenough et al. (2019) both reflect this student-staff collaboration
approach, which also gives graduates valuable research experience as they embark on careers

or further study.

The series of publications led by McCarroll (McCarroll et al. 2016; McCarroll et al. 2017;
McCarroll et al. 2016) and Jarman (Jarman et al. 2017; Jarman et al. 2018; Jarman et al. 20193;
Jarman et al. 2019b; Jarman et al. 2019c;) in Table 1.1 reflect a step change in my career and an
academic opportunity to supervise PhD students. | took every opportunity to encourage my
students to publish early in their academic journey (and as first authors) to ensure they gain
this valuable experience. Jarman eventually submitted his PhD by the publication route rather
than the traditional route given the number of publications he produced. | have now co-

supervised three PhD students to completion, and | have examined one internal PhD candidate.

Following a second period of maternity leave and a move to a full-time academic post, the most
recent phase of my publications reinforces my career as an effective researcher. While in some
early papers (not included in this portfolio) my contribution was solely in data acquisition, the
latter papers onwards reflect my development as | take a leading role in these publications.

Since 2013 | have taken a lead role in conceptualisation, extracting primary and manipulating



secondary data, and writing, as well as being corresponding author for several publications. This
progression is summarised in Figure 1.1. Recent publications have been well received in
academia and in the public domain, which enabled me to develop an expanding research
network of internal and external collaborators (for example Webb and Goodenough (2018)
received public interest and Webb et al (2022a) led onto external collaboration, both papers
are included in this PhD). Not only do I lead on publications, but | also develop research ideas
and discuss these with collaborators nationally and internationally. Additionally, during this
latter phase of my academic development | began to act as a reviewer for articles, including for

Journal of Forensic Science.
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Figure 1.1 Julia Webb’s academic progression from early-career researcher acquiring data to
underpin publications to more advanced leadership of publications.
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Table 1.1. Table of all published papers by Webb (née Newberry) presented in chronological order,

with number of citations (according to Google Scholar as at February 2022). Those highlighted in

yellow are included within this PhD portfolio.

Publication reference

Cited
by

Year

Webb, J.C. McCarroll, J. and Morrow, D. (2022a) Palynological contributions
towards the Archaeology of Skokholm Island, south west Wales. Archaeology in
Wales 60, 45-48.

2022

Webb, J.C. McCarroll, J. Chambers, F.M. and Thom, T. (2022b) Evidence for the
Little Ice Age in upland north-western Europe: multiproxy climate data from
three blanket mires in northern England. The Holocene 32(5), 451 — 467.

2022

Goodenough, A.E. and Webb, J.C. (2022) Learning from the past: opportunities
for advancing ecological research and practice using palaeoecological data.
Oecologia. (online first)

2022

Goodenough, A.E. and Webb, J.C. Understanding spatiotemporal variation in
taxonomic richness and rate of within-site turnover in vegetation communities
across Eurasia over the last 4,000 years. Submitted to Community Ecology.

2022

Webb, J.C. and Goodenough, A.E. (2021) Vegetation community changes in
European woodlands amid a changing climate: a palaeoecological modelling
perspective. Community Ecology 22(3), 319-330.

2021

Jarman, R. Hazell, Z. Campbell, G. Webb, J.C. and Chambers, F.M. (2019a) Sweet
Chestnut (Castanea Sativa Mill.) in Britain: Re-assessment of its Status as a
Roman Archaeophyte. Britannia 50, 49-74.

2019

Jarman, R. Mattioni, C. Russell, K. Chambers, F.M. Bartlett, D. Martin,

M.A. Villani, F. Webb, J.C. and Cherubini, M. (2019b) DNA analysis of Castanea
sativa (sweet chestnut) in Britain and Ireland: Elucidating European origins and
genepool diversity. PLoS ONE 14(9), 1-26.

2019

Goodenough, A.E. Webb, J.C. and Yardley, J. (2019) Environmentally-realistic
concentrations of anthelmintic drugs affect survival and motility in the
cosmopolitan earthworm Lumbricus terrestris (Linnaeus, 1758). Applied Soil
Ecology 137, 87-95.

2019

Jarman, R. Chambers, F.M. and Webb, J.C. (2019c) Landscapes of sweet chestnut
(Castanea sativa) in Britain - their ancient origins. Landscape History 40(2), 5-40.

2019

Webb, J.C. Brown, H.A. Toms, H. and Goodenough, A.E. (2018) Differential
retention of pollen grains on clothing and the effectiveness of laboratory retrieval
methods in forensic settings. Forensic Science International 288, 36-45.

20

2018

Webb, J.C. and Goodenough, A.E. (2018) Questioning the reliability of “ancient”
woodland indicators: Resilience to interruptions and persistence following
deforestation. Ecological Indicators 84, 354-363.

2018

Jarman, R. Moir, A.K. Webb, J.C. Chambers, F.M. and Russell,

K. (2018) Dendrochronological assessment of British veteran sweet chestnut
(Castanea sativa) trees: successful cross-matching, and cross-dating with British
and French oak (Quercus) chronologies. Dendrochronologia 51, 10-21.

2018

McCarroll, J. Chambers, F.M. Webb, J.C. and Thom, T. (2017) Application of
palaeoecology for peatland conservation at Mossdale Moor, UK. Quaternary
International 432, 39-47.

24

2017

Jarman, R., Moir, A.K. Webb, J.C. and Chambers, F.M. (2017) Sweet chestnut
(Castanea sativa Mill.) in Britain: its dendrochronological potential.
Arboricultural Journal 39(2), 100-124.

2017

11



Chambers, F.M. Crowle, A. Daniell, J.R. Mauquoy, D. McCarroll, J. Sanderson, N.
Thom, T. Toms, P. and Webb, J.C. (2017) Ascertaining the nature and timing of
mire degradation: using palaeoecology to assist future conservation
management in Northern England. AIMS Environmental Science 4(1), 54-82.

2017

Webb, J.C. McCarroll, J. Carpenter, W.S. Chambers, F.M. Toms, P. and Wood, M.J.

(2017) Apparent lack of woodland and abundance of woodland indicator species:

the role of humans, birds and rabbits on the changing vegetation of Skomer
Island, Wales. Archaeology in Wales 56, 90-99.

Not
fully
indexed

2017

McCarroll, J. Chambers, F.M. Webb, J.C. and Thom, T. (2016a) Using
palaeoecology to advise peatland conservation: An example from West
Arkengarthdale, Yorkshire, UK. Journal for Nature Conservation 30, 90-102.

20

2016

McCarroll, J. Chambers, F.M. Webb, J.C. and Thom, T. (2016b) Informing
innovative peatland conservation in light of palaeoecological evidence for the
demise of Sphagnum imbricatum: the case of Oxenhope Moor, Yorkshire, UK.
Mires and Peat 18, 1-24.

2016

Wood, M.J. Morgan, P.J. Webb, J.C. Goodenough, A.E. Chambers, F.M. and Hart,
A.G. (2014) Exploring the prevalence and diversity of pollen carried by four
species of migratory Old-World warbler (Sylvioidea) on arrival in the UK. Bird
Study 61(3), 361-370.

2014

Monckton-Smith, J. Adams, T. Hart, A.G. and Webb, J.C. (2013) Introducing
Forensic and Criminal Investigation. Sage. ISBN 978-0857027528

48

2013

van der Plicht, J. Yeloff, D. van der Linden, M. van Geel, B. Brain, S. Chambers,
F.M. Webb, J.C. and Toms, P.S. (2013) Dating recent peat accumulation in
European ombrotrophic bogs. Radiocarbon 55(3-4), 1763-1778.

23

2013

Pirrie, D. Rollinson, G.K. Power, M.R. and Webb, J. (2013) Automated forensic soil
mineral analysis; testing the potential of lithotyping. Geological Society, London,
Special Publications 384(1), 47-64.

19

2013

Webb, J.C. and Stafford, R. (2013) Location-based mobile phone applications for
increasing student engagement with field-based extra-curricular activities.
Planet 27(1), 29-34.

2013

Charman, D.J. Hohl, V. Blundell, A. Mitchell, F. Newberry, J. and Oksanen, P.
(2012) A 1000-year reconstruction of summer precipitation from Ireland:
Calibration of a peat-based palaeoclimate record. Quaternary International 268,
7-97.

19

2012

Kirkhope, C.L. Williams, R.L. Catlin-Groves, C.L. Rees, S.G. Montesanti, C. Jowers,
J. Stubbs, H. Newberry, J. Hart, A.G. Goodenough, A.E. and Stafford, R. (2010)
Social networking for biodiversity: the BeelD project. In: 2010 International
Conference on Information Society, 625-626

16

2010

Fowler, M, Datson, H and Newberry, J. (2010) Quantitative assessment of dust
propogation from hazardous waste landfill. Journal of Environmental Monitoring
12(4), 879-889.

2010

Pirrie, D. Power, M.R. Rollinson, G.K. Wiltshire, P.E. Newberry, J. and Campbell,
H.E. (2009) Automated SEM-EDS (QEMSCAN®) mineral analysis in forensic soil
investigations: Testing instrumental reproducibility. In: Ritz, K., Dawson, L., Miller,
D. (eds) Criminal and Environmental Soil Forensics. Springer, Dordrecht, 411-430.

61

2009

Sillasoo, U. Mauquoy, D. Blundell, A. Charman, D. Blaauw, M. Daniell, J. R. G.
Toms, P. Newberry, J. Chambers, F M. and Karofeld, E. (2007) Peat multi-proxy
data from Mannikjarve bog as indicators of late Holocene climate changes in
Estonia. Boreas 36, 20-37.

126

2007
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1.1 Author contribution statement

The author contribution statement for this PhD is provided in the form of a grid (Table 1.2),
where contributions are denoted by v* (for minor contributions) and v'v" (for major
contributions). The grid has been developed based on the CRediT (Contributor Roles Taxonomy)
author statement system (Brand et al. 2015) and definitions for each of the terms used are

provided in Table 1.3.

All co-authors of papers submitted for this PhD were asked to agree with the candidate’s
contribution to the individual publications in which they were involved. A shared online
spreadsheet was used to collect the information, and co-authors were requested to either
insert their electronic signature, or if unable to do that, to insert ‘agreed’ in the relevant cell.
No co-author responded to disagree with the contribution, the gaps in the table represent co-
authors that did not respond. Importantly, where |, as the PhD candidate, am not first author of
the paper, the first author is always in agreement regarding the author contributions for that

paper. The spreadsheet which collated agreement is provided as Table 1.4.

13
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Table 1.3 Terms and definitions used in the author contribution statement for this PhD by
publication (Brand et al. 2015).

Term

Definition

Conceptualization

Ideas; formulation or evolution of overarching research goals
and aims

Methodology

Development or design of methodology

Statistical analysis

Application of statistical techniques

Formal analysis

Synthesis of study data

Validation

Verification of the overall replication/ reproducibility of
results/experiments

Investigation

Conducting a research and investigation process, specifically
performing the experiments, or data/evidence collection

Resources

Provision of study materials, reagents, materials, laboratory
samples, instrumentation, computing resources, or other
analysis tools

Data Curation

Management activities to annotate (produce metadata),
scrub data and maintain research data for initial use and
later reuse

Writing - Original
Draft

Preparation, creation and/or presentation of the published
work, specifically writing the initial draft

Writing - Review and
Editing

Preparation, creation and/or presentation of the published
work, specifically critical review, commentary or revision —
including pre-or post-publication stages

Visualization

Preparation, creation and/or presentation of the published
work, specifically visualization/ data presentation

Supervision Oversight and leadership responsibility for the research
activity planning and execution
Project Management and coordination responsibility for the

administration

research activity planning and execution

Funding acquisition

Acquisition of the financial support for the project leading to
this publication
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Table 1.4 Co-author contribution agreement

Paper

Author agreement

JW contribution Anne Hannah | Harriet

Phil Toms
Goodenough Toms Brown McCarroll| Chambers

Goodenough, A.E. and Webb, J.C. (2022)
Learning from the past: opportunities
for advancing ecological research and
practice using palaeoecological data.

Oecologia

50%

s Cartiny €

Goodenough, A.E. and Webb, J.C.
Understanding spatiotemporal variation
in taxonomic richness and rate of within.
site turnover in vegetation communities
across Eurasia over the last 4,000 years

*submitted to Community Ecology*

35%

Hart A.G and Webb, J.C. Forensic
Science Specialisms: palynology,
entomology and DNA. In: Monckton-
Smith, J , Adams, T, Hart, A.G and Webb,
J.C (2013) Introducing Forensic and
Criminal Investigation. Sage. ISBN 978-
0857027528

50%

Webb, J.C., McCarroll, J. and Morrow,
D. (2022) Palynological contributions
towards the Archaeology of Skokholm
Island, south west Wales. Archaeology
in Wales, 60, 45-48

80%

Webb, J.C., McCarroll, J., Chambers,
F.M., and Thom, T. (2022) Evidence for
the Little Ice Age in upland north-
western Europe: multiproxy climate
data from three blanket mires in
northern England. The Holocene 32:5
451-467

20%

Agreed | Agreed

Webb, J.C and Goodenough, A.E.
(2018) Questioning the reliability of
“ancient” woodland indicators:
Resilience to interruptions and
persistence following deforestation.
Ecological Indicators (84) 354-363.

50%

Webb, J.C and Goodenough, A.E. (2021)
Vegetation community changes in
European woodlands amid a changing
climate: a palaeoecological modelling
perspective. Community Ecology 22 (3)
319-330

65%

Webb, J.C. Brown, H.A. Toms, H. and
Goodenough, A.E. (2018) Differential
retention of pollen grains on clothing
and the effectiveness of laboratory
retrieval methods in forensic settings.
Forensic Science International, 288. pp.
36-45.

65%

Agreed | Agreed

Webb, J.C. McCarroll, J. Carpenter, W.S.
Chambers, F.M. Toms, P. and Wood,
M.J. (2017) Apparent lack of woodland
and abundance of woodland indicator
species: the role of humans, birds and
rabbits on the changing vegetation of
Skomer Island, Wales. Archaeology in
Wales , 56. 90-99.

80%

Wood, M.J. Morgan, P.J. Webb, J.C.
Goodenough, A.E. Chambers, F.M. and
Hart, A.G. (2014) Exploring the
prevalence and diversity of pollen
carried by four species of migratory Old
World warbler (Sylvioidea) on arrival in
the UK. Bird Study, 61 (3) 361-370.

15%

Agreed Agreed

Darrien
Morrow

Wood [Carpenter|Morgan

Tim Thom
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2. Fundamentals of palynology

Palynology is the study of pollen grains that are produced from seed generating plants
(angiosperms and gymnosperms), as well as spores that are produced by bryophytes,
pteridophytes, fungi and algae (the term ‘pollen’ is used hereafter to refer both to pollen and
spores, unless spores are mentioned specifically). The cell or cluster of cells forming an
individual pollen grain is very small, averaging around 30 microns (Moore et al. 1991). These
reproductive cells are protected from degradation and microbial degradation by a tough
sporopollenin outer layer (the exine). The sporopollenin is so effective that the exine of pollen
grains that do not reach their intended recipient can be preserved for thousands (and in some
cases, millions) of years (Batten and Dutta 1997). The structure of pollen grains and the
sculpturing on the exine evolved to support the reproductive function, but it also enables
palynologists to identify the grains to family or generic level; in some rare cases identification to
species level is possible (for example, Hyacinthoides non-scripta (bluebell) and Mercurialis

perennis (dog’s mercury)).

Pollen grains that do not reach their intended recipient plant for reproduction (whether
transported by air currents, insect or animal vector, or water) can become incorporated into
sediments or biological products (such as peat or within honey), or adhere to surfaces.
Retrieving the pollen from these materials can be used to answer a diverse array of questions

that are specific to the discipline in which palynological investigation is being applied.

The earliest evidence of studies of pollen under the microscope was in the 1640s by botanists
seeking understanding of sexual reproduction in flowers (Bradbury 1967). Since then there has
been a steady rise in interest in palynology, principally to quantify past vegetation changes
(Birks and Berglund 2018), but the concept has been used successfully in other contexts,
including the study of plant pathogens, archaeology, allergy, and forensics (Peglar and Birks
1993; Burge 2002; Bunting and Farrell 2018; Ochando et al. 2018). Figure 2.1 summarizes the
range of disciplines that employ palynology; this is an indicative range rather than exhaustive as

more novel uses of palynology continue to evolve.
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Modern pollen

Fossil pollen
| |
Disease Evolution Aerobiology and
Lessons from the past Gene flow

— Dutch Elm Disease;
Ash Dieback; Hemlock

Selection pressure
Taxonomic studies

allergy

Composition and density

Modern pollen rain

Anthropogenic

influence
Archaeology
Mesolithic cultures

Forensics
Provenance of items
Locating missing bodies
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Deep time temperature B L
. Foraging behaviour
palynology Species response ia—
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biostratigraphy
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Palaeoecology
Vegetation history

Conservation baselines
Ecological theory

Figure 2.1. The breadth of palynological studies. Note the interrelated areas indicated by
overlapping circles (the degree of overlap does not represent the strength of these links). Blue
circles are subject areas included within this thesis. Author’s own image.

Regardless of the discipline or the aims of a specific study, retrieval of pollen from the sediment
or material of interest requires careful processing to avoid damage to the pollen grains. While
pollen is robust in natural environments that are anaerobic or acidic (preserving well in
waterlogged environments such as peat, lake sediments and acidic soils), the oxidising
chemicals that are used to separate pollen from the sediments or artefacts to which they are
entrained need be used carefully. Standard techniques discussed by Moore et al. (1991) cover
the methods used to remove internal structures of pollen and as much of the surrounding
matrix as possible for ease of identification of the pollen through microscopy. Standard
extraction techniques have been adapted by the many sub-disciplines of palynology to suit
different research questions; for example, Webb et al. (2018) removed pollen from fabrics

using a mild surfactant, and Wood et al. (2014) describes the adaption to the method to

18



retrieve pollen from bird bills. The standard extraction process, and variations within that, is
summarised in Table 2.1.

Table 2.1 Preparation protocols for palynological samples. After: Faegri and Iverson (1989);
Moore et al. (1991); Munsterman and Kerstholt (1996); Chambers et al. (2010); Rodrigues et al.
(2020).

* indicates author’s own adaptations from standard protocols. + [plus sign] indicates where the
procedure can affect the pollen grain by causing swelling and — [minus sign] indicates where
shrinkage can occur.

1. Retrieval

Fossil pollen Modern pollen
(Soft sediments, rock, pottery) (Comparator samples, honey/nectar, clothing)

All samples should be processed in conical centrifuge tubes with leak-proof screw-on lids.
It is advised that labels are produced with a label sticker machine as permanent ink will be easily
removed by chemicals in step 7*

Target 1 ml volume of sediment

Lake/bog/soil: sample 1 cm? sediment Clothing: wash in mild surfactant (e.g. Teepol™),
Pottery: wash the sediment from the inside then centrifuge to form a pellet*
Rock: mechanically disaggregate and start at Disaggregate honey/nectar/stamen in warm HCl,
step 5 then centrifuge to form a pellet*

Insert exotic marker grains (if used) at a ratio of
1:5 exotic: fossil

2. Removal of humic acids and further disaggregation (use 50 ml tube)

Samples containing humic acids (particularly Gently warm for 5 minutes in 8% NaOH or 10 % KOH +

peat) will benefit from 10 minutes of reflux* in | Whirlymix™ before, during and after treatment
10 ml of 8 % NaOH or KOH (author preference
on chemical choice) +

Whirlymix™ before, during and after treatment
* boiling can damage thin walled grains

3. Sieve through 180um mesh - use new mesh each time for forensic cases, in other instances, wash
carefully.

Centrifuge (3000 rpm) and safely discard supernatant™ *Can
be used to neutralise some acids later in the procedure

4 Wash with distilled water, centrifuge and discard supernatant
Repeat until supernatant is clear




5. Add c.5 ml of HCI to remove carbonates (warm if necessary) and Whirlymix™ (use 15 ml tubes from

Centrifuge and discard supernatant carefully according to the establishment’s discharge consent.

here)

THIS STEP TRADITIONALLY USES HYDROFLUORIC ACID SO ALTERNATIVES ARE SUGGESTED

6. Remove minerogenic element

Option 1:

Option 2:

M

Option 3:

It is possible to separate the
lighter polleniferous
aliquot from the heavier
minerogenic constituent by
consciously allowing the
post-sieving fluid to
partially settle before
gently swirling and tipping
off the flot (and discarding
the heavier mineral grains
settled at the bottom of
the vessel)

Using heavy liquids to assist in density
separations.

1) Sodium polytungstate
(3Na;WO049WO3H,0) is easy to use and
effective, but is very expensive

Zinc Chloride (ZnCl) has been used

with good results

(Bromoform is highly toxic and is no longer
considered safe to use

(Munsterman and Kerstholt 1996))

2)

HF treatment. Hydrofluoric
acid causes severe burns and
subsequent complications
which can be fatal. Suitable
PPE must be worn and
antidote gel available, as
well as a safety shower. HF
resistant fume hood and
equipment must also be used.

During step 3. Physically
separate lighter material
from heavier material
using the technique
described above

After step 5, use Sodium Polytungstate or
ZnCl at a specific gravity of 2.1 to facilitate
removal of lighter fraction

Resuspend pellet in a few
drops (<1 ml) of 10 % HCl by
Whirlymixing*

*This step is introduced to
negate the need to
mechanically mix the pellet
in HF

Centrifuge and wash samples. Recover and
reuse heavy liquid (after careful
screening to avoid pollen contamination
between samples)

Add c.5 ml of 40 % HF, replace
leak-proof lid, and lie the tube
flat in a sealed container
(lined with
powdered chalk in case of
leakage). Leave overnight or
for several days depending on
the sample * —

*Lying the sample flat enables
a larger surface area for the
HF to attack

Centrifuge, discard
supernatant carefully, and
wash in warm HC| to remove

silicofluorides

7. Remove soluble cellulose via acetolysis

Dehydrate sample in c.5 ml concentrated glacial acetic acid. Centrifuge and discard supernatant
carefully. This stage is vital as the acetylation mixture reacts violently with water




Prepare fresh acetylation mixture (Erdtman's solution) in a 9:1 ratio of concentrated acetic anhydride
and concentrated sulphuric acid.

Reflux* in c.5 ml of solution for no more than 5 minutes. Care must be taken not to over-acetolyse
samples as surface structures can be lost. Sphagnum and Pteridium are easily damaged over 3 minutes
of reflux (Chambers et al. 2011) and wind pollinated tree and grass pollen are also easily overacetolysed.
Under acetolysis may leave cellulose residues that affect successful identification (Moore
etal. 1991). +

Hunt (1985), Hesse and Waha (1989) and Lenlfer and Boyd (2000) suggest use of acetolysis in
palaeopalynology should be reconsidered given the potential for damage during the process. They also
argue that acetolysis is only needed in preparation of fresh samples. Mudie and Lulievre (2013) suggest
using Ammonium Hydroxide (NH4OH) as a suitable (and less hazardous) alternative. van Asperen (2016)

agree this procedure needs refining to uniformly preserve fungal spores.

End the acetolysis reaction by filling the tube with glacial acetic acid
Centrifuge and discard supernatant carefully

To avoid crystallisation, resuspend in glacial acetic acid Whirlymix™,
centrifuge and discard supernatant carefully

8. Staining
Staining is very much personal preference, but when used, add a few millilitres of safranin or fuchsin in
50 ml of alkaline (8 % NaOH) solution (to help the stain take more effectively). Add 5 ml of the solution
and Whirlymix™ centrifuge and decant. The supernatant should not be pink (an indicator of
overstaining), but the pellet should have pink/red colouration to it (indicating organic material has
taken the stain). Adjust concentrations of NaOH and stain to suit if uptake is not satisfactory. Be careful
not to overstain.

9. Mounting on slides
Glycerol jelly (+) or silicone oil are the two most frequently used mounting media. Both have suitable
refractive indices. While there appears to be more advantages of using silicone oil, the stability of
glycerol jelly in temperate climates outweighs its disadvantages. Slides are normally 1.2 mm thick (to
avoid issues with using high magnification objectives).

Glycerol jelly # Silicone oil
Advantages Disadvantages Advantages Disadvantages
- Excellent - Over time glycerol jelly - Viscosity can be - Even when slides are
optical properties | absorbs water and pollen | altered depending sealed seepage can occur
- Easy to grains swell on preference - - Flat storage is
handle - Pollen remains essential

Produces stable
slides (glycerol is
solid at room
temperature)

mobile and can be
turned (by poking
with a seeker) to aid
identification - No
pollen size inflation

# Glycerol Jelly Recipe (makes approximately 150 ml): Gelatine (10 g); Distilled water (60 ml); Glycerine
(70 ml); TCP™ (1 ml). To make: Warm the distilled water and slowly add the gelatine. Stir until dissolved.
Add the glycerine and TCP (which acts as a preservative). Store in 250 ml conical screw-top flasks with
label and date. Shelf life unknown (>1 year). *




The morphological characteristics of pollen prepared and mounted on simple microscope slides
and visible under a simple light microscope with 100 — 400 x magnification allow identification
of the taxa via the use of keys — See Figure 2.2 for examples of pollen viewed under a light
microscope. Faegri and Iverson (1989) and Moore et al. (1991) provide comprehensive
identification keys for pollen and some common spore types in book form, while Hooghiemstra

and van Geel (1998) offer a list of all available physical databases.

b)

10pm

Figure 2.2 Light microscopy photographs of a) Tilia cordata; b) Taraxacum officinale and c)
Plantago lanceolata. Magnifications vary between images, note 10um bar for scale. Author’s
own images.

More recent online resources, such as the Global Pollen Database (GPD), have reinvented
physical type slide collections held at museums and universities, as well as physical

photographic databases. By virtue of being online, the GPD (https://globalpollenproject.org/) is

easily accessible and constantly evolving with new images being added continually. It also has
impressive search functions as well as crowd-sourced identification capabilities (Martin and

Harvey 2017).

Attempts have been made to automate pollen identification (see review by Holt and Bennett
(2014) and sources therein). Artificial intelligence is yet to replicate the reliability of human
palynologists, although as computing powers and machine learning algorithms continue to
improve it may only be a matter of time before automated processes become commonplace.
Yamada et al. (2021) have had some success with sorting pollen grains via a cell counter for use
in radiocarbon dating, but the technique is not routinely used due to variable results. One
example of an often-overlooked challenge with automating pollen counts is the uneven spread
of pollen grains on a slide. For example, care needs taken when counting around the edge of
slides, as smaller pollen grains tend to migrate and clump and layer at the edge of slides when

the coverslip is added (Brooks and Thomas 1967). This is comparatively straightforward for a
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palynologist to assess and account for, but adds an important confounding variable into

automated processes that affects reliability.

Until the precision and accuracy of human palynologists can be replicated by computers, the
identification and quantification of microscopic pollen and spores via light microscopy remains
a labour-intensive, manual approach. The reliability of the data produced often depends on the
skill of the palynologist and also the number of individual pollen grains that need to be counted
in order to make meaningful inferences. For example, in investigations of fossil pollen, sums of
between 300 and 500 grains per sample are commonplace (Lowe and Walker 2015), despite
Weng et al. (2006) stating that there may be statistically significant errors with counts lower
than 1000. More recently, Djamali and Cilleros (2020) demonstrate that counts of just 150
pollen grains can be sufficient for 90 % and 300 for 95 % repeatability to be attained, such that
the benefit of counting higher numbers is questionable. Moreover, in deciding the appropriate
count total, the question that palynology is being employed to answer is also important. For
example, in forensic palynology the target is not reaching a particular number for the total grain
count, but rather to count the entire slide, or until no new pollen types are identified in two

short slide transects if multiple slides are counted (Wiltshire et al. 2015).

In all palynological disciplines striving for a reconstruction of a source environment (whether a
past environment using fossil pollen or a contemporary environment using modern pollen),
consideration needs to be given to the pollen taphonomy — the behaviour of pollen arriving at,
and being preserved within, the samples under question. The number of pollen grains produced
by the parent plant, and the dispersal technique that species had evolved, will both affect the
frequency with which pollen grains are found in samples. Studies examining pollen productivity
and dispersal are numerous (for example Calcote (1995); Bunting et al. (2005); Theuerkauf et al.
(2013); Theuerkauf and Couwenberg (2021)). Generally, pollen production in plants relying on
insects for dispersal (entomophilous taxa) is relatively lower than for wind pollinated plants
(anemophilous taxa). There are, of course variations, within each taxon too. For example,
Quercus relies on wind pollination, but productivity is much lower than for Fraxinus (Bunting
and Farrell 2018), while insect-pollinated Calluna, is often over represented within samples due
to its comparatively prolific pollen production (Chambers et al. 2010). Other taphonomic
considerations such as sinking speed of pollen (which itself depends on size and morphology),
air currents, obstructions (such as buildings/terrain) and weather conditions have an influence

on the dispersal of pollen and so also need to be considered when interpreting results
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(Theuerkauf et al. 2013). For example, large grains (e.g. Cerealia) will settle rapidly close to the
parent plant, but air bladders (as with Pinus) will aid buoyancy meaning that grains can be
carried for vast distances. Given warm air currents providing uplift, no obstructions and clear
skies, Pinus has been known to travel considerable distances; up to hundreds of kilometres in

some cases (Hjelmroos and Franzén 1994; Tipping 2008; Bajpai and Kar 2018).

In fossil and forensic pollen studies, the rate of degradation of the pollen also needs to be
considered when analysing samples. When pollen is recovered from sub-optimal materials (dry,
high-energy or alkaline environments), grains can have a thinned exine, or be crumpled or
broken, which often removes their identifying features (Tipping 2000). Not only can
environmental factors degrade pollen, grains from different taxa will also exhibit different
levels of resistance to damage. Twiddle and Bunting (2010) investigated the preservation of
four pollen types in laboratory conditions (Alnus, Secale, Dactylis and Ambrosia). They
subjected the pollen to chemical oxidation (with hydrogen peroxide) or physical agitation (in
water with sand/pebbles) and demonstrate that the four taxa studied had differing resistance.
However, pollen can also be surprisingly robust. In an unpublished laboratory experiment,
Castanea sativa was subjected to oxidation in differing concentrations of household bleach (a
commonly used product for cleaning laboratory benches between examining exhibits in
forensic settings) to: (1) test a hypothesis that C. sativa is under-represented in profiles from
the Holocene (last ¢.11,700 years) owing to it being fragile; and (2) investigate the hypothesised
reliability of household bleach as an appropriate decontamination solution in forensic
palynology (Julia Webb, Unpublished). The results of this investigation refuted both of these

hypotheses.

To avoid taphonomic biases within applications of palynology, a detailed understanding of
pollen-vegetation relationships is needed. This is achieved in most instances with comparator
samples, either to modern pollen rain to help reconstruct provenance or vegetation
communities, or to pertinent places (crime scenes, for example). Therefore, to overcome this
aspect of variability within palynological data, extensive quantitative modelling can be
employed in studies of fossil pollen (Bunting and Middleton 2005; Sugita 2007b, 2007a). See
further analysis of taphonomic considerations of fossil pollen and the proposed published

resolutions later in Table 2.2.
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2.1 Fossil pollen studies

One of the most explored areas in palynological research is focused on vegetation
reconstruction using fossilised pollen from lakes and bogs, within the Quaternary period (Birks
and Berglund, 2018). The Quaternary is the most recent sub-division of geological history. It
extends from around 2.6 million years ago (the start of the Quaternary has been contested in
recent years (Lowe and Walker 2015)) to encompass the modern day. It is characterised by
fluctuating climate between cold periods (glacial stages) and warm phases (interglacial stages).
The intensity, frequency and environments formed by these stages have been of great interest
to researchers in the last 200 years (Lowe and Walker 2015), and has resulted in numerous
studies investigating biological evidence fossilised (or sub-fossilised) within Quaternary

sediments (see Lowe and Walker (2015) for a range of examples).

Fossil pollen studies grew from early investigations in the 1910s where Scandinavian
researchers sought to use pollen as a stratigraphical and relative dating tool by matching bog,
mire and lake sequences with known past events (Birks and Berglund, 2018). The utility of
palynology quickly became apparent following a seminal lecture by von Post in 1916 outlining
the principles of pollen analysis for seeking past vegetation trends. By the mid-1920s
palynology was being used in many parts of the world; for example, von Post and Granlund
(1926) published vegetation reconstructions from southern Sweden, Auer (1927) in Canada,
and Erdtman (1928) in the British Isles. These papers were the first to use palynology as a true
palaeoecological technique, and identified broad trends of changing climate inferred from
temporal shifts in terrestrial vegetation. The publication of the first Textbook of Pollen Analysis
in 1950 (Faegri and Iversen 1950) and the development of radiocarbon dating in the 1940s and
1950s that enabled robust dating of peat sequences, meant that palynology in palaeoecological
studies could be released from its early use as a relative dating tool and be used solely as a
vegetation reconstruction tool. The subsequent rise in publications of spatial and temporal
studies, in particular high-resolution studies of vegetation dynamics, have provided insights into
human impact on vegetation, impact of disease and climate change (examples of these early

studies include Goodwin 1940; Aario 1944; Andersen 1954; Iversen 1954).

Advances in the application of palynology have not come solely from the publication of Faegri
and lversen’s (1950) textbook, and the development in radiocarbon dating. Continual

improvements in light and electron microscopy have assisted in the ease of identification, as
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well as access to suitable microscopes in schools and colleges promoting further education and
training in microscopy. Advances in coring technology for wetlands, bogs and lakes have made
palynology one of the most universally used and valuable tools in palaeoecology over the 20t
Century. Finally, the increased use in desk (and lap)-based computers through the 1980s to the
present day have given palynologists access to data handling, graphical and statistical packages
to further analyse sequences of vegetational change. As such, the number of and resolution
within Quaternary pollen studies has risen steeply from 1990 to 2012, Figure 2.3 plots the rise

in number of publications.

7000 A

Number of publications

Figure 2.3. Authors own Google Scholar search output as total number of records for
“Quaternary pollen” in yearly increments from 1950 — 2021. Note the steep growth in number
of papers published on the topic between 1990 and 2012 and also the impact of the global
pandemic on published outputs in the field. Care needs to be taken when analysing this Google
record, as there is likely to be uncertainty in these figures, but it is useful to note the trend.

2.1.1 Applications of fossil pollen

Fossil pollen records have been used to reconstruct broad changes in past climate, including
glacial-interglacial cycles (Tzedakis 1994; Miyoshi et al. 1999; Langgut et al. 2011; Camuera et
al. 2019; Marden et al. 2022), as well as more nuanced trends in climate. Examples of these
subtler climate research papers include evolution of monsoonal patterns (Wan et al. 2022) and
the Little Ice Age perturbation in Britain (Webb et al. 2022b, in this thesis). While palynology is

often used solely to describe climate patterns, interpretations have been made with
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guantitative data, for example estimating July temperatures (Huntley and Prentice 1988),
annual average temperatures (Davis et al. 2003) and seasonal rainfall quantities (Vincens et al.
2007). In the early phase of the development of palynology, a large proportion of published
climate reconstructions were based on single site analyses providing discussion on a local level,
and such approaches are still used today to answer site-specific questions (modern examples of
single site reconstructions include Litt et al. (2012) and Wan et al. (2022)). However, with
advances over the 20™ Century, research has increasingly spanned multiple sites to quantify
regional and continental-scale patterns in climate change (for example Elenga et al. (2000)
reconstruct biomes at continental scale and Davis et al. (2003) map temperatures across

Europe).

Not only are climate reconstructions inferred from pollen, but the application of palynology can
be used to study other events that happened in the past, such as faunal population dynamics,
disease outbreaks and human occupation. Peglar and Birks (1993) used vegetation
reconstructions in Norfolk to unravel the timing of the decline in UImus around 4,000 years ago.
They concluded that the loss of U/Imus was not solely owing to forest clearance by humans (for
agriculture), but that disease spread by the elm bark beetle (Scolytus multistriatus) was
fundamental in the rate of the decline. The influence of early farmers on the landscape was
noted by Gauthier et al. (2010) and Magyari et al. (2012) who both noted woodland clearance
in their pollen records. Webb et al (2018) (in this thesis) also note the change in farming
practices on Skomer Island with the use of coprophilous fungi from herbivores (assumed as
cattle on Skomer) alongside pollen records. Coprophilous fungi have also been used in
combination with pollen to reconstruct pre-historic herbivore density (Davies, et al. 2022), and
pollen and plant macrofossils have been used successfully to reconstruct the diet of an extinct

forest rhinoceros (Stephanorhinus kirchbergensis) (Stefaniak et al. 2021).

Many palynological studies are now made possible by the global sharing of pollen (and other
proxy) data via large online data repositories. For example, the Canadian Pollen Database; the
Pollen Database for the Russian and Far East; and the European Pollen Database (EPD) (Fyfe et
al. 2009) to name a few. These are all now available, together with many others, in one large
central repository of data (Neotoma) (Williams et al. 2018). As a result, this collaborative

venture gives endless opportunities for desk based palaeoecological studies.
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2.1.2 Taphonomic considerations when using fossil pollen

Palynology is not a “silver bullet”. One criticism of fossil pollen studies is that environmental
reconstructions are often qualitative, and use broad climatic zones such as “temperate”, “cool”,
“arctic” and so on (Birks et al. 2011). This, coupled with taphonomic variables means that the
palynologist should question the representativeness of a fossil pollen sample (Chevalier et al.
2020). Palynologists must have awareness of both the taphonomy, and the statistical
techniques employed to attempt to resolve these critiques, to produce reliable data. Some
taphonomic challenges and proposed solutions are summarised in Table 2.2, although given the

number of taphonomic considerations and the fact that many are unique to individual species,

studies, or locations, this list should not be considered to be exhaustive.
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Table 2.2 Taphonomic considerations in fossil pollen research
Taphonomic consideration

Pollen productivity and dispersal

Each plant species has evolved a specific reproductive Alongside an understanding of pollination ecology, = The Prentice-Sugita-Sutton (PSS) model (Prentice,
strategy. In simple terms, for example, entomophilous interpretations of pollen results can be assisted by ~ 1985) is the most widely used model to simulate
taxa put energy into flowers, scent, and nectar to attract =~ applying relative pollen productivity corrections pollen loading to a site from species in the

insect pollinators to directly fulfil their duty. In contrast, = which are generated from modern pollen rain surrounding area. A number of wider landscape

models use the PSS equation (POLLSCAPE (Sugita
1993; Gaillard et al. 2008); HUMPOL (Bunting and
Middleton 2005); LOVE (Sugita 2007a); REVEALS
(Sugita 2007b) to reconstruct former landscapes
more accurately.

anemophilous taxa expend energy in producing pollen samples.
en-masse to ensure that some pollen is likely to reach
the intended destination (the recipient plant). As such,
there is a notable (but variable) amount of ‘surplus’
pollen that becomes incorporated in deposits that can
be later analysed by palaeoecologists. Thus, the
relationship between plant abundance and pollen
abundance is not uniform and thus finding the same
number of pollen grains in a sample for two different
taxa does not necessarily mean the taxa themselves
were equally abundant.

Dispersal mechanisms

While wind and insects are the two primary
mechanisms for pollen dispersal, water and animals
(particularly in Australia) also play a role. Dispersal can
thus be complicated by weather generating positive
conditions (up drafts) that can carry grains further than
the research in sinking speeds of pollen suggest (Siska
et al. 2001). Animals can also play a role in
postdepositional mixing.



Preservation

When preservation conditions are not optimal, damage
in the form of exine thinning and loss of surface
features, crumpling and complete loss can skew pollen
profiles. There is also differential preservation between
taxa.

Environmental setting

The original environmental setting of a pollen archive
can influence the dispersal of pollen rain. Small lakes,
mires and forest hollows will contain geographically
restricted pollen rain and therefore (largely) represent a
local vegetation signal, whereas larger lakes, blanket
bogs and marine sediments reflect a wider (regional)
pollen signal.

Separating the local taxa from regional taxa is a goal of
many palynologists in interpreting fossil pollen results.

This is a relatively understudied area. Twiddle and Bunting (2010) produce a very small study of the
preservation of 4 pollen taxa. More research in this area that could strengthen landscape models would

be beneficial.

Techniques in fluorescence microscopy (such as Yeloff and Hunt (2005) and Hunt et al (2007)) could be

useful in exploring degradation in sporopollenin.

There is somewhat a circular argument here in
attempting to assign a past environmental setting
to a location to be able to interpret the pollen
profile, given that, to some extent, pollen
interpretation is needed to be able to characterise
the setting. For example, a present-day forest
hollow may have previously been part of a different
environment. Given the vast environmental
changes in the Holocene, a forested area may well
have been a more open landscape in the past, or
even a small lake. Nevertheless, several landscape
models incorporating modern pollen dispersal
calculations attempt to resolve this issue to refine
vegetation interpretations. Consideration of
comparator sampling of modern pollen rain is
needed in specialist environments, for example,
caves (Hunt and Fiacconi 2018) as models are not
able to reconstruct environments from these
settings.

POLLSCAPE (Sugita 1993; Gaillard et al. 2008);
HUMPOL (Bunting and Middleton 2005); LOVE
(Sugita 2007a); REVEALS (Sugita 2007b); Mosaic
(Middleton and Bunting 2004).



Taxonomic resolution

Pollen grains are rarely identifiable to species level and
so pollen records often contain a mix of taxonomic
levels. This can generate problems with collaborative

studies, and also decreases the accuracy of
interpretations (for example, Betula nana and Betula
pubescens have slightly different environmental
distributions, but are often combined into one pollen
count (although identification is sometimes possible by
using size and pore depth as distinguishing features
(Karlsdottir et al. 2008)). Therefore, the accuracy of the
climate interpretation that could be made in this
instance would be reduced).

Variable pollen counts

Inevitably, there is huge variability in total pollen count
sums. This can lead to weaker interpretations when only
small total counts are achieved, and disconnects in
some collaborative projects where vast differences in
total pollen counts are noted.

Improvements in identification and differentiation of indicator species from a higher taxonomic
resolution.

Bush and Weng (2007) indicate improvements are developing from sharing of large online pollen atlases.
Identification capabilities may improve future studies, but taxonomic smoothing will be needed to match
the resolution of pre-existing records in collaborative projects.

Consideration of the question in the study and the
minimum pollen count sum is important to be able ~ Rarefraction can be conducted to remove the

to assess the utility of the data (Djamali and perceived problems with inconsistent count
Cilleros 2020) numbers (Birks and Line 1992).

(Mottl et al. 2021) introduces a new method
(RRatepol) for dealing with inconsistent counts in
palaeoecological sequences and enabling rates of
change over time to be established.



In recent years, fossil pollen studies have been informed by indicator species modelling,
assemblage approaches, and multivariate calibration methods. What has evolved is a
diverse array of techniques to transform pollen data, to overcome (or at least reduce the
influence of) many taphonomic variables, and to better reconstruct past landscapes,
environments and human impacts (Bunting and Middleton 2005; Sugita 2007a, 2007b;
Hellman et al. 2008a; Hellman et al. 2008b). However, it is still important to acknowledge
that these models are all based on assumptions of uniformitarian principles and that the
mathematical models involved need to be flexible enough to represent the complexity of
the ecological record. There must therefore be continual refinement and challenges to

these models (Edwards et al. 2015).

2.2 Modern pollen studies

Besides the academic challenge and satisfaction of reconstructing past vegetation (and,
ergo, environments) from fossil pollen, there are significant justifications for using
palynology for understanding long-term ecological processes. Understanding the response
of vegetation in the past to changing climate and anthropogenic pressures can be used to

predict and mitigate (or at least buffer) detrimental future changes.

Palaeoecology is an ecological discipline, but networking between scientists of both
neoecology and palaeoecology has historically been poor (Birks 1993). This divide is
potentially driven by the two disciplines traditionally sitting within different departments
within Universities. Neoecology (or simply ecology) frequently sits in Biology departments,
whereas palaeoecology is studied in many Geography or Earth Science departments. The
discipline of ecology often refers to near-present day studies, those that are monitored
within weeks, months and years, but rarely decades. These modern-day studies are
completed with direct human observations and measurements (Rull 2012) and are rarely
able to consider temporal processes that span centuries (or longer). Fossil pollen studies can
provide a valuable insight into ecological baselines, past vegetation distributions,
vulnerability to disease, and ecological thresholds, and there is untapped potential for use
of these techniques within applied ecological contexts of monitoring, management and
conservation. Willis and Birks (2006) suggests this is mainly because palaeoecological

studies are considered too descriptive and imprecise by ecologists. However, more recent
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high-resolution palaeoecological records with spatial and temporal records quantified with
modelling and supported by robust dating have enabled a recent paradigm shift to

encourage greater synergies between palaeoecology and neoecology (Willis and Birks 2006).

2.2.2 Applications of modern pollen

In a novel study in tropical Africa, Gillson (2015) used pollen to identify natural shifts in
woodland to grassland in the Tsavo National Park, Kenya. She demonstrated that managing
elephant populations to suppress perceived risks of desertification was not needed as
feedback loops ensured long-term stability. Numerous reviews on the utility of palynology
to answer conservation questions have been published (Birks 1993, 1996, 2019; Willis and
Birks 2006; Willis et al. 2007, 2010; Froyd and Willis 2008; Vegas-Vilarrubia et al. 2011; Rull
2012; Dietl et al. 2015; Jackson and Blois 2015; Nogué et al. 2017 and the recent dedicated
PAGES (Past Global Changes) periodical (Gillson et al., 2022) but comparatively few applied
ecologists have taken up the available opportunities to use palaeoecological data (see
Goodenough and Webb (2022) in this thesis). Birks (2012) suggests this is because many
published palaeoecological papers are not easily found by ecologists. The lack of key terms
in titles, abstracts, keywords or within the text mean that electronic searches struggle to

locate these papers, although this might be changing with more online full text articles.

The application of modern pollen is not restricted to resolving challenges and improving
temporal trends in conservation ecology. Modern pollen can be used to understand
evolutionary theory through plant-pollinator studies, taxonomic studies and plant genetic

diversity (see the review of key questions in pollination ecology by Mayer et al. (2011)).

In contemporary applications of palynology, a key function that pollen can play is in
understanding the provenance or source location of items. In aerobiology this may be
understanding the composition and density of airborne biological particulate matter, their
routes in air currents and receptors (including human nasal cavities). As climate change
alters pollen distribution, predictive modelling to forecast long- and short-term changes in
pollen concentrations is essential (Burge 2002). In studies of honey (melissopalynology), the
analysis of pollen loads on bees and the pollen content of honey is of value to apiarists and

the food industry alike (Jones and Bryant 1992; Sniderman et al. 2018). Understanding the
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plants and habitats that honeybees visit is also critical in the challenge to protect and
conserve key foraging areas (Jones and Bryant 2014). Moreover, in commercial honey
production, the use of palynology in the provenance of honey has become important in the
verification of source location. Sawyer (1985) describes an incident whereby a honey vendor
was found guilty of misrepresenting European honey as ‘Yorkshire Clover Honey’ on the
basis of the discovery of pollen from species rarely found in Yorkshire contained within the
honey; Bryant and Mildenhall (1998) also describe a similar case from the USA where honey

was sold for higher value than its true worth.

It is not just the spatial foraging patterns of bees that modern pollen studies can be used
for. Geolocating animals and tracking their movement can be important in answering
invasion ecology questions or studying species dispersal and migration. This can be
especially valuable for species that are too small or light for GPS trackers to be fitted. For
example, Hendrix and Showers (1992) track the long-range movement and food plants used
by two species of moths, while Wood et al. (2014, in this thesis) uses pollen on the bills of
small warblers to indicate the importance of stopover points on migratory routes. In other
novel approaches, Jones (2012) uses pollen to identify the origin of an infestation of weevils
in the USA, and Bjune (2000) show temporal and spatial variation in the diet and grazing
behaviour of reindeer (Rangifer tarandus platyrhynchus). These few (and very specific)

examples from the literature suggests that this is an under-utilized area in palynology.

Using pollen to provenance items is also used in forensic palynology. Forensic palynology
has been used as a law enforcement tool since the 1950s; use was limited at first but
increased through the latter part of the 20t Century and into the 215t Century (Bryant et al.
1990; Mildenhall 1990, 2006; Szibor et al. 1998; Horrocks and Walsh 2001; Mildenhall et al.
2006; Riding et al. 2007). The approach is used in many different areas of the world, with
cases reported from as far afield as Nigeria (Walter et al. 2019), Spain (Ochando et al. 2018),
New Zealand (Mildenhall 1990), India (More and Bera 2015) as well as the UK (for example,
Wiltshire 2006a). However, the prevalence of use is not spatially uniform, for example
Bryant and Jones (2006) note the comparatively fewer instances of use in the USA

compared to colleagues in the UK.

Published case histories, and the PhD candidate’s own experiences, demonstrate that

forensic palynology can be used to assist in a range of situations extending from wildlife
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crimes (such as illegal fishing or badger baiting) to serious crimes such as assault and
robbery, murder and terrorism (Mildenhall et al. 2006). In all cases, the aim is to link the
pollen assemblage retrieved from key items in a forensic investigation to suspects or
interested places. An unpublished case in the UK that gives a good example of the use of
palynology in forensic settings was where a suspect was apprehended on suspicion of
murder, although no body was found. Police seized the suspect’s shoes and clothing and
they were subjected to palynological investigation. Soles and uppers of shoes and lower
cuffs of trousers (and other fabric areas if they have been in contact with the ground —e.g.
knees) can be used to create a palynological profile from areas visited. In this particular
investigation a full range of pollen and spores were isolated, indicative of several areas
visited — as you would expect on a pair of shoes worn frequently for daily use. Amongst the
array of pollen, were Sphagnum and Polypodium spores, and pollen from Tsuga and Betula,
and this assemblage was indicative of the edge of a forestry plantation. The police used this
information to narrow the search for the missing body, which was indeed found in one of

the few areas of Forestry Commission plantations in the area.

2.2.3 Taphonomic considerations in modern pollen studies

The utility of pollen in forensic cases can assist in: (1) relating suspects to a pertinent place;
(2) relating suspects to objects and drugs; (3) prove or disprove alibis; (4) help locate missing
items or bodies, or determine the routes items or people have taken (Mildenhall et al. 2006;
Monckton-Smith et al. 2013; Wiltshire 2016). The discipline relies strongly on comparator
samples, rather than vegetation surveys from surrounding areas, as there are known
disconnects between vegetation and pollen rain (Quamar et al. 2021). In addition to the
challenge of reading mixed pollen profiles from multiple areas, forensic palynology is also
confronted by similar taphonomic issues raised in traditional palynology, although
taphonomic considerations seem amplified in this challenging field. Wiltshire (2006a)
describes some taphonomic considerations and emphasises them with case study examples.

Figure 2.4 highlights the main considerations unique to forensic palynology.
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Resolved with careful comparator and
exhibit sampling

| |
[ | [ |
Pollen production Dispersal and retention

Time of year ]
Historic plantings — potential for fossil POLLANDCAL (Gaillard et al. 2008)

pollen in soil Differential retention on fabrics/hair/skin

More research is needed in these areas

Sexual maturity of plants

Potential for rapid and variable
Potential for layering effect — devise \ degeneration between pollen types

Pollen persistence/preservation
Sampling of exhibits

method to retrieve most recent layer

Evaluate each case separately \ Timely comparator sampling —pollen can
be lost within weeks

Figure 2.4 A summary of important taphonomic considerations unique within forensic
palynology (Author’s own).

Given the importance of correctly attesting pollen results in courts of law, it is incredibly
important that these taphonomic variables are given priority in research. Webb et al. (2018)
(in this thesis) was the first to document retention of pollen on different fabric weaves
(before and after washing), and how this can alter interpretations of results. Hunt and
Morawska (2020) continued this theme of understanding pollen retention and reports
pollen remaining on hands after standard washing techniques. In forensic cases where a
suspect attempts to hide their illicit journey, it is vital to understand how washing impacts
the pollen assemblage. It also lends questions to cleanliness and contamination on hands in
forensic laboratories. Without further research into areas identified in Figure 2.4,

palynological expert witnesses in courts could be easily challenged.

The utility of palynology in contemporary science is vast, and only recently has the
significance of the potential been realised. Recent advances in concepts and methods across
ecology and forensic science has elevated a traditionally palaeoecological discipline to a

higher importance. This is owing to palynology often being the only source of baseline data
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of past ecosystem composition which is essential to inform restoration management.
Likewise, palynology can also be the only line of evidence in forensics or provenance

studies, further highlighting the importance of the discipline.

2.3 Objective of this thesis

In this thesis, | will demonstrate my ability as an effective researcher by presenting a
synthesis of ten papers and book chapters in modern and fossil palynological studies. Nine
of these papers/chapters are published in peer-reviewed journals and books, and one is in
review (see Table 1.1). These papers fill gaps in the previous literature and attempt to
answer questions within the field which advance knowledge and support practitioners (in

ecology and forensic science).

The thesis is structured so that Chapter 1 has given an introduction to my academic journey
and how the papers within the thesis have arisen, while Chapter 2 (this chapter) has
introduced the overall topic of palynology covering uses, history, methods, challenges and
opportunities. Moving forward, Chapter 3 presents two papers that document local-scale
single site vegetation reconstructions from fossil pollen assemblages, while Chapter 4 moves
from single site reconstructions into multi-site regional and continental scale data analysis
of known climate perturbations. The thesis then shifts from presenting papers covering
traditional palaeoecology to considering modern pollen in contemporary contexts. In
Chapter 5, three papers are presented that use palaeoecological approaches to inform
contemporary ecological practice and test ecological theory. Finally, Chapter 6 is focused on
the utility of pollen to understand provenance or movement, with two papers considering

forensic contexts and one paper using similar skills to trace movement of birds on migration.
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3. Single-site vegetation reconstructions: informing archaeological research and
local vegetation management

This chapter introduces two short papers linked by topic, location and publishing journal

and discusses their importance, impact, and implications:

Webb, J.C. McCarroll, J. Carpenter, W.S. Chambers, F.M. Toms, P. and Wood, M. J. (2017)
Apparent lack of woodland and abundance of woodland indicator species: the role of
humans, birds and rabbits on the changing vegetation of Skomer Island, Wales.

Archaeology in Wales, 56, 90-99.

Webb, J.C. McCarroll, J. and Morrow, D. (2022a) Palynological contributions towards the

Archaeology of Skokholm Island, south west Wales. Archaeology in Wales, 60, 45 — 48.

The islands of Skomer and Skokholm sit off the west coast of Pembrokeshire, Wales (Figure
3.1). Their maritime climate and location mean that they were not affected by the ice
advances of the Last Glacial Maximum (Clark et al. 2018). Sediments have potentially
accumulated on the islands for many thousands of years and contain preserved pollen
documenting a vegetation history that is key to solving unanswered questions on the

baseline vegetation and archaeology of the Islands.

Skomer

Island
o)

Pembrokeshire

Skokholm
Island

Figure 3.1 Location of Skomer and Skokholm islands in relation to the mainland and the UK
setting.
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Both islands have a documented history of inhabitation by humans from the 14t Century
onwards, but Driver (2007) and The Wildlife Trust of South and West Wales (2021) have
documented archaeological finds on the islands that push further back in time. For example,
a Late Mesolithic tool was found on Skomer and dated to between 6000 — 9000 years ago,
and pottery from 3700 years ago was discovered recently on Skokholm Island (The Wildlife
Trust of South and West Wales (2021)). This pottery was the first archaeological find on
Skokholm, and the island has not been subject to any archaeological research to date. By
contrast Skomer has been the subject of several archaeological digs along lynchets, cairns,
huts and field margins (Evans 1990; Barker et al. 2015) and the artefacts from these are
mainly stored in the Island’s library. Both Skokholm and Skomer have prehistoric field

systems evident from airborne laser scanning (Driver 2007).

Although early archaeological investigations on Skomer (Evans 1990) were successful, it was
considered that the soils were not acidic enough to preserve pollen. However, there was no
attempt to test that assumption and personal communications with Judy Webb (co-author
of Moore et al (1991)) in the mid-2000s suggested that, based on her own unpublished
preliminary investigation on the vegetation history of Skomer, fossil pollen was not only

present but actually reasonably well preserved.

As the role of an archaeologist is to reconstruct and explain the prehistoric context of their
archaeological site, it is natural that reconstructing the former vegetation via pollen analysis
is important. While many of the principles of pollen analysis remain the same as for any
fossil pollen investigation, there are a number of differences to be aware of: (1) the
preservation of pollen in archaeological settings, such as excavations into soil, can be very
poor (in contrast ditches and moats tend to be anaerobic from waterlogged conditions, so
preservation is reasonable); (2) extraction of pollen from archaeological artefacts (such as
pottery) uses similar techniques to those used in forensic palynology; and (3) the questions
archaeologists are keen to answer are likely to relate to human occupation altering

vegetation through agricultural practices rather than natural vegetation communities.

In the two studies presented in this chapter, simple adaptations were made to standard

palynological processing techniques listed in Chambers et al. (2010) and Moore et al. (1991)
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—see Table 2.1, to guard against deterioration of pollen grains during the chemical
extraction phase. Time spent washing and heating in sodium hydroxide (to remove humic
acids) was also reduced (this was also sensible given that the soils were not heavily
humified) and agitation was kept to a minimum. Pollen preservation was found to be good,
with little degradation to the exine, but it is, of course, impossible to assess if any vulnerable
grains were lost without evidence. Both papers provide insights into the vegetation that
benefited the ongoing archaeological investigations on Skomer (Webb et al., 2017) and
Skokholm (Webb et al., 2022). Cerealia — type and other indicators of human cultivation
(especially arable weeds) were found on both islands in two periods of cultivation,
indicating arable farming (and by association, ploughing) was taking place in the late Bronze

Age (3000 years ago) and again in the 14t and 15 Centuries.

Palynological profiles for Skomer Island (Webb et al. 2017) were valued highly by
archaeological teams working on the island, and led to the University of Gloucestershire
being invited to become stakeholders in the cross-disciplinary EU-funded CHERISH (Climate,
Heritage and Environments of Reefs, Islands, and Headlands) project. In addition to the
CHERISH project, the work completed on Skomer has been included in public lectures by the
Royal Commission on the Ancient and Historic Monuments of Wales (RCAHMW) (Christmas
Lecture 2016) and subsequent work leading on from Webb et al. (2017) has been published
alongside the RCAHMW team (Barker et al. 2015).

Not only do these two papers form contributions towards understanding the archaeology of
the islands, they also provide a prehistoric baseline of vegetation for future management
decisions. Mike Alexander and Thomas Faulkner (both long-term volunteers on Skomer who
are charged with reporting on the vegetation) work tirelessly to undertake annual
vegetation surveys. These surveys are considered regularly and inform Island vegetation
management plans. While the taxonomic resolution is not the same with the reconstructed
vegetation from fossil pollen, it certainly offers insight into broad vegetation communities.
In particular for Skomer, the results confirm that no woodland has been present on the
island for over 2,800 years. As such, proposals to manage (cull) the rabbit populations and
return the vegetation to previous woodlands, are not supported by the palaeoecological

data.
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The mystery of the missing Mesolithic woodland does, however, continue. Since Leach
noted the submerged forest in 1918 off the Pembrokeshire coast (Leach 1918), it has not
been studied (there are no scientific publications on the topic, although the submerged
forest receives press attention after heavy storms reveal more fossil stumps). Curiosity into
the ancient submerged forest led the initial inspiration for work on Skomer (Webb et al.
2017), as the submerged forest can be seen at low tide at Newgale (Newgale is itself close
enough to be visible from Skomer on clear days). It is also notable that the origin of the
names ‘Skomer’ and ‘Skokholm’ are Norse and mean ‘pole’ or ‘wooded’ isle.
Disappointingly, erosion on both Skomer and Skokholm have both created a hiatus in
sediment (and pollen) accumulation in the Mesolithic and the evidence of a widespread
forest that could have covered the islands and the land bridge between the islands and the
mainland is unfortunately missing. Future work to investigate and extend knowledge of the
submerged forest and the cause of the demise of the woodland would be beneficial to the
palaeoecological community. Understanding the vegetation response to the rising sea level
would be of interest, as would human and vegetation interactions around that critical time.
Other islands (Grassholm, Gateholm or Ramsay) on the Pembrokeshire peninsula may yield
suitable locations for coring and pollen preservation, as might the slacks behind Marloes

Sands on the mainland.

Projects involving single site and/or single proxy reconstructions, such as these presented
here, are often now rejected by funders and journals as the feeling can be that they do not
bring anything new to the discipline. However, while such studies are not able to answer
some of the broader questions within palaeoecology, they are useful in answering specific
questions raised about particular sites, and showcase how palynological research is useful
within archaeology. Seddon et al.’s (2014) paper identifying 50 priority research questions in
palaeoecology highlights the need for further clarification on the human-environment
interactions in the late Quaternary (question 2). While this question can be answered more
broadly in multi-proxy studies, there remains value in these smaller single-site studies,
especially when the environments are unique, complex, or there is an archaeological

context.
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APPARENT LACK OF WOODLAND AND RELATIVE ABUNDANCE
OF WOODLAND INDICATOR SPECIES: THE ROLE OF HUMANS,
BIRDS AND RABBITS IN THE CHANGING VEGETATION OF SKOMER
ISLAND, WALES

Julia C Webb, Julia McCarroll, William Carpenter, Frank M Chambers, Phillip S

Toms, and Matt | Wood'

10 date, the interactions between small mammals, birds and humans have not been explored in a small island
environment which is under strong environmental pressure in its exposed maritime position. Skomer is a small
island off the coast of south-west Wales; its present vegetation includes a range of grasses, sedges and herbaceous
species, and a notable lack of trees. A shallow (460 mm) soil core spanning c.14 ka was retrieved from the
South Valley on the Island. Interpretation of the lithology suggests that sediment accumulation rates are slow,
and vegetation takes a long time to establish, probably due to thin soils and high rates of erosion. The vegetation
inferred from the pollen record is dominated by grasses and herbs, similar to the present day, with periods of
greater influence of Ericaceae. There is no evidence for woodland throughout the vegetation record preserved in
the soil of the island, although 74 woodland indicator species are currently present. Woodland is likely to have
been present during the early Holocene, but has been absent for at least 2800 years. Skomer Island provides an
example of the persistence of woodland indicator species in the absence of woodland. The authors suggest that
Preridium provides the surrogate protection from grazing and competition from grasses to allow bluebells and
other woodland indicator species to thrive. Birds, humans and small mammals have influenced the vegetation
through forest clearance, and then by restricting re-growth through grazing, burrowing disturbance and an altered

nutrient load from associated animal faeces.

Introduction

Globally, there is a clear record of a range of anthropogenic
influences on the environment on both small and large
scales (Auffret, 2014; Azuara et al, 2015; Rose et al, 2016):
for example, Holocene changes in vegetation brought about
by actions of human clearance of woodland to farm, to build
dwellings and for industrial use (Tallis & McGuire, 1972;
Karlioglu, 2016; Robinson, 2014) are well documented.
Current farming and grazing pressures in many areas of
Europe prevent cleared areas from becoming re-wooded
(Edwards et al, 1989; Hope ¢t al, 1996; Kuiters & Slim,
2002; 2003); in most instances these areas are grazed by
large ruminants (predominantly sheep and cattle), but there
is some evidence that smaller mammals can also prevent
mature woodland becoming established at the expected
rate of natural succession (Sumption & Flowerdew,
1985; Gill, 1992). Separating anthropogenic effects from
climatic impacts is a challenging issue, more so when the
environment is in a fragile location such as a dry steep
slope; an area of extreme temperature; or exposed maritime
position, which are all highly responsive to minor changes
in climate. The interactions between small mammals, birds
and humans have not been explored to date in a small island
environment that by its nature is under more environmental
pressure in its exposed maritime position.

' Centre for Environmental Change and Quaternary

Research, School of Natural and Social Sciences,
University of Gloucestershire, GL50 4AZ, UK.
Corresponding author: Email: jwebb@glos.ac.uk

Skomer Island is a small (2.92 km?) island off the
Pembrokeshire coast in South West Wales, UK (SM 7242
0990). It is designated as a Site of Special Scientific Interest
(SSSI), National Nature Reserve and a Special Protection
Area owing to the bird life, and a Scheduled Ancient
Monument owing to the archaeological remains and relict
agricultural landscape in the centre of the island. The
archaeology of the island is of interest (Grimes, 1950; Evans,
1986 and 1990; Barker ¢t a/, 2012; Scanning Skomer, 2012)
with current theories suggesting the island has been visited
by humans for 35,000 years (evidenced by flint tools) and
occupied by settlers since around 5000 years ago (3000 years
BC) (Evans, 1986; Roden ez 2/, 2011). Remains of huts,
field boundaries and cairns (possibly burial cairns) can be
identified as evidence of human occupation (Driver, 2007).

Evans (1986) and Driver (2007) suggest the natural
vegetation of the island consisted of low shrub oak (Quercus),
similar to the present-day coastal wooded areas on the nearby
mainland, with inclusions of elm (Ulmus), birch (Betula)
and hazel (Corylus), with willow (Salix) and alder (A/nus) in
the wetter areas and valleys of the island. It is hypothesised
that the natural vegetation would have been altered by the
initial settlers as the native woodland was cleared to create
valuable grazing land (Roden ez 4/, 2011), and the thin soils
ploughed for arable use (Barker ez a/, 2012).
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The early settlers may have benefited from a mixed economy
of livestock and cereals to supplement coastal and marine
resources (Driver, 2007). Fields of barley and primitive forms
of wheat (spelt and emmer) could have been cultivated on
the visible ancient terraces (Evans, 1986).

Current vegetation does not include that associated with
arable farming, and the vegetation is not returning to native
woodland since arable farming ceased after the Second
World War. Ground conditions in many areas are unstable
owing to the activity by ground nesting birds and rabbits.
Maritime cliff communities form the predominant current
vegetation, including National Vegetation Classification
MC1 (Rodwell, 2000), which comprises rock samphire
(Crithmum maritimum), greater sea-spurrey (Spergularia
rupicola), red fescue (Festuca rubra), thrift (Armeria
maritima) with the Aster tripolium subcommunity, and
MC12, which comprises red fescue (Festuca rubra), bluebell
(Hyacinthoides non-scripta), common sorrel (Rumex acetosa)
and Yorkshire fog (Holcus lanatus) with subcommunities of
lesser celandine (Armeria maritima and Ranunculus ficaria)
(Rodwell, 2000). Large areas of red campion (Silene dioica),
wood sage (Zeucrium scorodonia) and sea campion (Silene
uniflora) are also present. The bluebell, often regarded as a
woodland field-layer plant, is prolific on Skomer, carpeting
much of the island with its distinctive flowers during
May before blankets of bracken (Preridium) dominate the

vegetation. The presence of the bluebell, wood sage and
bracken have been thought to indicate Skomer Island’s native
woodland past by Harris, (2011) and 72 other vascular
plants with a strong affinity to woodland settings are also
present. Bluebells when found in conjunction with other
forest field layer vascular plants is regarded as an ancient
woodland indicator species in the British Isles (Rose, 1999),
but in parts of western Britain bluebells are considered a
plant of open moorland (Rodwell, 2000).

The timing and length of occupation of humans on
Skomer Island remains the subject of debate and research.
Evans (1986) identifies the colonization period by humans
during the Iron Age (2800 — 1900 years BP) as very short,
perhaps only a few generations or a century at maximum.
Barker er a/ (2012), using LiDAR (Light Detection And
Ranging) optical remote sensing technology has identified
overlapping field systems and interprets these as evidence for
longer occupation. If occupation was relatively short-lived,
or seasonal, evidence for changing vegetation would be very
rapid, with perhaps only a brief period(s) when arable crops
were grown. Questions therefore arise as to why the native
woodland has not returned to the island. It is suggested by
Harris (2011) that this might be due to rabbits destroying
saplings and to harsh maritime conditions.

This study investigates the vegetation history of Skomer
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92 Archaeology in Wales 56

ﬁ z//ﬁ

Linoogy o

......
ST

&

2

13400 + Fremrere Frerrn e b by e Frm b e b
o I S SR S B R S B

T 7

55 ‘,@’s
\’

& g S
o S &
& SSEE &

&
E
Nad SIS

A T
R o O

oA
oo %

i
T
8. T )
R RRIIII RS
8
g

' T TTTTTTTITTTI
<,
5

) B

o ERNE) %

H
g
8

Figure 2. Lithography, palynology and associated dates for Skomer Island

Island with the aim to document the role of humans,
birds and small mammals on the changing vegetation. It
is intended that this study will enable future conservation
plans to acknowledge the natural vegetation history of the
island, by representing plant life in the history of Skomer.
It is also valuable to recover palacoenvironmental data from
Skomer Island to enable archaeological evidence to be placed
in its environmental context.

Methods

Site selection

The soil types of Skomer Island fall into three main categories:
stagnogley, stagnopodzol and peaty ranker (Jenkins and
Owen, 1995), all of which provide suitable conditions for
the preservation of pollen. Until now, pollen analysis has
not been successful on the island owing to poor site selection
and degradation of fossil pollen (Jenkins and Owen, 1995).
A basal topographic survey of the Island, following detailed
soil maps (Jenkins and Owen, 1995), was completed to
locate a suitable site for sampling (Figure 1) where pollen
preservation was better in anaerobic conditions. Evans
(1986) noted that the south of the Island may yield suitable
locations, although peat there is generally very thin. Coring
the soil using a Russian corer (50 mm chamber) revealed that
up to 400 mm of soil matter had accumulated at the surface,
and in places seemed to be undisturbed either by burrowing
or surface trampling by birds and rabbits. Soil erosion was
evident in several coastal areas (predominantly in the south
and west of the island), so these areas were avoided. In total
six sites (S1 to S6) were sampled and soil retrieved from five
sites for palynological (pollen) analysis (S5 was disregarded
owing to disturbance by plant rootlets). The valley in the
north of the island provided more suitable coring locations
than the rockier south, although the greatest depth of soil
was found in the south of the Island at location S4.

Field and Laboratory Practices

After extraction of the soil cores, the profile was described
using Troel-Smiths system (1955) for unconsolidated
sediments (Figure 2). This was completed in detail to
ascertain whether the soil sequences retrieved represented
an undisturbed sediment accumulation, or whether hiatuses
were present. The colour variation throughout the cores
was also noted by comparing soil samples against a Munsell

Color Chart.

In the laboratory, 10 mm cubed aliquots of soil were taken

as sub-samples throughout the core at 20 mm intervals from
surface to 240 mm then at 40 mm intervals from 280 mm
to the base. The aliquots were then exposed to standard
palynological chemical extraction techniques (Moore et al,
1991; Chambers et al, 2011), before mounting onto separate
slides. At least 500 pollen grains were identified and recorded
for each sub-sample, and all non-pollen palynomorphs
(NPPs) seen during the pollen count were also noted and
identified where possible. The pollen diagram is produced in
accordance with the format suggested in Bennett and Willis
(2001). Two bulk AMS (Accelerator Mass Spectrometry)
radiocarbon dates were obtained from depths based on the
results of the pollen analysis (no visible plant macrofossils
were available) and an optically-stimulated luminescence
date was retrieved from the basal inorganic sediments. AMS
dates from above 240 mm depth were not possible owing to
a lack of suitable material.

Results

Pollen assemblages from 17 subsamples at stated depths
are provided in Figure 2 and are zoned using CONISS (an
agglomerative cluster analysis technique which compares
the total pollen assemblage of each sample with that of
its stratigraphic neighbours). The pollen sum is displayed
alongside lithographic representation and calibrated dates
presented as calendar years before present.

Radiocarbon dates from the soil/peat deposits shown in
Figure 2 and the Age Depth model of Figure 3 [BETA
333440 - 333441] have been calibrated against the
IntCall3 Northern Hemisphere radiocarbon calibration
curve (Reimer e al, 2013), using the INTCAL13 database
(Heaton et al, 2013).

Basal sediments mainly consisted of clay (Argilla steatodes),
coarse sand (Grana suburralia) and small to medium sized
gravel particles (Grana glareosa). The top of this basal section
of sediment has been luminescence dated to 13.4 + 0.9 ka
placing it within the Lateglacial (ca. 15,000-11,500 cal
BP), an interval of rapid climatic shifts of interstadial/stadial
amplitude (Walker ez al. 2003). The date and inorganic
nature of the sediments suggest they were deposited during
a cold stage and the shallow depth of these clays and
gravel indicate either very low accumulation rates, or that
erosional processes may have occurred following deposition.
The sediments over-lying the clay, sand and gravel consist
of moss peat (Turfa bryophytic) with some grass, sedge
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Figure 3. Age—depth model for Skomer Island.

and fern peat (Turfa herbacea) with herbaceous remains
(Detritus herbosus). The radiocarbon dates imply either
that the soil formation took place at some point after 13.4
ka and indicate a slow accumulation rate, or that a hiatus is
present and the early Holocene (Mesolithic) is missing as a
result of erosion.

Preservation of pollen was good, with some degradation
evident in the lower sediments; however, it did not affect
the identification process. Poaceae species were found to be
the main component and concentrations fluctuated with
heathland shrub and herbs in association throughout the
sequence. Polypodium is present at the base of the sequence
and declines as Ericaceae and Poaceae increase around
300 mm. The highest percentage of tree pollen was noted
between the depths of 240 (c.1610 years BP) and 320 mm.
Alnus, Corylus, Pinus and Salix combined accounted for
12.2 % of the assemblage at 240 mm, 21% at 280 mm and
24.7 % at 320 mm, with Corylus being the predominant
species. There was some evidence of pollen from cereal crops
at 180 — 200 mm and at 320 — 360 mm (c.2840 years BP).

NPPs presented in Figure 2 are phaeospores (dark spores) of
fungi. van Asperen (2016) demonstrated dark fungal spores
are more resistant to acetylation (owing to thick cell walls)
than clear spores and so are more likely to be represented
in pollen samples that have been subject to standard
palynological preparation techniques than clear spores.
Table 1 details the ecological preferences for these fungi.

Numbers of NPPs varied from 1 — 16 spores (per 500 pollen
grains counted) between 240 mm (1610 years BP) and the
modern surface. The absence of recorded NPPs below 240
mm may be a function of poor preservation with increasing
age of the sediment. Presence of Sporomiella is likely to
indicate a high concentration of herbivore dung in the area
at that time (Davis, 1987; David and Shafer, 2006; Baker
et al, 2013). Coprophilous fungi occur at the transition in
lithology at 180 mm and their presence continues until
60mm depth from the surface. Wet and stagnant water
indicator spores are present throughout the near-surface
sediments.
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Morphotype Taxamonic Indicator value Reference
group
Cercophora Ascomycota Coprophilous fungi van Geel et 2/ (2011)
(Order:
Sordariales)
Kretzchmaria Ascomycota Plant pathogen Cannon et al (1985); Rogers &
deusta decaying trunk and Ju (1998)
(Ustulina roots of broadleaved
deustra) living trees (particularly
Fagus, Quercus, Tilia
and Acer) “Brittle
Cinder”
Cannon et al (1985)
reports particularly
common on Fagus in
British Isles.
Meliola ellisii Meliolaceae Associated with Calluna | van Geel ez a/ (2006)
and Vaccinium
Mougeotia Zygnematacae Freshwater algae: John ez 2l (2002)
typically found in
stagnant water,
although some occupy
moving water habitats.
Neurospora and | Ascomycota Cosmopolitan Garcia ez al (2004);
gelasinospora (Neurospora crassa van Geel and Aptroot (2000)
could be an indicator
of local fires)
Spirogyra Zygnematacae Filamentous green alga | John ez / (2002)
(inc. blanket weed)
Spore type 10 Unknown Ecological preferences
not known
Spore type 12 Unknown Ecological preferences
not known
Sporormiella Ascomycota Coprophilous fungi. Davis (1987); David and Shafer
Associated with (20006)
herbivore dung

Table 1. Ecological preferences of non-pollen palynomorphs counted in acetylated pollen slides on Skomer

Island.

Discussion

This project has enabled a vegetation record to be established
dating back longer than any historical record for the
Pembrokeshire islands.

Skomer Island since the Ice Ages

Skomer and areas of the current south-west Wales coastline
are likely to have escaped glaciation during the Last Glacial
Maximum around 20,000 years ago (Lowe and Walker,
1997); periglacial conditions would have been widespread
in this cold, windy environment (Bromwich, 1989). Owing
to the mass of water held as ice on land, sea levels would have
been much lower than today, and Skomer and surrounding
areas would have been connected to the mainland UK via

land bridges. Models of ocean bathymetry, isostatic rebound
and postglacial sea level rise (Evans, 1986, Bell, 2007,
UKHO, 2011) predict that the Pembrokeshire islands
remained connected until the mid-Holocene when the depth
of the basin in Jack Sound would have caused Skomer to be
cut off from the mainland (Evans 1986). This geographic
separation divided the landscape, and lead to the evolution
of the endemic sub-species of Skomer Vole (Clethrionomys
glareolus skomerensis) (Adler and Levins, 1994). The work
here documents sedimentation from 13,400 years ago, long
after ice retreated from the Welsh mainland, but before the
islands were cut off from the mainland.
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Presence of woodland

Evidence indicative of woodland communities during the
Holocene was not found in the soil profile, as no individual
tree taxon accounted for more than 4.6 % of the total pollen
assemblage. Corylus was found in significant (25%) number,
but is likely to be growing as part of the shrub community
rather than arboreal. The significance of the presence of a
species varies based on the production and dispersal of
pollen for that species. For example, 5 % Salix pollen in a
sample would suggest a more substantial presence than 5 %
Pinus pollen (Faegri and Iverson, 1989; Peeters and Totland,
1999) due to the buoyancy and associated travel distances
allied with Pinus. At such low concentrations it is likely that
arboreal pollen taxa derive from woodland on the mainland.
Prevailing wind conditions on Skomer are from the south-
west, and usually strong, which would usually blow mainland
pollen away from the island. However, during spring, winds
can be from the north east, which corresponds to the peak
period of pollination of the majority of woodland trees
(NPARU, 2012). These winds could disperse small amounts
of mainland tree pollen towards Skomer Island, accounting
for the findings of this study without requiring local tree
cover.

Bluebell as an indicator species

Pollen grains from the bluebell were identified in the
soil cores, but few near the core surface. Bluebells are
entomophilous, producing pollen to be dispersed by insects.
Species that rely on insects as distributors for reproduction do
not produce as much pollen as those that are anemophilous
(wind pollinators). The fossilised pollen in soil cores reflects
this and species with entomophilous pollen are under-
represented in the record. Analyses of results need to treat
these abundance data with care as absence of pollen does
not necessarily indicate an absence of the associated species.
Faegri and Iversen (1989) and Birks and Line (1992) suggest
the use of calculations to compensate for the variation in
pollen productivity. Applying this calculation has not been
performed in the case presented here; however, because
of the present species abundance on the island coupled
with low contemporary pollen record, the bluebell pollen
noted in the cores can be given a greater weighting within
interpretation.

Pollen of bluebell (Hyacinthoides non-scripta; Endymion
non-scripta; syn. Endymion non-scriptus; Scilla non-scripta)
has rarely been recorded in sediments in northwest Europe,
although it was recorded from horizons dating from the
Bronze Age at the stone-circle site of Cefn Gwernffrwd,
Mid-Wales (Chambers , 1983), at a time when woodland
was apparently cleared, possibly for agriculture. Despite
the perception that the presence of bluebell indicates the
former presence of woodland in the history of the island
(Evans 1986; Rose, 1999; Harris, 2011), another scenario
is that bluebells became established on Skomer Island as
a maritime cliff community (Rodwell, 2000). The current
canopy of heather, Prerdium and similar species act as
surrogate tree cover enabling the bluebells to thrive as they
do now on the cliff-top vegetation of Pembrokeshire in the

absence of woodland. UK distribution maps document
bluebells becoming more widespread in the west of the UK,
occupying non-woodland locations such as grassland, heath,
scrub, hedge banks and sea cliffs (Preston, ez al, 2002).
Blackman and Rutter (1950) describe moist soil in spring
with good drainage and low mineral status for the successful
growth of bluebell, as present on Skomer. Malloch (1971)
describes the cliff-top communities of the Lizard and
Land’s End Peninsulas (Cornwall, UK) and documents
bluebells present in areas of high organic contents, again
similar to the conditions on Skomer. At 360 and 400 mm
depth in this sequence bluebell pollen appears to be more
abundant, indicating perhaps a greater presence of the
species blanketing the island than today. Little research has
been completed on the nature of competition in bluebell
stands since Blackman and Rutter’s work in the late 1940s
(Blackman and Rutter, 1950). Their work documents the
effect of grassland management and grass species on the
bluebell vigour. They conclude that the addition of nitrogen
decreased bluebell growth when the grass was not cut, but
conversely when the grass was cut and nitrogen added the
bluebells appeared to respond positively. These results could
explain the pattern of increased bluebell occurrence before
2800 years ago on Skomer Island, where the introduced
livestock kept the grasses short, but provided the nitrogen in
faeces to produce the boom in bluebell population.

Potential for coppice management

A plausible scenario for the presence of bluebells in the
absence of woodland is the practice of hazel coppice by early
inhabitants. Waller ez 2/ (2012) state that bluebell is a species
characteristic of growing in coppiced woodland areas. The
practice of coppicing has existed from the Mesolithic period
onwards, and was commonly used to manage Corylus
(hazel) and Alnus (alder). This implies that inhabitants may
have been present alongside regularly cut woodland and
is consistent with the data, which show that Corylus and
Alnus comprise 82% of the tree pollen found. Low overall
levels of pollen may be explained by regular coppicing not
allowing the coppice stems to reach maturity before cutting
(a coppice interval of 5 years would produce poles, but it is
unlikely that the regrowth would flower (Embling, 2014;
pers comm). Waller also states that bluebell is heavily under-
represented in the modern pollen record, which would also
explain the paucity of modern bluebell pollen on the island.

Other indicators of woodland

Neighbouring Skokholm island (a few kilometres to the
south) carries a Norse name, thought to translate as ‘wooded’
or ‘pole’ island (Morgan, 1887; Goodman and Gillham,
1954 p.300), perhaps indicating the management of hazel
coppice in prehistory. Archaeological evidence also supports
the coppicing scenario on Skomer Island, where field
boundaries in Wick Valley indicate an unenclosed seaward
area, which may have been reserved for coppiced woodland
(Barker et al, 2012) to grow the building materials essential
for the construction of roundhouse roofs.

Current vegetation surveys of the island demonstrate that
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species which have a strong aflinity with woodland settings
thrive on Skomer Island. 74 woodland indicator species
are present on the island (species from ancient woodland
indicator lists provided by Peterken (1974), The Woodland
Trust (2007), Durham County Council (2008) and Glaves
(2009)), a significant number given the lack of current
arboreal vegetation. Historic evidence of many woodland
ground flora genera cannot be identified owing to the
difficulties in separating species during fossilised pollen
identification, but considering woodland is likely to have
existed during the early Holocene, and indicator species are
currently present, it seems reasonable to assume that these
indicator species have been persistent since the demise of
the woodland.

Pteridium is thought to be a woodland genus, as it was
originally described as a component of open forest (Huntley
and Birks, 1985; Marrs and Watt, 2006). However, it
occurs in many different plant communities, including
open grassland, heath and maritime habitats (Marrs
and Watt, 2006). The presence of Pteridium on Skomer
cannot therefore be used as an indicator for the presence
of prehistoric woodland on the island. The pollen diagram
is devoid of Preridium spores throughout the sequence
suggesting a recent expansion of Preridium to its current
local dominance. Marrs and Watt (2006) show that across
the British Isles Prerdium abundance increases with recent
land management changes, which suggests that the area
has experienced significant anthropogenic interference.
Pterdium does provide a symbiotic partnership to woodland
indicator species, particularly bluebell, enabling survival by
providing late spring shade and protection from overgrazing
(Blackman and Rutter, 1950). This does, however, leave
a question as to what was providing the surrogate canopy
before the recent Preridium expansion.

Direct and indirect influence of humans on vegetation

A conspicuous detail in the sediment sequence on Skomer
Island is the slow accumulation or hiatus of sediment
spanning the Mesolithic period. Subsequently, Neolithic
evidence of humans is apparent with evidence for
construction of dwellings (Driver, 2007; Barker ez 2/, 2012)
and introduction of farming. These interventions may have
caused an imbalance in Skomer’s fragile maritime landscape
and potentially led to soil erosion creating a hiatus in the
sediment sequence.

The alternating fluctuations of heath to grasses can be
attributed to a number of factors. Environmental changes
such as increased grazing pressures and burning are thought
to benefit certain grass species at the expense of heathland
species (Yeloff ez 2/ 2006; Ramchunder et al 2009). Ericaceae
seems to be replaced by Poaceae at 40 mm depth which may
be attributed to increased grazing pressures from rabbits
and previously from sheep and goats on Skomer Island. The
synchronous decrease in Ericaceae and rise in Poaceae at 180
mm depth could be attributed to wildfire or anthropogenic
burning. Current conservation management plans for
Skomer’s vegetation consider that the shrinkage of heathland

and expansion of grassland in recent decades may be due
to increased soil nitrogen input from the increasing seabird
populations (from their droppings and predated remains)
(Alexander, 2014), the primary feature for Skomer’s many
designations as a nature reserve. The people of the St Kilda
archipelago (Outer Hebrides, Scotland) harvested seabirds
for food on the inhabited island of Hirta and neighbouring
islands, and it is difficult to imagine that Skomer’s residents
or visitors did not do the same on Skomer, currently home
to an estimated 300,000 pairs of Manx shearwaters Puffinus
puffinus (Perrins et al, 2012) and 20,000 Adlantic Puflins
Fratercula arctica that nest in accessible burrows. As seabird
populations were reduced by human exploitation, nitrogen
input would have decreased, perhaps promoting the spread
of heathland as soils became more nutrient poor. If the
human population abandoned the island once seabirds
were over-exploited, or soils became too poor for crops, the
situation would have been reversed as seabird populations
recovered and grassland returned, rendering the island
suitable for the next human colonisation.

The decline of Polypodium after 320 mm depth (c. 2840 cal.
BP) could be related to a change in moisture conditions on
the island, as the true ferns prefer sites of thin rocky soils
in moist to mesic conditions and are much less common
in drier areas (Clapham, 1962). An ageing population of
Polypodium with a high population density and low light
intensity causing a decrease in germination could also explain
the decline (Smith and Robinson, 1975); however, with
Polypodium only making up 25% of the total assemblage,
the more likely explanation would be that conditions
became too dry.

The species represented in a pollen assemblage are those
whose plants have reached the flowering stage, and can be
an incomplete view of the plant spectrum that existed in the
past. This is particularly so where humans have been present
and may have cut plants before they reached the flowering
stage, resulting in an absence of pollen grains for species
that may have lived alongside the island’s earlier inhabitants
(Faegri and Iversen, 1989). This is not the case for arable
cereals. Although cereal pollen can be sparse (Bower, 1992),
the pollen should be present in greater number within the
soil profile if the settlers of Skomer were using the fields
for cultivation of crops (Evans, 1986). The absence of this
evidence suggests that cereals did not form a significant
portion of Skomer islander’s crops, and that the stems of the
cereals were not used as thatching for dwellings. However,
bearing in mind the possibility of short-lived human
occupation, the resolution of the pollen study (20 mm
intervals) could have overlooked the presence of cereals.

Evidence of grazing

Areas of modern-day high grazing intensity (Davis, 1987;
David and Shafer, 2006; van Asperen et al, 2016) report
coprophilous fungi in similar concentrations to those seen
in the section 60 — 180 mm on Skomer Island. It is unlikely
that these fungi are an indicator of small mammal grazing
presence, because van Asperen notes in her modern-day
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experiments (van Asperen, 2016) that dry dung does not give
rise to fungal growth to produce spores. It is hypothesised
therefore that the small size of rabbit faeces would dry
rapidly and not yield fungal spores. van Asperen (2016) also
notes a seasonal variation in coprophilous spore production
whereby fungal growth is limited in very wet (winter) and
very dry (summer) conditions. On this basis, coprophilous
spore presence in Skomer sediments can be interpreted as
evidence for introduced large herbivore grazing.

Conclusion

Separating anthropogenic effects from climatic responses
and small mammal impacts has been challenged on
Skomer Island in a project that has enabled an ecological
record spanning longer than any historical record for the
Pembrokeshire islands to be established. Reconstruction
of the vegetation history did not reveal that extensive
woodland existed on the island in the last 2800 years,
although regional evidence suggests woodland was present
in the early Holocene. Instead broad fluctuations in shrubs
and heathland species dominate the vegetation history
sequence, and woodland field layer vascular species have
been persistent on the island without the assumed woodland
canopy. Bluebell continue to be a feature of the island in late
spring, supported by suitable soil conditions and favourable
conditions bought about by grazing from large herbivores;
however, their present-day abundance may in part be a
consequence of grazing pressure by naturalised rabbits
on other plant species. Human occupation of the island
has provided both direct and indirect influences on the
environment, by altering the vegetation through farming,
grazing and potentially causing extensive soil erosion; and
exploiting the seabird populations, possibly changing the
nutrient status of the thin soils.
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PALYNOLOGICAL CONTRIBUTIONS TOWARDS THE
ARCHAEOLOGY OF SKOKHOLM ISLAND, SOUTH WEST WALES

Julia Webb!, Julia Mccarroll and Darrien Morrow

Site details

Skokholm (SM 736 048, 51°41' N, 05° 17" W, 40m asl) is a
small island (1.05km?) off the Pembrokeshire coast in south
west Wales, U.K. “Skokholm” is a Norse name, thought to
translate as ‘wooded’ or ‘pole’ island (Morgan 1887), and
perhaps indicating the early management of hazel coppice
on the island in prehistory. Along with neighbouring
islands, Skokholm is designated as a Site of Special Scientific
Interest (SSSI) and a Special Protection Area owing to its
importance as a seabird breeding ground, and a Marine
Reserve (Thompson 2007).

The region is characterised with a temperate maritime
climate of cool summers and mild winters. The average
annual rainfall is 929 mm. The rather flat topography is
underlain by Devonian Old Red Sandstone on top of which
up to 1300 mm of brown earth soil has developed. There are
three wet areas on the island, East Bog (51° 41' 52.4" N 05°
16' 22.9" W), South Pond (51° 41' 49.9" N, 05° 17' 09.1"
W) and North Pond (51°42' 00.5" N, 05° 16" 41.9" W).

The vegetation communities of the island are thought

to be fairly unique (Thompson 2007) and comprise: sub-
maritime grasslands and wet heath, with notable inclusions

of eagle fern (Preridium aquilinum), bluebell (Hyacinthoides
non-scripta), common sorrel (Rumex acetosa), and Yorkshire
Fog (Holcus lanatus) with the sub-communities of sea
thrift (Armeria maritima), lesser celandine (Ranunculus
ficaria) and sea campion (Silene maritima). The dominant
suppressant for maintaining the vegetation is the intense
grazing pressure from rabbits (Oryctolagus cuniculus) and the
manuring and trampling by seabirds.

Neighbouring islands are well-known for their rich
archaeological history (Webb ez a/ 2017). Skokholm, in
contrast, until recently (The Wildlife Trust of South and
West Wales 2021) is thought to be relatively uninhabited
until more modern times, where documented evidence
notes the island was a rabbit farm in the 14th and 15th
centuries (Thompson 2007). Given the interrupted history
of neighbouring Skomer Island (Webb ez 2/ 2017),
Skokholm’s vegetation history has been explored in this
paper with the aim to extend the sequence back further into
the Holocene and to answer questions relating to recent
early archaeological finds (The Wildlife Trust of South and
West Wales 2021) and the Mesolithic decline of woodland
in the area.
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Figure 1: Skokholm Island with three areas located as possible sampling options. North Pond was selected as the most suitable location.
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Methods

Site selection

The soil type of Skokholm Island is a uniform brown earth,
meaning the soil type across the island does not change,
except for topographically led variation where peaty soil
develops. Until now, pollen analysis has not been attempted
on the island. A basal topographic survey of the island
located suitable sites for sampling (Figure 1) where pollen
preservation was likely in anaerobic conditions. Coring the
sediment using a Russian corer (50 mm chamber) revealed
that up to 680 mm of accessible sediment had accumulated
at the surface, and in places seemed to be undisturbed either
by burrowing or surface trampling by birds and rabbits.
North Pond was selected for detailed palynological analysis
owing to its undisturbed nature

Field and Laboratory Practices

After extraction of the soil core, the profile was described
using Troel-Smith’s system (1955) for unconsolidated
sediments. This was completed in detail to ascertain whether
the soil sequences retrieved represented an undisturbed
sediment accumulation, or whether hiatuses were present.
The colour variation throughout the cores was also noted
by comparing soil samples against a Munsell Colour Chart.

In the laboratory, 10 mm cubed aliquots of soil were taken
as sub-samples throughout the core at 20 mm intervals
from surface to the base. The aliquots were then exposed
to standard palynological chemical extraction techniques
(Moore et al 1991; Chambers et 2/ 2011), without exotics,
before mounting onto separate slides. A minimum of 500
pollen grains were identified in each sample between 0 —
480 mm depth. There was no evidence of fossilised pollen
between 500 — 680 mm. The pollen sum includes all pollen
grains, but not spores or non-pollen palynomorphs (NPPs).
Taxon frequencies were calculated as percentages of the
total terrestrial pollen sum. One AMS '"C measurement
was performed on bulk organic sediment at 240-260 mm
depth by the Beta Analytic Radiocarbon Dating Laboratory,
Florida. The "“C age was converted into calendar years BP
using the Intecal 13 database (Reimer ez a/ 2013) [Beta—
444232: North Pond 240-260 mm 320 +30 BP (cal AD
1470 to 1650; cal BP 480-300)].

Sediment description

A short (680 mm) sediment core was retrieved from the
deepest section of North Pond using a narrow-gauge Russian
corer. The lithostratigraphic units are the following (Colours

coded to Munsell Soil Colour Chart):

0-250 mm Very dark brown organic material, poorly

decomposed 2.5Y 2.5/1 (black)

250-500 mm Lighter brown, gradually more clay 2.5Y 3/2
(brown)

500-530 mm Lighter brown inorganic (clay) matter 2.5Y
4/2 (dark greyish brown)

530-610 mm Lighter coloured clay 2.5YR 6/4 (light
yellowish brown)

610-650 mm Organic lake mud 2.5YR 3/3 (dark olive

brown)

650-680 mm Organic lake mud 2.5YR 4/3 (olive brown)

Interpretation

The pollen diagram (Figure 2) was divided into four Local
Pollen Assemblage Zones (LPAZ) 1-4, using total sum of
squares method via the CONISS software (Grimm 1987)

LPAZ 1 (390—480 mm) Human Cultivation Phase 1

In this zone, the pollen assemblage is dominated by grasses
and sedges (90%) with minor contributions of herbs (notably
Malvaceae and Chenopodioideae). Plantago lanceolata and
pollen of cultivated cereals (Cerealia-type) are present at low
levels, suggesting an element of human disturbance on the
island at this time. The frequency of arboreal pollen is very
low, and overall tree and shrub pollen decreases throughout
the zone.

LPAZ 2 (340-390 mm) Open Grassland

Notably in this zone the island vegetation is unusually
characterised almost solely by grasses. Minor elements of
sedges and ferns suggest an impoverished landscape of low
species diversity.

LPAZ 3 (120-340 mm) Human Cultivation Phase 2

A much richer diversity of species on the island is present
in this zone, still dominated, however, by grasses. There
is evidence of anthropogenic disturbance with a rise in
Plantago lanceolata, Taraxacum and Cerealia-type. It is likely
that this horizon corresponds to the existing rabbit farm
in the 14th and 15th Century following the radiocarbon
date (AD 1470 to 1650). Coprophilous NPPs peak in this
zone, supporting evidence of human imported herbivore
mammals on the island (David and Shafer 2006). Pollen of
Cyperaceae declines in number throughout this phase, as
Chenopodioideae pollen increases. There is a rise in pollen
of trees and shrubs at 180 mm depth, although still only
representing 8 % of the total pollen sum.

LPAZ 4 (0-120 mm) Present day

The island vegetation has remained stable since the 14th
Century regardless of human occupation on the island.
There is a range of flowering herbs, a dominance of grasses
and minor inclusions of Ericaceae, Cyperaceae and ferns,
similar to the current island vegetation community.

Conclusion

Much like neighbouring Skomer Island, no evidence of
Mesolithic woodland is present in the preserved vegetation
history on Skokholm. Instead, the vegetation reflects changes
in the more recent occupation of the island with phase
shifts between periods of greater diversity associated with
disturbance events. Vegetative evidence of early occupation
on the island by humans corroborates recent archaeological
evidence, prehistoric pottery and stone tools, reported by

The Wildlife Trust of South and West Wales.
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4. Multi-site reconstructions: national and continental advances in
understanding climate change

While Chapter 3 focussed on single-site reconstructions, this chapter features wider-scale
reconstructions. Here, two papers are presented that provide evidence of two well-
recognised palaeoclimatic events in the Holocene and, in the case of the second paper, uses

this as a palaeoecological analogue of current human-accelerated climate change.

Webb, J.C. McCarroll, J. Chambers, F.M. and Thom, T. (2022b) Evidence for the Little Ice
Age in upland north-western Europe: multiproxy climate data from three blanket mires in
northern England. The Holocene 60, 45-48

Webb, J.C. and Goodenough, A.E. (2021) Vegetation community changes in European
woodlands amid a changing climate: a palaeoecological modelling perspective.
Community Ecology 22 (3), 319-330

The Holocene is the current geological epoch, extending from around 11,700 years before
present (11.7 ka) and encompasses the modern day (Wanner et al. 2011). Following the
intensely fluctuating climate of the preceding Pleistocene epoch, the Holocene is
characterised by relatively stable climate, albeit with some fluctuations. Within this
relatively stable epoch climatically, human population grew and (unlike in any other epoch)

humans have had a dramatic impact on the vegetation and environment.

The dynamic environments within the Holocene are extensively researched (see reviews by
Lowe and Walker 2015; Roberts 2015; Wanner et al. 2008, 2011) and the climate
perturbations within are well-explored (Bond et al. 2001; Mayewski et al. 2004; Debret et al.
2007; Davis et al. 2009; Wanner et al. 2011). The two papers presented in this chapter build
on this knowledge and use two putative global climate events from within the Holocene to
explore the environmental impact of these episodes on a broad spatial scale. These events
are the Little Ice Age - a period of c. 400 years commencing around 600 years ago — studied
in Webb et al. (2022b); and the 8.2 ka event, comprising c. 300 years of cooling and
subsequent warming c. 8,200 years ago, studied in Webb and Goodenough (2021).

Not only are these papers linked by topic, they both also demonstrate the step change from

the papers presented in Chapter 3 by moving away from single-site reconstructions to using

56



data from multiple locations within a single study. For Webb et al. (2022b) the paper
provides evidence for a regional signal of vegetation change in relation to the Little Ice Age
climate perturbation across Yorkshire, while Webb and Goodenough (2021) explores change

in vegetation during the 8.2 ka event at a continental scale.

It is only in more recent years that has there been a focus on, and ability to study,
palaeoecological data from multiple sites to address regional, continental and global change
(Jones et al. 2009; Birks and Berglund, 2018; Githumbi et al. 2022). A seminal work on
vegetation change across Europe (and one of the first studies to truly consider
spatiotemporal patterns in palaeoecology) is provided by Huntley and Birks (1983). The
maps they produced are evidence of a “mammoth task” (Barber 1984), particularly so at the
time of publication when computer digitisation was in its infancy. The lack of early synthesis
between multiple palaeoecological sites may well be due to the enormous manpower

needed to collate the information.

The growth in number of outputs using spatial data (Figure 4.1) over recent years is likely
suggestive of greater sharing of data, higher computing powers, and the development of
online data repositories; for example the EPD (Fyfe et al. 2009) and Neotoma (Williams et al.
2018). As such, Giesecke et al. (2017) were able to use hundreds of sites with data held on
the EPD to map patterns of vegetation change over the last 15,000 years and Kujawa et al.
(2016) mined the Neotoma database and retrieved 127 samples to investigate changing

land cover in the American Midwest.
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Figure 4.1
Author’s own Google Scholar search result for publications using spatial data from multiple
palaeoecological sites published over the last 20 years in annual increments, using “multi-
site” and “palaeoecology” as Boolean search terms. Care needs to be taken when analysing
this Google record, as there is likely to be uncertainty in these figures, but it is useful to note

the trend.

In order to investigate regional, continental or global phenomena, and investigate the
forcing of those phenomena, the spatial resolution of studies must be compatible with the
scale of inferred impacts (Jones et al. 2009; Davies et al. 2018), i.e. multiple study sites must
span regional, or continental scales. Williams et al. (2004) successfully achieved this by
collating data from 700 sites in the USA to reconstruct the limits of former biomes across
the continent, a task that could not be completed without analysing numerous sites across a
wide spatial scale. However, this does not always happen. For example, the ACCROTELM
project (see Chapter 1) aimed to test the synchronicity of rapid climate changes across
Europe (Chambers 2006) but although the project was a collaboration of several European
universities, and the overall project utilized data from seven sites spanning Europe, only two
of the published outputs used data from multiple sites in their analyses (Charman and
Blundell 2007; Mauquoy et al. 2008). This is changing, with more recent work increasingly
using multi-site analyses. For example, Miller et al. (2008) and Seppa et al. (2009) had more

success in exploring temporal and spatial shifts in vegetation across Scandinavia using data
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from multiple sites, and other examples showcasing the use of multiple data collections can

be seen in Hultberg et al. (2015), Trondman et al. (2015) and Githumbi et al. (2022).

The potential of multi-site data to explore the role of climate, disturbance events and
disease across wide areas is considerable. Many climate models also rely on spatial data to
“test” scenarios where the outcomes are already known through previous rigorous
assessment of palaeoclimate data in a form of hindcasting (Jones et al. 2009). It is therefore
important that palaeoecologists provide data in the form of multi-proxy spatial

reconstructions to inform future climate models.

4.1 The Little Ice Age

The Little Ice Age (LIA) was a short-lived (c. 400 year) period of abrupt climate change.
Although there is evidence that this occurred globally, the timing of the event is variable,
although Mann et al. (2009) suggest on average it spanned AD 1400 — 1700. While named
the Little Ice Age, the climatic changes were not globally uniform, with the temperature
shifts and changes in the moisture regime observed being spatially variable. Reiter (2000)
lists farming practices altering in China and Europe in response to cooler and wetter
conditions, arctic pack ice extending so far south that Innuits arrived in Scotland, flooding in
a usually dry Timbuktu, and violent storms and loss of low-lying land in northern continental

Europe and Malaria spreading widely amidst wetter conditions.

Webb et al. (2022b) used multi-proxy data (including fossil pollen) across three sites to
conclude the regional signal of the LIA as a wet phase in blanket peatlands in upland Britain.
While the palynological data provide context to the land use at the time, the more revealing
proxies were plant macrofossils and humification, which provided evidence for increasing
wetness during the LIA, but no firm evidence for cooler conditions. These results provide a
contrast to Harrison et al.’s (2014) data to support their claims for glacial advance in the
Cairngorms (Scotland, UK) demonstrating much colder temperatures in northern Britain.
Compare this to Rhodes et al. (2012) who provided evidence of up to 1.6 °C cooling in
Antarctica, Chambers et al. (2014) found drier conditions in Argentina, and Lee-Thorp et al.
(2001) documented drier and colder conditions in the African interior during the LIA. The

strong evidence base supported by multiple-site palaeoecological data demonstrates the
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variability of the climate event, and the importance of research to understand the drivers of

the LIA. This is critical to be able to apply knowledge to future events of a similar magnitude.

4.2 The 8.2 ka event

Similar to the LIA, the 8.2 ka event is a short-lived rapid cooling and warming event, albeit
longer ago. Chambers (2016) notes the similarity between the events, but suggests that the
onset of the 8.2 ka event could be even more rapid than that of the LIA. In contrast to many
papers reporting on the impact of the 8.2 ka event (Alley et al. 1997; Olsson et al. 2010;
Collins et al. 2012; Ghilardi and O’Connell 2013), Webb and Goodenough (2021) report on
community level vegetation changes before, during and after the climate event, with a focus
on woodlands. As such, they sought to understand the resilience of woodland vegetation
communities amid a changing climate and discovered a surprising resilience in richness
through the interval, with comparatively little change in the number of taxa throughout the
focal period. However, measures of vegetation community turnover were high, indicating
only 24 % of species remained at some sites after the short-lived cooling phase. This paper
bridges the gap between palaeoecology and ecology, as whilst the data presented are
palaeoecological, the implications of the work are important for applied practitioners in
ecology and forest management. The results of this paper urge ecological researchers and
practitioners to focus on broad spatial (gamma) diversity and focus on landscape-scale

approaches to manage woodlands over centuries, rather than focusing on single sites.

4.3 The importance of multi-site studies

Both the LIA and 8.2 ka event studies demonstrate the importance of using multiple sites in
understanding long-term environmental change. Microclimate and other specialised local
variables can prevent the magnitude and extent of rapid climate events being determined,
and so value should be placed on multi-site studies to understand broadscale patterns to
ensure research has general applicability in a way that is useful for informing current
management. While the utility of single-site palaeoecological reconstructions are of benefit
in understanding site-specific patterns and processes (as per Chapter 4), understanding
species and community response on a broad spatial scale can reveal regional trends that are

hidden by dominant local habitat signals in single site analysis.
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Abstract

The Little Ice Age (LIA) is a well-recognised palaeoclimatic phenomenon, although its causes, duration and severity have been matters of debate and
dispute. Data from a wide range of archives have been used to infer climate variability before, during and after the LIA. Some published proxy-climate data
from peatlands imply that two particularly severe episodes within the LIA may be contemporaneous between hemispheres; these echo a previous climatic
downturn ca. 2800 cal BP of similar severity but lesser duration. Here, we present palaeoclimate data from the mid- to late-Holocene, reconstructed
from three blanket peats in Yorkshire: Mossdale Moor, Oxenhope Moor and West Arkengarthdale. Multiproxy techniques used for palaeoclimatic
reconstruction were plant macrofossil, pollen and humification analyses. Dating was provided by a radiocarbon-based chronology, aided by spheroidal
carbonaceous particles (SCPs) for all sites, and 2'°Pb dates for one. The LIA presents as a distinct climatic event within each palaeoenvironmental record
at the three sites. These indications are compared with terrestrial datasets from northwest Europe and elsewhere. A broad degree of synchronicity is
evident, signifying that the LIA is one of the most pronounced downturns in global climate in the last ca. 6000years, and arguably the most routinely
recorded within the Holocene.
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Introduction

The Little Ice Age (LIA) is one of the most renowned climate
instabilities of the Holocene, with causes being attributed vari-
ously to reduced solar activity (Blackford and Chambers, 1995;
Grove, 2001; Mauquoy et al., 2002, 2004), volcanic eruptions
(Miller et al., 2012) and even to human impact (Ruddiman, 2003).
However, Turner et al. (2016) note that solar-type signals in peat-
lands can be the product of random variations alone, and caution
that a more critical approach is required for the vigorous interpre-
tation of such signals. The coldest temperatures of the LIA have
been inferred for the interval AD 1400-AD 1700 (Mann et al.,
2009), although there is disagreement on the start and end dates
for this climatic phenomenon (Fagan, 2001). Matthews and Briffa
(2005) suggest that LIA “climate’ (as opposed to glacier advance)
is defined as a time interval of about 330years (ca. AD 1570—
1900) when Northern Hemisphere summer temperatures (land
areas north of 20°N) fell significantly below the AD 1961-1990
mean, whereas in the North Atlantic, the LIA onset is said to be as
carly as before the early 14th century (Grove, 2001). However,
some regional heterogeneity is apparent for northwestern Euro-
pean peatlands, with Mauquoy et al. (2002) identifying the LIA
from Lille Vildmose, Denmark and Walton Moss, Cumbria
between AD 1449-1464 and AD 1601-1604; De Vleeschouwer
et al. (2009) from Slowinskie Blota, Poland AD 1200—1800; the
beginning of the LIA AD 1250-1350 as identified by Barber et al.

(2004) from Dosenmoor, Germany and Svanemose, Denmark;
AD 1410-1540 and AD 16601720 from Letterfrack, Ireland
(Blackford and Chambers, 1995); and the ‘last pulse’ of the LIA
as AD 1650-1850 from Fallahogy, Northern Ireland and Moine
Mhor, Scotland (Barber et al., 2000). The geographical variation
in these timings is evidence for the multiphase characteristic of
the LIA, with possible attribution to the Wolf, Sporer, Maunder
and Dalton Minima (Blackford and Chambers, 1995): periods of
reduced sunspot activity that occurred at AD 1320 (Wolf), AD
1400-1540 (Sporer), AD 1645-1715 (Maunder) and 1790-1830
(Dalton) (McCracken and Beer, 2014). However, cold tempera-
tures have been recorded outside of these timings, yet still within
the LIA, with the early Maunder Minimum (ca. AD 1600), being
described as one of the coldest phases of the LIA, with
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temperatures considered as extreme (Mauquoy et al., 2004).
Overall, temperature estimates for the LIA suggest that this event
must be considered a time of modest cooling of the Northern
Hemisphere, with temperatures dropping by approximately 0.6°C
during the 15th—19th centuries (Mann, 2002), which provides
motivation behind much academic interest and the focus of the
present paper.

The above records all derive from the Northern Hemisphere,
but whether the LIA can be regarded a global event has been dis-
puted, largely owing to a relative lack of terrestrial archives in the
Southern Hemisphere (Chambers, 2016). A recent paper provides
new evidence, supporting the claim that the LIA may be a global
phenomenon: using identical methods on a peatland in Tierra del
Fuego as have been used for peatlands in northwest and central
Europe, the most pronounced episodes of the LIA (at ca. cal AD
1460 and from ca. cal AD 1675 to cal AD 1770 in the Tierra del
Fuego mire) were shown to be contemporaneous between hemi-
spheres (Chambers et al., 2014). The bog response in the Southern
Hemisphere site (to surface dryness) was opposite to site
responses in the Northern Hemisphere (increased surface wet-
ness), which the authors interpreted as indicating globally con-
temporaneous equatorward shifts of moisture-bearing airmasses
during the severest decades.

Proxy-climate data can and have long been inferred from late-
Holocene peat stratigraphy (Amesbury et al., 2012a, 2012b;
Anderson et al., 1998; Barber, 1981; Barber et al., 1994, 2000,
2003, 2013; Bingham et al., 2010; Blackford, 2000; Blackford
and Chambers, 1991, 1995; Blundell and Barber, 2005; Chambers
et al., 1997; Charman, 2010; Chiverrell, 2001; Daley and Barber,
2012; Hughes et al., 2000; Sillasoo et al., 2007), with many stud-
ies suggesting an association between the visible stratigraphy of
peatlands and past climatic change (Barber et al., 2003; Blackford
and Chambers, 1991; Stoneman, 1993; Xie et al., 2004). Peat-
lands contain within them a detailed archive of local and regional
vegetation history, making them ideal for researching Holocene
environmental and climatic changes (Blackford, 2000).

In the case of blanket mires, such as those in the present study,
peat can appear homogenous with little or no stratigraphy; this
deterred proxy-climate research in previous decades, as did the
perception that some blanket mires contain few identifiable mac-
rofossils (Chambers et al., 1997). This apparent unsuitability was
falsified by Chambers (1984) and Blackford and Chambers
(1991) using humification data and Tallis (1995) and Mauquoy
and Barber (1999) using plant macrofossil data, with blanket peat
being used to reconstruct Holocene palaeoclimate in a number of
recent studies (Blundell and Holden, 2015; Castro et al., 2015;
Swindles et al., 2015).

A strategic way of indicating a regional forcing factor, such as
climate change, is to be able to demonstrate a synchronous
response in separate mires (Hughes et al., 2000). However, the
dating of the LIA can be problematic in peatlands, given that the
most widely used dating method is conventional radiocarbon dat-
ing, which may have limitations in providing sufficient precision
and accuracy for the last few hundred years. Conversely, using
techniques such as wiggle-matching and bomb-spike dating at a
high enough resolution, it is possible to use radiocarbon alone to
produce chronologies to date events such as the LIA (Chambers
et al., 2014). Other dating methods are available for peatlands
covering the later part of the LIA, for example, tephra, 2!°Pb,
137Cs and relative dating using Spheroidal Carbonaceous Particles
(SCPs) (van der Plicht et al., 2013), but these methods are not
without their flaws. van der Plicht et al. (2013) highlight that 2!°Pb
age estimates can be too old, and as such, age estimates of peat
samples based only on 2!°Pb should be used with caution. SCPs
can only provide relative age estimates, which are subject to geo-
graphical variation (Swindles, 2010).

The LIA has previously been identified in palacoclimatic
reconstructions from peatlands in continental Europe, including
Denmark (Aaby, 1976; Barber et al., 2004) and Germany (Barber
etal., 2004), and in Britain, including Temple Hill Moss, Scotland
(Langdon et al., 2003), Talkin Tarn, Cumbria (Barber and Lang-
don, 2007), the North York Moors, northern England (Chiverrell,
2001), Greater Manchester and Cheshire, northwest England
(Davis and Wilkinson, 2004), Northumberland, northern England
(Charman et al., 1999), Cumbria and the Scottish Borders, north-
ern Britain (Mauquoy and Barber, 1999), northern England and
Scotland (Stoneman, 1993), the northern Pennines (Swindles
et al., 2015) and Yorkshire (Turner et al., 2014). This paper con-
tributes to the record of the LIA in the uplands of northern Eng-
land with the addition of palacoclimate data from three Yorkshire
upland blanket bogs.

The present study aims to examine the LIA in northern Eng-
land, based on palaeoclimatic reconstructions using pollen, plant
macrofossil and humification data from three Yorkshire blanket
bogs: Mossdale Moor (MDM), Oxenhope Moor (OXM) and West
Arkengarthdale (ARK). The long-term ecological (palacoecologi-
cal) records of these sites were published elsewhere (McCarroll
et al., 2016a, 2016b, 2017); in the present paper palacoclimate
data for the LIA are compared with the overall palaeorecords
from the three sites, and with proxy-climate data from sites in
northwest Europe and elsewhere, to evaluate the LIA compared
with previous climatic downturns in the Holocene.

Site descriptions

Site descriptions of MDM, OXM and ARK have previously been
provided by McCarroll et al. (2016a, 2016b, 2017) in studies
using palaeoecology to advise conservation. For the purpose of
this study, only a summary of each site is provided here.

Mossdale Moor

Mossdale Moor is a degraded blanket mire at 550 m altitude located
in Upper Wensleydale, North Yorkshire, UK (Figure 1). The
modern-day peat supports species characteristic of National Vege-
tation Classification (NVC) M19 (Calluna vulgaris-Eriophorum
vaginatum blanket mire) (Rodwell, 1998). Various management
practices have altered the vegetation characteristics of the moor
from typical blanket mire towards heathland communities.

Oxenhope Moor

Oxenhope Moor is a degraded blanket mire at 430m altitude
located north of Hebden Bridge in West Yorkshire (Figure 1). The
modern-day peat supports species characteristic of NVC types
M20 (Eriophorum vaginatum blanket and raised mire) and M25
(Molinia caerulea-Potentilla erecta mire as surveyed by Natural
England in 2008) (Rodwell, 1998).

West Arkengarthdale

West Arkengarthdale is a blanket mire at 380 m altitude located
north-west of Reeth in North Yorkshire (Figure 1). A vegetation
survey conducted during fieldwork identified that the modern-day
peat supports species characteristic of NVC type M20 (Eriopho-
rum vaginatum blanket and raised mire) (Rodwell, 1998).

Methods
Field sampling strategy

The field sampling strategy was a modified version of the method
used in the ACCROTELM Research Project (Chambers, 2006;
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Figure |. (a) Map of United Kingdom showing the site locations of Mossdale Moor, Oxenhope Moor and West Arkengarthdale. (b) Map

of Yorkshire Dales National Park showing site locations of Mossdale Moor (MDM: circle), exact coring location at Latitude: 54.300292°N,

Longitude: 2.315507°W; Oxenhope Moor (OXM: pentagon), exact coring location at Latitude: 53.793759°N, Longitude: 1.977952°W; and
West Arkengarthdale (ARK: triangle), exact coring location at 54.458815°N, Longitude: 2.067067°W

De Vleeschouwer et al., 2010). First, site morphology was estab-
lished by measuring peat depths across each site to allow the
deepest ombrotrophic zone closest to the highest point of the bog
to be identified. By describing multiple cores using the Troels-
Smith (1955) method, the gross site stratigraphy was determined,
in turn allowing the identification and selection of the master
core, taken in a zone between a hummock and a hollow, as recom-
mended by De Vleeschouwer et al. (2010). Using a 5 cm diameter
Russian corer, overlapping adjacent cores were extracted,
described, photographed for the full length of the profile before
being placed in labelled plastic guttering, wrapped in airtight
carbon-stable bags and transported to the laboratories at the Uni-
versity of Gloucestershire where they were stored at 4°C.

Laboratory methods

Laboratory methods of analysis were the same at all three sites,
with the exception of Mossdale Moor, where 2'°Pb dating was
also undertaken. Radiocarbon dates were obtained from plant
macrofossils where possible (11 of 27 samples — see Table 1).
Where this was not possible, bulk peat samples were sent to Beta
Analytic Miami for analysis, where following pre-treatment, the
plant fraction (as opposed to bulk organic carbon) of the sample
was selected for dating. The depths selected for radiocarbon dat-
ing were chosen following pollen analysis and their positioning at
particular points of interest or on boundaries selected by CONISS
(an agglomerative cluster analysis technique that compares the
total pollen assemblage of each sample with that of its strati-
graphic neighbours) and by eye. The pollen preparation method

used in this study does not degrade SCPs (Chambers et al., 2011b)
and therefore SCPs were counted alongside pollen. 2!°Pb samples
from Mossdale Moor were analysed every 1 cm for the first 32 cm
depth at the University of Exeter using alpha spectrometry (rather
than gamma spectrometry; see Zaborska et al. (2007) for com-
parison), which measures the decay of 2!°Po, a daughter product
of 21Pb. As a chemical yield tracer, a Polonium spike (>*’Po) was
added before Po was extracted from the sample using acid diges-
tion and electroplated onto a silver disc. Ages were calculated
using the Constant Rate of Supply (CRS) model (Appleby and
Oldfield, 1978).

Peat humification analysis has been subject to criticism in
recent decades (Hughes et al., 2012; Yeloff and Mauquoy, 2000).
Studies show that changes in humification may not be influenced
solely by climate and that plant species composition can also be a
contributor to observed changes (Hughes et al., 2012; Yeloff and
Maugquoy, 2006). Yeloff and Mauquoy (2006) suggest that the
assumption that the major influence on peat humification is the
surface wetness of the bog (and therefore climate) should be
tested. Hughes et al. (2012) found that, overall, humification data
are validated, but that the species signal is sometimes sufficient to
change the timing and number of events and trends recorded in
the data. Furthermore, the role of secondary decomposition dur-
ing dry periods may also influence the humification signal (Borg-
mark and Schoning, 2006). Provided the shortfalls are considered,
humification analysis can aid palaeoclimatic reconstructions
when incorporated as part of a multiproxy palaeoclimate study;
this method remains a straightforward and fast way to produce
high-resolution, contiguous datasets.



The Holocene 00(0)

Table I. Dates for MDM, OXM and ARK including '°Pb (MDM only), SCPs and radiocarbon'.

Depth (cm) Radiocarbon Date (yr BP); SCP/>'°Pb date (AD) Lab Number

Calibrated Age (95.4%) (cal yr BP) from-to  Material/method

MDM

| 2008 =2

1.5 1980 = 10

2 2001 £2

3 1991 £3

35 1950 £ 10

4 1982 £ 4

5 19754

6 1968 =5

7 1959 £ 6

8 1949 £ 8

9 1941 £8

10 AD 193310

I AD 1925* 12

12 AD 1919 = 14

13 AD 1906 = 17

13.5 AD 1850* 10

14 ADI891 =22

15 ADI878 =26

345 53030 BETA-327196
51.5 770 £30 BETA-426568
58.5 480 + 30* BETA-327197
65.5 1070 =30 BETA-385275
69.5 930 + 30%* BETA-426569
74.5 350 = 30* BETA-327198
94.5 1340 =30 BETA-327199
1185 1520 =30 BETA-327200
134.5 2610+30 BETA-385276
150 5310+30 BETA-364579
OXM

0.5 1990 = 10

85 1945+ 10

245 1850 = 10

28.5 350+30 BETA-382650
108.5 1300 +£30 BETA-382651
2125 2270 =30 BETA-382652
310.5 317030 BETA-382653
380.5 391030 BETA-382654
436.5 4730 =30 BETA-382655
479.5 6090 = 30 BETA-382656
ARK

16.5 1850 = 10

12.5 1950 = 10

85 1970 = 10

4.5 1990 10

39.5 30030 BETA-381604
100.5 1780 £ 30 BETA-385277
141.5 2710+30 BETA-426566
147.5 341030 BETA-379805
155.5 343030 BETA-444008
159.5 3640 =30 BETA-385278
182.5 3320 = 30%* BETA-379806
199.5 397030 BETA-426567
260.5 4820+ 30 BETA-379807
289.5 561030 BETA-379808

ZIOPb

SCPs

2IOPb

210py,

SCPs

ZIOPb

ZIOPb

ZIOPb

2IOPb

210py,

ZIOPb

ZIOPb

ZIOPb

ZIOPb

2IOPb

SCPs

ZIOPb

ZIOPb
645-502 Polytrichum commune
734-668 Bulk plant material
625-469 Monocot leaves
1055-929 Bulk plant material
925-785 Bulk plant material
503-306 Monocot leaves
1334-1180 Monocot leaves
1528-1314 Monocot leaves
2775-2720 Bulk plant material
6267-5944 Charred material

SCPs

SCPs

SCPs
503-306 Bulk plant material
1304-1088 Bulk plant material
2354-2152 Bulk plant material
3480-3253 Bulk plant material
45124160 Plant macrofossils
5588-5322 Bulk plant material
7159-6799 Plant macrofossils

SCPs

SCPs

SCPs

SCPs
485-156 Plant macrofossils
1822-1570 Plant macrofossils
2859-2758 Bulk plant material
3828-3563 Wood
3830-3578 Bulk plant material
4089-3841 Plant macrofossils
3685-3450 Bulk plant material
4524-4299 Bulk plant material
5645-5468 Bulk plant material
6487-6300 Bulk plant material

"Initial radiocarbon chronologies of MDM and ARK are discussed in McCarroll et al. (2016b, 2017). However, further radiocarbon dates have been
obtained for the purpose of the present paper for these sites, so interpretation is briefly revised.

*Date rejected as an outlier.

The preparation and quantification of humification samples
follows a modified methodology based on that described by
Chambers et al. (2011a). The protocol used differs where 0.1 g of
sediment is used as opposed to 0.2 g. Humification was analysed

contiguously at every centimetre for each site, which equates to a
10-year sampling resolution. 1 cm® of peat was sampled and oven-
dried for 48h at 60°C before being ground and returned to the
weighing boat. 0.1 g of sample was accurately weighed, recorded
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Figure 2. Full sequence age-depth models for (a) MDM, (b) OXM and (c) ARK using radiocarbon, SCP and 2'°Pb dates (MDM only).

and then transferred into a 150 mL beaker where 100 mL of 8%
NaOH solution was added to each beaker before the samples were
simmered on a hotplate for 1h. The contents of each beaker were
then poured into a 200 mL labelled volumetric flask before being
filtered into separate 50mL labelled volumetric flasks. Only
S50mL of filtrate was transferred. The samples were then mea-
sured in a spectrophotometer (set at a wavelength of 540nm).
Measurements were repeated three times and an average recorded.

The preparation and quantification of pollen samples follows
a modified methodology based on that of van Geel (1978) in
Chambers et al. (2011b). The sampling resolution was a minimum
of 8cm at Oxenhope Moor, and 4cm at Mossdale Moor and
Arkengarthdale, with a maximum resolution of 2 cm at points of
interest, equating to a minimum of a 40-year sampling resolution
over the LIA. Lycopodium clavatum tablets were added to the
samples in order to calculate microfossil concentrations. Pollen
grains were identified using Moore et al. (1991) and a reference
collection of type slides at the University of Gloucestershire. The
pollen sum (500 grains) is Total Land Pollen, which includes the
total number of pollen from trees, shrubs and terrestrial herba-
ceous plants.

For the analysis of plant macrofossils, a minimum sampling
resolution of 8cm at OXM and 4cm at MDM and ARK was
employed. Sub-samples measuring 4 cm® were taken using a scal-
pel and sieved through a 125 um mesh with a standard 5 L volume
of tap water. The samples were transferred to three glass petri
dishes and spread out to form a monolayer, before quantification
using the quadrat and leaf count (QLC) method of macrofossil
analysis described by Barber et al. (1994). Plant macrofossils
were identified using type collections and with reference to mod-
ern plant material sampled from the study sites. In addition, Dan-
iels and Eddy (1985) was used to identify Sphagna and Smith
(2004) was used for non-Sphagnum bryophytes.

An adapted version of the weighted-average Dupont Hydrocli-
matic Index (DHI) (Dupont, 1986) was applied to the macrofossil
data. Weights were assigned to species based on those used in
Daley and Barber (2012) and Mauquoy et al. (2008) and the DHI
scores were calculated in Excel using plant macrofossil
percentages.

Results and interpretation

The data presented in this paper have previously been published
elsewhere (McCarroll et al., 2016a, 2016b, 2017) as individual
sites with a focus on using palacoecology to inform conservation.
These records have now been brought together, with the addition
of seven radiocarbon dates (four for MDM; three for ARK) to
revise chronologies. The data are now used to tackle a different
palacoenvironmental research question, providing insight into
palaeoclimatic changes in upland Yorkshire blanket bogs over the
span of the LIA.

Basis of chronology

Four of the 27 radiocarbon dates obtained did not show increasing
age with depth (three from MDM, one from ARK), suggesting
that the accumulation of peat may have ceased or that some mate-
rial may have been eroded (Table 1). At both sites, these anoma-
lies occur approximately at the mid depths of the profiles, at a
time predating the LIA. Ages were modelled in OxCal version 4.2
(Ramsey, 2009), to include dates from Spheroidal Carbonaceous
Particles (SCPs) and ?'°Pb (site MDM) (Figures 2 and 3); those
that show increasing age with depth were accepted. Calibration of
the radiocarbon ages to calendar years BP was conducted using
INTCAL13 (Reimer et al., 2013) in OxCal version 4.2.

219pp dating

Depth profiles for 2!°Pb typically show exponential decline with
depth throughout the core (Figure 3). The Constant Rate of Sup-
ply (CRS) model was used to develop an age-depth model from
210Pb data using the method described by Appleby (2001). The
CRS model is thought to be the most appropriate in ombrotro-
phic peats as 2!°Pb inputs are dominated by atmospheric inputs
(Appleby, 2008). Uncertainty was calculated by colleagues at
Northeast Normal University, China using analytical uncer-
tainty and the error propagated using the CRS model. The level
of activity decreases below 17cm depth (see Supplemental
Material) and at this point, the error margin becomes unreliably
larger, and the dates calculated exceed beyond the 130-year
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range of 2!°Pb dating (Appleby, 2008) and so were excluded
from the age-depth model.

Humification

Mossdale Moor. At the base of the profile, high T values
(detrended % transmitted light) suggest low humification (ca.

6000-5000 cal yr BP) (Figure 4a). Following this, humification is
higher between 5000 and 1600 cal yr BP, as indicated by low T
values. T values then fluctuate, suggesting alternations between
more and less humification occurred, but the peat appears more
humified between ca. 1400 cal yr BP and 700 cal yr BP (cal yr AD
1250), which overlaps with and could be interpreted as the cli-
matic amelioration known as the Mediaeval Warm Period (MWP).
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Between ca. 600 and 140 cal yr BP, generally high T values
suggest low humification. However, the earlier date may reflect
the low decomposition rates of the acrotelm (5—10cm depth) and
that this plant material has not had as long to decompose as the
lower layers of peat in the catotelm. The T values are particularly
high between ca. 500 and 300 cal yr BP (beneath the acrotelm),
which is interpreted likely as the cooling associated with the Little
Ice Age (LIA).

Oxenhope Moor. The T curve is highly fluctuating and could be
evidence of cyclicity. There is less humification taking place
between 7000 and 5000 cal yr BP when compared with the rest of
the profile, with notably high T values, the highest in the bottom
half of the profile, between 7000 and 6000 cal yr BP. More humi-
fication occurred between 5000 and 3000 cal yr BP (Figure 4b),
followed by lower humification identified by higher T values
between 3000-2600 cal yr BP and 1300-1100 cal yr BP. Further-
more, there are particularly high T values towards the surface of
the profile particularly between 500 and 300 cal yr BP consistent
with the Little Ice Age. The values here are higher than the rest of
the profile (with the exception of high T values between 7000 and
6000 cal yr BP). T then briefly drops before rising again towards
the surface, interpreted as fresh peat in the acrotelm that has com-
paratively less time to decompose than the peat below.

West Arkengarthdale. Towards the base of the profile, between
6200 and 4200 cal yr BP, T values increase with age suggesting
low humification, reaching the highest T values at ca. 6200 cal yr
BP (Figure 4c¢). T values are low suggesting more humification at
4000 cal yr BP but less between 3900 and 3600 cal yr BP. Lower T
values indicate more humification taking place between 3500 and
1100 cal yr BP, gradually becoming less towards the surface of the
profile. T values are highest between 600 and 150 cal yr BP (being
particularly high between 300 and 150 cal yr BP) and is interpreted
as the Little Ice Age (LIA). T values are then briefly lower subse-
quently up until approximately cal yr AD 1960 with a return to less
humified conditions. Despite this, peat at this depth has had much
less time to decompose than the layers of peat below and therefore
the high values here are likely a reflection of this.

Pollen and charcoal

Each of the sites was likely surrounded by mixed woodland as
indicated by high percentages of tree and shrub pollen: at MDM,
between ca. 6100 and 5000 cal yr BP; at OXM, between ca. 7000
and 5500 cal yr BP; and at ARK, between ca. 5600 and 4400 cal
yr BP (Figure 5 and Supplemental Material). Mixed mire com-
munities then succeed at each of the sites, evidenced by Sphag-
num spores and Ericales species at MDM, between ca. 5000 and
1500 cal yr BP; OXM, between ca. 5500 and 3400 cal yr BP; and
ARK, between ca. 4400 and 3700 cal yr BP.

At OXM, between ca. 3400 and 2300 cal yr BP, anthropogenic
influence is suggested by an introduction of arable and ruderal
species but percentages of tree and shrub pollen are still high at
this stage. At ARK, between ca. 3700 and 600 cal yr BP, a mixed
mire community (indicated by Ericales pollen and Sphagnum
spores) prevails on site, likely surrounded by mixed woodland as
tree and shrub pollen are still high. Charcoal is high, indicative of
burning, possibly deliberately by human activity.

At MDM, between ca. 1500 and 1300 cal yr BP, pollen of trees
and shrubs is lower than preceding sections, as are Sphagnum
spores. A higher percentage of Ericales suggests drier conditions,
perhaps attributable to the Mediaeval Warm Period. At OXM,
between ca. 2300 and 1200 cal yr BP, evidence suggests either a
climatically dry environment or clearance by fire (high percentage
of grasses and sedge pollen, high charcoal and fluctuating tree and
shrub pollen, low Sphagnum spores). A brief move to wetter con-
ditions is suggested by a peak in bog spores at ca. 2250 cal yr BP.

At MDM, between 1300 and 600 cal yr BP, wet conditions are
suggested by low charcoal, and high percentages of Sphagnum
and bog spores. At OXM, between ca. 1200 and 350 cal yr BP,
wet conditions are also identified by a high number of Sphagnum
and bog spores. Anthropogenic activity is also evidenced by a
high percentage of ruderal and arable pollen.

Between ca. 600 and —60 cal yr BP (cal yr AD 1350-2010) at
MDM and ARK, percentages of trees and shrub pollen are low in
comparison to preceding sections, consistent with high charcoal
numbers, indicative of clearance by man. However, at OXM,
between ca. 350 and —60 cal yr BP (cal yr AD 1600-2100), char-
coal fragments are low and Sphagnum spores are high, indicative
of wet conditions.

Plant macrofossils

At OXM between ca. 7000 and 5200 cal yr BP, the presence of
Sphagnum along with monocots and Cyperaceae (including E7i-
ophorum vaginatum) suggests a mixed Sphagnum, sedge and
graminoid mire (Figure 6 and Supplemental Material). At ARK,
between ca. 6400 and 5600 cal yr BP, standing water is suggested
by the presence of aquatic species (including Nymphaea), before
the formation of peat. Once peat is established, Ericaceae, mono-
cot roots and Cyperaceae species suggest the presence of a mixed
ericaceous, sedge and graminoid community.

At MDM, between ca. 6100 and 2400 cal yr BP, UOM reaches
90%, owing to the very degraded nature of the blanket peat at this
depth. At OXM between 5200 and 3200 cal yr BP, the percentage
of UOM is high, Ericaceae (Calluna vulgaris) are present and the
percentage of identified Sphagnum is lower than above, suggestive
of drier conditions. At ARK, between ca. 5600 and 4400 cal yr
BP, shallow water is indicated by the presence of aquatic
species  (including  Equisetum  fluviatile). However, a
predominantly sedge community exists (consisting of
Trichophorum cespitosum, Eriophorum vaginatum and E.
angustifolium). Following on from this, between ca. 4400 and
3700 cal yr BP, wet conditions are indicated by the presence of
Sphagnum cuspidatum and low UOM.

At MDM between ca. 2400 and 1300 cal yr BP, UOM is still
high. Aquatic species (including Equisetum  fluviatile
and  Scheuchzeria palustris) suggest shallow water and the
presence of charred remains signifies local fire, before giving
way to a sedge-graminoid community between ca. 1300 and
1100 cal yr BP, indi-cated by Cyperaceae and monocot species.
At OXM, between ca. 3200 and 1000 cal yr BP, wet
conditions are indicated by low UOM and a high percentage
of Sphagnum Section Acutifolia, mainly S. austinii. A
Sphagnum-sedge-Ericales-graminoid com-munity is present,
identified by the presence of Ericales rootlets, monocot roots,
and Cyperaceae species. At ARK, between ca. 3700 and 500
cal yr BP, shallow water is indicated by the presence of aquatic
species (Scheuchzeria palustris and Equisetum fluviatile). The
community consisted of Cyperaceae (Eriophorum vaginatum),
monocots and Ericaceae (Erica tetralix), with the presence of
birch shrubs growing on site, indicated by Betula bark.

At MDM, between 1100 and 50 cal yr BP, wet conditions are
indicated by the presence of Sphagnum Section Acutifolia and
Polytrichum commune. A Sphagnum-sedge-graminoid commu-
nity prevails, evidenced by identified Cyperaceae (Eriophorum
vaginatum) and Monocot leaves. Following on from this,
between ca. 50 and —60 cal yr BP (cal yr AD 1910-2100), a low
percentage of UOM, high percentage of Ericaceae (Vaccinium
oxycoccus stems) and the presence of Polytrichum commune are
suggestive of wet conditions. However, the percentage of
Monocot roots is high, suggesting dry or unfavourable
conditions. At OXM, between ca. 1000 and —60 cal yr BP, a
low percentage of UOM and the presence of Sphagnum
(including S. papillosum and S. cuspidatum) are suggestive of
wet conditions. Monocots are also present, as is Cyperaceae
(Trichophorum cespitosum), reaching its highest in the profile,
indicating a mixed Sphaonum and sedge
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Figure 5. Summary pollen diagram for MDM, OXM and ARK. Shaded bar represents LIA. Full pollen diagrams available from McCarroll et al.

(20164, 2016b, 2017).

mire. At ARK, between ca. 500 and —60 cal yr BP, a mixed mire
community is present including Polytrichum commune, some
Cyperaceae (Eriophorum vaginatum and E. angustifolium), and
Ericaceae (Calluna vulgaris). There is a high percentage of iden-
tified Sphagnum, including S. papillosum towards the surface,
indicative of the presence of hummocks.

DHI

DHI (Dupont, 1986) has been applied to the plant macrofossil
data to provide a qualitative indication of changes in water table

(Figure 7). DCA was applied to the plant macrofossil data but was
unsuccessful, perhaps owing to the very infrequent presence of
certain species, or rare species, such as Nymphaea, occurring only
once in a profile. Despite a recent favoured use of Detrended Cor-
respondence Analysis (DCA) in studies on late-Holocene Sphag-
num-dominated peats, DHI has some benefits over DCA and
other ordination options (Daley and Barber, 2012). Unlike DCA,
DHI does not require any portion of the data to be removed for it
to function properly. One of the criticisms of DCA is that samples
with rare species, such as is the case with the present datasets, can
have a large effect on the resulting ordination (Daley and Barber,
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2012). When applying DHI, the full range of data can be used.
Furthermore, in DCA, the resulting axis may not be influenced by
a single environmental variable. In DHI, weightings are assigned
to species based on ecological knowledge of response to specific
environmental variables and so despite the apparent subjectivity
of the method, it is probable that DHI provides important results
(Daley and Barber, 2012).

The indices used were Unidentified Organic Matter (UOM)
8, Calluna vulgaris 8, Ericaceae undifferentiated 8, Betula 7,
Polytrichum commune 7, Eriophorum vaginatum 6, monocots
undifferentiated 6, Trichophorum cespitosum 6, Vaccinium oxy-
coccus 5, Sphagnum papillosum 4, Sphagnum Section Acutifolia
4, Sphagnum magellanicum 3, Menyanthes 3, Eriophorum
angustifolium 2, Scheuchzeria palustris 2, Ceratophyllum 1,
Nymphaea 1, Sphagnum cuspidatum 1, based upon the weights
used in Daley and Barber (2012) and Mauquoy et al. (2008) and
knowledge of ecological tolerances and habitat preferences of
each species.

Mossdale Moor. Low values indicate wet conditions, implying
that the mire was wet at 1300, 950 and 600-350 cal yr BP (LIA)
(Figure 7), although single-sample examples must be treated with
caution. The DHI curve largely agrees with the humification
curve for the LIA. However, the reliability of the DHI curve is
problematic, given that there seems to be a disappearance of
Sphagnum in the plant macrofossils below 65 cm depth, perhaps
owing to decomposition. Sphagnum may have been present at the
site despite the absence in the plant macrofossils, given the pres-
ence of Sphagnum spores counted in pollen analysis.

Oxenhope Moor. The DHI results are plotted against age rather
than depth (cp. McCarroll et al., 2016a). At 6400 cal yr BP, UOM
is high, owing to higher decomposition levels at this depth in the
catotelm. The high score attributed from a high percentage of
UOM dilutes the wetness signal indicated by the presence of
Sphagnum cuspidatum at this depth. Low values indicate wet con-
ditions, suggesting that the mire was wet at 2800 cal yr BP, 1700
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cal yr BP, 1350 cal yr BP, 1000 cal yr BP and between 750-300
cal yr BP (LIA).

West Arkengarthdale. A summary plotting the DHI data against age
as opposed to depth is provided here. Low values indicate wet con-
ditions, and these suggest that the mire was wet at 3900 cal yr BP,
2600-2100 cal yr BP, 1800 cal yr BP and 450-200 cal yr BP (LIA).

Palaeoenvironmental evidence for the
LIA from Yorkshire blanket peat

At Mossdale Moor, regional wet conditions are identified after
660 cal yr BP, indicated by rising T values and large numbers of
Sphagnum and associated Tilletia sphagni spores, and by low lev-
els of charcoal and Calluna pollen, which would be indicative of
dry conditions. Upon re-examination of the data published by
McCarroll et al. (2017), including DHI scores using a revised
chronology, we identify a reduction in charcoal fragments and a
reduction in tree and shrub pollen from pollen and spore data
between 700 and 600 cal yr BP (Figure 5). A sharp increase in bog
and Sphagnum spores is present between 650 and 600 cal yr BP,
suggestive of wet conditions. The plant macrofossil data show
remains of Sphagnum, mainly S. capillifolium and S. subnitens
and low levels of UOM, suggesting wet conditions locally.

The lowest degree of peat humification in the profile is shown
where % T reaches its highest peak at ca. 340 cal yr BP (ca. cal yr
AD 1610), suggesting the most marked of climatic deteriorations
(to wet and/or cold) observed throughout the profile at MDM,
concluding by 135 cal yr BP (ca. cal yr AD 1815). From ca. 700
to 250 cal yr BP (cal yr AD 1250-1700), DHI scores are lower,
with the lowest DHI score throughout the profile observed at ca.
430 cal yr BP/cal yr AD 1520).

The combined data suggest a climatic deterioration between 600
and 300 cal yr BP (cal yr AD 1350-1650), consistent with the LIA,

defined as occurring between cal yr AD 1200 and 1850 from the
peatland palacoenvironmental evidence from northwestern Europe.

At Oxenhope Moor, evidence for the LIA is apparent at 400
cal yr BP/cal yr AD 1550 from humification data (high T values)
and at ca. 500 cal yr BP from the identification of Sphagnum cus-
pidatum from plant macrofossils. Between 45 and 40 cm depth,
100% of 35% identified Sphagnum is attributable to S. cuspida-
tum and pollen and spore data show low charcoal fragments, com-
paratively lower tree and shrub pollen than the rest of the profile,
increasing bog species and Sphagnum spores. Low DHI values
are observed and the highest T values throughout the profile are
evident between 600 and 200 cal yr BP (cal yr AD 1350-1750),
consistent with the LIA as defined within this paper.

Similarly, at West Arkengarthdale, ca. 450 years ago, the LIA
is evidenced by low humification, low UOM and low DHI values
(from 600 to 200 cal yr BP). The pollen and spore data show low
tree and shrub and grass and sedge pollen and a high number of
Sphagnum spores. From the plant macrofossils, a return of Sphag-
num is evident at 45cm depth (450 cal yr BP) consisting of S.
capillifolium and S. fuscum.

T values are at their highest between 300 and 130 cal yr BP.
DHI values reduce from ca. 500 cal yr BP and are at their lowest
in the profile at ca. 150 cal yr BP. All proxies agree on a climatic
deterioration between 700 and 250 cal yr BP (cal yr AD 1250—
1700), consistent with the LIA as defined within this paper.

Discussion

Differences in the onset and duration of
the LIA in Yorkshire

The multiproxy evidence (from pollen, plant macrofossil and humi-
fication analysis) suggests that the LIA has been identified at each
of the sites but with slightly differing ages (Mossdale Moor: 600—
300 cal yr BP (cal yr AD 1350-1650); Oxenhope Moor: 600-200
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cal yr BP (cal yr AD 1350-1750); West Arkengarthdale: 700-250
cal yr BP (cal yr AD 1250-1700). This may be owing to differing
response times of the vegetation communities at each of the sites:
for instance, there is a high percentage of Sphagnum papillosum at
Oxenhope Moor compared to Sphagnum Section Acutifolia at
Mossdale Moor and West Arkengarthdale, although both have the
same DHI scores and can form lawns, so it is not immediately
apparent how this should delay response. Monocots and Eriopho-
rum vaginatum are present at all three sites in varying amounts. E.
vaginatum is ecologically tolerant in a range of environments
(Atherton et al., 2010) and therefore perhaps has varying response
times at different locations. An additional contributing factor may
be variations in geographical location. For instance, West Arken-
garthdale sees the earliest onset of the LIA and is located furthest
north; however, it is situated at the lowest altitude of the three sites.
Dating uncertainties may also play a role in the differences seen
between sites, given that 2°Pb dates were obtained for MDM but
not for OXM and ARK. A possible way to resolve this would be to
obtain 2'°Pb dates from OXM and ARK.

At Malham Tarn Moss, Yorkshire, a marked period of
increased effective precipitation and a prolonged phase of
increased Bog Surface Wetness (BSW) is apparent in palacohy-
drological proxies (testate amoebae, plant macrofossil and humi-
fication analysis) between ca. AD 1460 and 1850 (490-100 cal yr
BP) (Figure 8 and Table 2) and is synchronous with the LIA cli-
mate deterioration (Turner et al., 2014). The LIA starts earlier at
the sites investigated in the present study, where the onset is iden-
tified as AD 1350 at MDM and OXM and AD 1250 at ARK. Fur-
thermore, the duration of the LIA at Malham Tarn Moss is longer,
ending AD 1850, compared to AD 1650 at MDM, AD 1750 at
OXM and AD 1700 at ARK.

A testate amoebae profile and water-table reconstruction from
Moor House blanket peat in Northern England shows a transition
from near surface to deeper water tables at the boundary of the
LIA (Swindles et al., 2015). However, Swindles et al. (2015) sug-
gest that the magnitude of the reconstruction is too dry and there-
fore, these data have been excluded from Figure 8 and Table 2.

In the North York Moors in northern England, Chiverrell
(2001) identifies a shift to wetter or cooler climatic conditions at
May Moss after cal yr AD 14001620, which is contemporaneous
with the onset of the LIA (Figure 8, Table 2). At May Moss, this
deterioration lasts from ca. AD 1350 to 1450 to ca. AD 1900. The
LIA is more long-lived at May Moss, ending AD 1900, compared
to AD 1650 at MDM, AD 1750 at OXM and AD 1700 at ARK.
This is interesting given that May Moss and the sites in the pres-
ent study are all located in Yorkshire. The differences may be
owing to varying sensitivity of the sites, perhaps as May Moss is
located closer to the coast, therefore making the site susceptible to
cold easterly winds from the North Sea.

The LIA in northwestern Europe

At Talkin Tarn, Cumbria, wetter conditions have been identified
at 600 BP by low chironomid-inferred July temperatures and wet-
shifts in plant macrofossils and testate amoebae (Barber and
Langdon, 2007) (Figure 8, Table 2). Charman et al. (2006) also
recognise 600 BP as being a period of higher water tables in
northern Britain. The same deterioration is identified by Baker
et al. (1999) at 600-500 BP and is claimed to correlate with
Maunder and Spdorer sunspot minima. The LIA is also identified
by Langdon et al. (2003) from Temple Hill Moss, Pentland Hills,
southeast Scotland and in southern Scotland from Talla Moss,
where Chambers et al. (1997) recognise a cool and wet episode
commencing at ca. 540 BP from pollen and humification analysis.
Peat sequences in Denmark (Aaby, 1976; Barber et al., 2004)
show wet shifts of an equivalent age and Barber et al. (2004) rec-
ognise the LIA from northern Germany and Denmark from peat

macrofossil investigations. These data overlap with the age ranges
proposed for the LIA in Yorkshire in the present study, with the
onset identified as 600 cal yr BP for MDM and OXM although
slightly earlier at ARK at 700 cal yr BP.

Davis and Wilkinson (2004) identify Amphitrema spp. from
testate amoebae analysis at ca. 300 BP (cal yr AD 1488-1796) at
Astley Moss, Greater Manchester and Danes Moss, Cheshire,
northwest England, which the authors suggest likely corresponds
to the LIA. Again, each of these suggested date ranges overlaps
with the LIA as identified at MDM, OXM and ARK.

Charman et al. (1999) recognise prominent wet peaks at Coom
Rigg Moss, Northumberland, northern England from the recon-
structed water-table record using testate amoebae at cal yr AD
1400-1500 and cal yr AD 1650-1900. These wet periods are also
well replicated in the plant macrofossil record at the same site. In
the present study, one wet period is identified at each site for the
LIA, as opposed to two as identified by Charman et al. (1999).
This is perhaps owing to differences in the location of the sites, or
perhaps the difference in methods used to reconstruct palaeocli-
matic changes. However, Mauquoy and Barber (1999) also stud-
ied Coom Rigg Moss and only report one wet shift from this site,
associated with the decline and local extinction of Sphagnum aus-
tinii between cal yr AD 1395 and 1485. This does overlap with the
dates for the LIA from the sites in the present study. Mauquoy and
Barber (1999) provide further evidence supporting the occurrence
of climatic deteriorations synchronous with the LIA in northern
Britain. There are wet shifts associated with the decline and local
extinction of S. austinii, dated to cal yr AD 1160-1400 from Rae-
burn Flow and Bell’s Flow (Scotland) and cal yr AD 1030-1400
from Bolton Fell Moss and Walton Moss (England), which incor-
porates the onset of the LIA. As well as the aforementioned Coom
Rigg Moss, they also studied Felecia Moss, where wet shifts are
associated with the decline and local extinction of S. austinii
between cal yr AD 1395-1485, again synchronous with the earlier
dates for the LIA.

Stoneman (1993) found evidence from northern England and
southern Scotland from 10 raised peat bogs (Walton, Bolton Fell,
Glasson, Carsegowan, Ellergower, Cranley, Dogden, Drone,
Letham and Blairbech Mosses) for a climatic deterioration at ca.
cal AD 1335-1615 from plant macrofossil and humification data.
These dates closely overlap with the dates proposed in the present
study, with the LIA beginning at ca. AD 1350 for MDM and OXM
and AD 1250 for ARK, ending AD 1650 at MDM, AD 1750 at
OXM and AD 1700 at ARK. It would be useful to revisit each of
the sites studied by Stoneman (1993) and the sites in the present
study to understand whether testate amoebae water table depth
reconstructions would confirm or deny these propositions, par-
ticularly given the age ranges proposed by Charman et al. (1999)
for Coom Rigg Moss, where testate amoebae were used and how
these differed from the ages proposed by Mauquoy and Barber
(1999) for the same site, without testate amoebae analysis. Fur-
thermore, many of these studies were conducted in the 1990s and
early 2000s; revisiting these datasets with advances in dating may
refine results. It may also be the case that sites at higher altitude
respond earlier, owing to decreasing temperature with height.

The global record of the LIA

Increasing evidence allows the LIA to be regarded as a global
event, with differing responses dependant on location. For exam-
ple, Chambers et al. (2014) argue that the most severe episodes of
the LIA are contemporaneous between hemispheres but with
opposite site responses at a mire in Tierra del Fuego in the South-
ern Hemisphere when compared to those in a mire in north-cen-
tral Europe in the Northern Hemisphere.

The LIA is also identified in Australasia; for example, Winkler
(2000) identifies a LIA glacier maximum at Mueller Glacier and
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Table 2. Geographical and temporal patterns of the LIA across northwestern Europe including site names, start and end dates for the LIA,

country and coordinates and authors.

Site name LIA start LIA end date  Country Latitude (°N) Longitude Authors

date (AD)  (AD) (°E; —ve: °W)
Bolton Fell Moss 1160 1400 England 55.012925 -2.7990421 Mauquoy and Barber (1999)
Walton Moss 1160 1400 England 54.992401 -2.7767524 Mauquoy and Barber (1999)
Coom Rigg Moss 1160 1400 England 55.108665 —2.48507 Mauquoy and Barber (1999)
Raeburn Flow 1160 1400 Scotland 55.933171 —-3.1300138 Mauquoy and Barber (1999)
Felecia Moss 1160 1400 England 55.092938 -2.4386886 Mauquoy and Barber (1999)
Bells Flow 1160 1400 Scotland 55.07378I -3.0665036 Mauquoy and Barber (1999)
Slowinske Blota 1200 1800 Poland 54.399925 16.483501 De Vleeschouwer et al. (2009)
Dosenmoor 1250 1350 Germany 54.136281 10.019157 Barber et al. (2004)
Svanemorse 1250 1350 Denmark 55.22 9.3 Barber et al. (2004)
West Arkengarthdale 1250 1700 England 54.458815 —-2.067067 Present paper
Walton Moss 1335 1615 England 55.012925 —-2.7990421 Stoneman (1993)
Bolton Fell Moss 1335 1615 England 55.012925 —-2.7990421 Stoneman (1993)
Glasson Moss 1335 1615 England 54.932438 -3.189822 Stoneman (1993)
Carsegowan Moss 1335 1615 Scotland 54.900419 —4.455654 Stoneman (1993)
Ellergower Moss 1335 1615 Scotland 55.087103 —4.384487 Stoneman (1993)
Cranley Moss 1335 1615 Scotland 55.710083 —3.699848 Stoneman (1993)
Drone Moss 1335 1615 Scotland 55.89528I —-2.249653 Stoneman (1993)
Dogden Moss 1335 1615 Scotland 55.73942 -2.506115 Stoneman (1993)
Letham Moss 1335 1615 Scotland 56.0545 -3.7993760 Stoneman (1993)
Blairbech Moss 1335 1615 Scotland 56.018719 -4.5155371 Stoneman (1993)
Talkin Tarn 1350 1350 England 54.922164 -2.711438 Barber and Langdon (2007)
Tore Hill Moss 1350 1350 Scotland 53.70463 —2.378667 Charman et al. (2006)
Mallachie Moss 1350 1350 Scotland 57.234743 -3.717148 Charman et al. (2006)
Shirgarton Moss 1350 1350 Scotland 56.1392 —-4.179245 Charman et al. (2006)
Killorn Moss 1350 1350 Scotland 56.137636 -4.220133 Charman et al. (2006)
Temple Hill Moss 1350 1350 Scotland 55.837639 -3.4178588 Charman et al. (2006)
Langlands Moss 1350 1350 Scotland 55.734948 —-4.176072 Charman et al. (2006)
Longridge Moss 1350 1350 Scotland 55.839884 —3.6686636 Charman et al. (2006)
Butterburn Flow 1350 1350 England 55.056049 -2.509428 Charman et al. (2006)
Coom Rigg Moss 1350 1350 England 55.108665 -2.48507 Charman et al. (2006)
May Moss 1350 1350 England 54.3532 -0.6531684 Charman et al. (2006)
Traligill Basin 1350 1450 Scotland 58.148555 -4.977197 Baker et al. (1999)
May Moss 1350 1450 England 54.3532 -0.65316849 Chiverrell (2001)
Mossdale Moor 1350 1650 England 54.300292 —-2.315507 Present paper
Oxenhope Moor 1350 1750 England 53.793759 -1.977952 Present paper
Coom Rigg Moss 1400 1500 England 55.108665 -2.48507 Charman et al. (1999)
Letterfrack 1410 1540 Ireland 53.550965 -9.958596 Blackford and Chambers (1995)
Talla Moss 1410 1410 Scotland 55463916 -3.34104 Chambers et al. (1997)
Lille Vildmose 1449 1464 Denmark 56.889176 10.211426 Mauquoy et al. (2002)
Malham Tarn 1460 1850 England 54.097024 -2.16861 | Turner et al. (2014)
Astley Moss 1488 1796 England 53.476002 -2.433262 Davis and Wilkinson (2004)
Danes Moss 1488 1796 England 53.237879 -2.143975 Davis and Wilkinson (2004)
Traligill Basin 1550 1800 Scotland 58.148555 -4.977197 Baker et al. (1999)
Walton Moss 1601 1604 England 54.987636 —2.778144 Mauquoy et al. (2002)
Fallahogy 1650 1850 Northern Ireland ~ 54.345 -6.336 Barber et al. (2000)
Moine Mhor 1650 1850 Scotland 56.103303 -5.501073 Barber et al. (2000)
Coom Rigg Moss 1650 1900 England 55.108665 -2.48507 Charman et al. (1999)
Letterfrack 1660 1720 Ireland 53.550965 -9.958596 Blackford and Chambers (1995)
Temple Hill Moss 1700 1800 Scotland 55.883372 -3.1025082 Langdon et al. (2003)

Yan et al. (2015) document a retreat of the East Asian Summer
Monsoon and the Australian Summer Monsoon into the tropics. In
south central Alaska, Barlow et al. (2012) identify glacial advance;
yet, Fritz et al. (1994) provide evidence for aridity and drought
during the LIA from Devils Lake, North Dakota, USA. Dry inter-
vals have also been suggested by Platt Bradbury (1988) from Elk
Lake, Minnesota, again suggesting that for this part of the globe,
an ‘ice age’ does not appropriately describe the climatic event.
Drought is identified in Québec, Canada by Archambault and
Bergeron (1992) but despite this, Bégin and Payette (1988) show
that snowfall increased towards the end of the LIA in the same
province; Petersen (1994) notes that the LIA is cold and dry in the

southern Rocky Mountains, U.S.A., differing from the wet and
cold conditions observed in northern England and Europe.
Regardless of the climatic variation of the LIA across the globe,
the identification of this event at this scale is evidence for its
severity.

Evidence for other climatic
deteriorations in this study
Other climatic deteriorations identified in the present study and
from the wider literature are indicated in Table 3. These events
were identified in two of the sites from the present study as well



14

The Holocene 00(0)

Table 3. Evidence for other climatic deteriorations in terms of wetness/coldness.

Climatic deterioration Sites
(time period)

Authors

Evidence

3200-2100 cal yr BP Mossdale Moor, Oxenhope Moor, Bolton
Fell Moss, Butterburn Flow, Walton Moss,

Talkin Tarn, Bigland Tarn (northern Britain),

Temple Hill Moss (southeast Scotland), North

Atlantic Ocean core, '“C calibration curve.
4400 cal yr BP Oxenhope Moor, West Arkengarthdale,
Walton Moss (northern Britain), Temple

Hill Moss (southeast Scotland).

5000 cal yr BP Oxenhope Moor, West Arkengarthdale,
Walton Moss, Talkin Tarn (northern Britain),
Eilean Subhainn, Glen Tarridon, Glen Carron

(northwest Scotland)

Present paper, Barber et al. (2003,
2013), Langdon et al. (2003), Bond
etal. (1997), van Geel et al. (1996), spores present, low humification, low
Mongan Bog, Abbeyknockmoy Bog (Ireland), van Geel and Renssen (1998).

MDM: Sphagnum spores present, low
humification. OXM: Tilletia sphagni

DHI values, low Calluna pollen, low
charcoal.

Present paper, Hughes et al. (2000), OXM: Sphagnum spores present, low
Langdon et al. (2003).

Calluna pollen, low humification. ARK:
low humification, low charcoal, low
Calluna pollen, presence of Scheuchzeria
palustris in plant macrofossils.

Present paper, Barber and Langdon =~ OXM: Sphagnum spores present, low
(2007), Anderson et al. (1998).

humification, low charcoal. ARK: Low
humification, presence of Equisetum
fluviatile in plant macrofossils.

as by other authors. None of these events is present at all sites in
the present study, none is found routinely in other studies, and
therefore, perhaps none of these events can be regarded as pro-
nounced as the LIA.

The widely discussed and globally identified 4.2 ka event
(Bond et al., 2001; Booth et al., 2005; Drysdale et al., 2006; Liu
and Feng, 2012; Thompson et al., 2002) has not been identified in
the present study, with the possible exception of at ARK, where
S. cuspidatum is seen to increase around this time; however, this
is not enough evidence alone to suggest the presence of this cli-
matic event. The identification of this event is somewhat con-
tested in northwest European peatlands, particularly in the UK
(Roland et al., 2014). Roland et al. (2014) attribute this to the
possibility that either the dominant forcing mechanisms of this
period lie outside of the North Atlantic, or any changes in the
region may not have been severe enough to be recorded in peat-
lands. This is a possible explanation for the absence of this event
from the climatic changes identified in the present study.

The significance of the LIA

While there is evidence for other climatic deteriorations recorded in
the data from the sites in the present paper, the LIA is the only such
event recorded by the proxy-climate data from all three sites. It is the
most widely recorded climatic instability in many other peatlands
and other records of palacoclimate across northern England and
continental Europe, suggesting that the LIA is the most noticeable
palaeoclimate downturn here in the latter half of the postglacial. The
humification data from MDM, OXM and ARK show the most pro-
nounced shift towards wetter conditions in the entirety of the ca.
6000-year records at ca. 500 cal yr BP. Similarly, the DHI records
for MDM and ARK show that the harshest climatic conditions in
terms of wetness/coldness were present during this time. In particu-
lar, there was a vegetation shift at OXM from Sphagnum papillosum
dominated peat before the event to wet-loving S. cuspidatum domi-
nance during the LIA. The dominance then reverts to S. papillosum
following the end of the LIA. A comparable shift in Sphagnum
dominance is not present in the rest of the profile. A climatic cause
for this vegetation shift is also supported by a decrease in humifica-
tion values and a signal for a wider than local climatic deterioration
in the pollen signal. The palaeoclimatic changes observed through-
out the rest of the profiles at each site appear more modest in com-
parison to the apparent wetness of the LIA. This is perhaps the most
pronounced downturn in climate observed in the northern England
terrestrial record, as potentially in Europe.

Conclusions

The Little Ice Age has been identified in the form of a wet phase
from three blanket peats in Yorkshire using pollen, plant macro-
fossil and humification data, providing new palaeoclimate data
for this area of Britain. Although other climatic events are
apparent at each site, this is the only event clearly evident in all
three in the last ca. 6000years. The data are insufficiently
detailed to identify multiple phases within the LIA clearly.
Slightly differing ages are apparent for the LIA between sites,
although this is in keeping with differences between other sites
in the literature and may be attributed either to the limitations in
radiocarbon dating spanning across this time or to the individual
sensitivity of each site to changes in climate. The LIA has previ-
ously been identified in published literature for northern Eng-
land and northwest Europe from terrestrial records and from
various other sources across the globe, highlighting the severity
of this event. The present paper adds further evidence in support
of this. It is perhaps the most widespread and routinely recorded
climatic event evident in peatlands in northern England over the
mid- to late-Holocene.
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Abstract

Climate has an important role in shaping the composition and structure of woodlands. There is considerable uncertainty
regarding how woodlands will respond to climate change over the next hundred years. To better understand likely responses
to contemporary climate change, this paper analyses taxonomic richness, evenness and community similarity in palaeoeco-
logical data from 31 European woodlands during an abrupt cooling and warming event c. 8200 years ago. Repeated measures
ANOVAs demonstrated there was no significant overall difference in richness or community evenness over time. A single
significant pairwise contrast was found (richness decreased as climate warmed) but was short-lived, indicating that high-level
effects were temporary. However, analysis of species turnover measured using community similarity revealed substantial
changes (only 24% of species remained at some sites after climatic change), indicating that the actual species within that
community had altered. General(ised) linear models showed variation in the direction and magnitude of community change
was not related to the broadscale biogeographical variables of latitude, longitude or altitude. Our research has several impor-
tant implications for practitioners involved in community ecology research and woodland management. Although site-level
richness is largely unaffected, we caution that there will be considerable species turnover in woodlands as the climate warms.
As species turnover at individual sites will have a negligible effect if driven by localised random processes, we recommend
practitioners to consider long-term gamma diversity wherever possible. This shifts focus towards landscape-scale approaches
that span generations rather than the typical 3—5-year span of funding, management plans and political cycles.

Keywords 8.2 ka event - Climate change - Ecological stability - Community similarity - Diversity - Species turnover

Introduction

The influence of humans on Earth’s vegetation and climate
is becoming increasingly profound. Mean global terrestrial
air temperatures have been increased by 0.8 °C since 1900
(Hansen et al., 2006), while the twelve hottest years since
records began in 1880 have all occurred since 2000 (NASA/
GISS, 2021). Climate change projections for Europe suggest
a 4-5 °C temperature increase in Mediterranean and Boreal
zones, with an increase of 3 °C likely in Central Europe and
2 °C in the UK and Ireland over the next 80 years (Chris-
tensen & Christensen, 2007).

< Julia C. Webb
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Natural and Social Sciences, Francis Close Hall, University
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Although higher annual temperatures (driven by an
increase in atmospheric CO,) can increase tree growth rates
and promote establishment of woodlands (Anderson et al.,
2006; Broadmeadow, 2002), shifting climatic envelopes and
increasing frequency of extreme weather events associated
with climate change can strongly influence woodland plant
communities (Broadmeadow et al., 2009; Cavers & Cottrell,
2015; Hoegh-Guldberg et al., 2018; Ray et al., 2010). The
effects can be especially profound at latitudinal extremes and
high altitude, where the vegetation is vulnerable to environ-
mental disturbance (Breshears et al., 2008).

It is often assumed that the overall impacts of a warming
climate on woodland biodiversity will be substantial and,
in many cases, negative (Hooper et al., 2012; McGill et al.,
2015; Pimm et al., 2014). However, the impacts of contem-
porary climate change can be surprisingly challenging to
identify in established woodlands, particularly as long-lived
arboreal species may be relatively tolerant of wide variations
in annual weather conditions. This tolerance is evidenced
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by ancient trees, some of which established 600 years ago
(in the case of the Tortworth Chestnut in Gloucestershire)
and survived the cold winters of the Little Ice Age (17th
Century) and are currently surviving the recent increase in
hot summers.

Woodlands, particularly ancient woodlands and ancient
semi-natural woodlands, provide an exceptionally valuable
habitat for wildlife (Goldberg et al., 2007; Rotherham, 2011)
as well as providing a multitude of ecosystem services (Bull-
ock et al., 2014; Quine et al., 2011). Maintaining rich and
diverse woodlands is, therefore, important in conservation
contexts, with many practitioners increasingly moving from
single-species initiatives to landscape-scale approaches that
focus on entire ecological communities (Donaldson et al.,
2017; Jones, 2011; Lawton et al., 2010). This often involves
considering changes in the richness (number of species),
evenness (uniformity of species within the community) and
species assemblages. Underpinning research often focuses
on understanding spatial patterns or temporal change,
including responses to weather and climate, over the short-
term (Rull, 2012). It is important that where community
and successional processes span centuries, as is common in
woodland communities in response to climate, that longer
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timescales are used to analyse change so that impacts are
fully understood (Rull & Vegas-Vilarribia, 2011; Willis &
Birks, 2006). Thus, present-day ecological patterns are often
best understood, and likely future predictions most robust,
when consideration of long-term change is undertaken using
palaeoecological evidence (Davies and Bunting, 2010; Rull,
2010; Chambers et al., 2017).

Palaeoecological studies quantifying long-term change
throughout the Holocene epoch (last c. 11,700 years) demon-
strate that, following the termination of the last ice advances,
the climate has been relatively stable (Joannin et al., 2012).
Climax vegetation communities became established across
Europe during the Early Holocene period, following eco-
logical successional processes that occurred without anthro-
pogenic interference, which resulted in a relatively open
mosaic wood-pasture landscape (Vera, 2000; Whitehouse
& Smith, 2004, 2010). An abrupt climate event occurred
8200 calendar years ago (known as the 8.2 ka event: Fig. 1)
broadly characterised by a sudden cooling and warming
event culminating in a 1-3 °C air temperature change over
the Northern Hemisphere (Matero et al., 2017) (although
there is evidence from oceanic records that the pattern might
be rather more complex than this: Wiersma and Jongma
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(2010)). The 8.2 ka event occurred at a time when the veg-
etation responses would have been largely uninfluenced by
anthropogenic activity (Collins et al., 2012; Olsson et al.,
2010). It was widely observed across Europe and although
sample resolution and dating accuracy can complicate pre-
cise temporal relationships, the event is regarded as syn-
chronous across the continent (Alley et al., 1997). However,
there were differences in the climate changes across Europe,
with cooler conditions identified in the north compared with
cooler and drier conditions in the south (Alley & Agﬁstsdét-
tir, 2005; Prasad et al., 2009). Seasonality was also affected
with cooler drier winters and longer cooler summers (Prasad
et al., 2009). This event, particularly the warming trajec-
tory, provides a unique opportunity to assess the vegetation
impacts of past climate changes, which are similar in mag-
nitude to changes forecast over the next 80 years, to further
understand the likely responses of woodland vegetation
communities to contemporary climate change.

This paper will explore change in woodland vegetation
communities using palaecoecological data as a proxy for veg-
etation change during the 8.2 ka event. We utilise 31 wooded
sites from 13 countries across Europe with robustly dated
palynological (pollen and spore) records to establish tem-
poral trends in richness, evenness and community similarity
over time. We consider both the overall vegetation commu-
nity and the herbaceous and shrub sub-community, which
might be more sensitive to climate change and better able
to adapt quickly (shorter-lived, r-strategist species = shorter
lag time). We hope that better understanding of widescale
changes in vegetation in response to past climatic change
will provide useful insights into how woodlands are likely
to respond to current and future periods of climatic change.

Method
Data acquisition

Initially, the European Pollen Database (EPD) (Fyfe et al.,
2009) was mined to extract every site from across Europe
that spanned the 8.2 ka event and that was associated with
a published output in a peer-reviewed journal. This gave 73
possible sites from 19 countries: this meant that this study
adopted a comprehensive approach rather than selecting or
choosing particular sites. A rigorous quality control process
was then undertaken and only those sites that were consid-
ered to be woodland, high-resolution and robustly dated were
retained. After this screening step, full palynological data
were extracted from the EPD for 31 lacustrine sites across 13
countries (latitude: 41°-69° N; longitude: 6° W-28° E; alti-
tude: 5-1309 m; Fig. 2). Each site had multiple radiocarbon
dates underpinning a robust age-depth model to calculate
sedimentation rates at that specific site. This information

was used to select the appropriate time-sediment horizons
and thus the appropriate palynological assemblages. The
age-depth models generated by the original authors at the
time of publication were used without subsequent recalibra-
tion using IntCal20 (the latest calibration curve for terres-
trial sites in the Northern Hemisphere) because, as Stuiver
et al. (1998) and Reimer (2020) conclude, recalibration in
the early Holocene has a negligible effect on the dates gener-
ated. Sites with radiocarbon dates taken from bulk samples
spanning multiple horizons (i.e. where the sample resolution
of radiocarbon dating did not match the sample resolution of
palynological analysis) were rejected.

All 31 retained sites had palynological data predat-
ing the 8.2 ka event (hereafter termed ‘Before’: > 8400
calibrated years before present), at the peak of the event
(‘Cold’: 8101-8299 cal. BP), and postdating the event
(‘After’: <8000 cal. BP); palynological data were also
available for the (shorter) transitional periods for some
sites (‘Cooling’: 8300-8399 cal. BP, n=22; ‘Warming’:
8001-8100 cal. BP, n=23).

To ensure that we focused exclusively on sites that, at
the time of the 8.2 ka event, were vegetated with closed-
canopy woodland and thus likely supporting a mature wood-
land community (Joannin et al., 2012), we only included
sites that had > 51% arboreal pollen in each sample horizon
(min=57.1%; max=98.8%). The rationale was that 51%
arboreal pollen was the average for sites supporting ‘rela-
tively open canopy’ in woodlands in West Yorkshire, UK
(Bunting, 2002; Tinsley & Smith, 1974), while 50% was
reported as the indicative value of woodland presence at or
near upland sites (Birks, 1988).

Palynological data were extracted for the time periods
of interest using the taxonomic level given by the original
author(s). As the taxonomic level to which pollen and spores
could be identified varied for different taxa, and at different
sites, the overall dataset contained family-level, genus-level
and species-level data. This was not problematic because all
analysis-related vegetation from one time-sediment horizon
to other time-sediment horizons at the same site. Thus, while
this study involved multiple sites, change was always quanti-
fied site-specifically and the multiple change estimates from
each site were further analysed or averaged (see later) rather
than raw data from multiple sites being analysed together
to produce one overarching vegetation change estimate.
Palynological counts for individual sites varied from 229 to
2478 per time period in different studies (mean=769) but all
data analyses used relative or proportional data to account
for site-level variation. The total sample size across all time
periods and all sites was 105,323 individual data points.
Where the original authors included data on bryophytes
and ferns, these were excluded, as were data on other non-
vascular micro-remains (algae and fungal hyphae), which
had not been recorded consistently between studies.
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Data manipulation

From the palynological data, three metrics were calculated.
Taxonomic richness was calculated for each site for each
time period as a simple sum of the taxa found. Commu-
nity evenness, the extent to which the relative abundance of
each taxon was similar (uniform distribution) or dissimilar
(skewed distribution with some taxa dominating and other
taxa being rare), was also calculated for each time period.
As noted by Legendre and Legendre (1998) and Peros and
Gajewsk (2008), evenness is an important metric in com-
munity ecology, but one that remains under-utilised in pal-
aeoecological research. There are numerous evenness indi-
ces but here Shannon’s evenness (Ey;) was adopted as this
has been used previously for palynological data by Hellman
et al. (2009). This was calculated using Shannon's diversity

@ Springer

index (H) (Eq. 1) and dividing this value by the natural loga-
rithm (In) of the taxonomic richness (Eq. 2):

—Zpilnpi (1)
i=1
H
Ey=—
H= (2)

where S is the total number of species (taxa) in the commu-
nity and pi is the proportion of species i (Shannon, 1948).
The resultant metric runs between 0 and 1, with 1 indicating
complete evenness (i.e. all taxa uniformly abundant).

The third metric was Jaccard’s coefficient of community
similarity (CC)), which is a pairwise value used to summa-
rise the overlap in the actual species within a community
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between two different sites or, as here, between two differ-
ent time periods at the same site. This was calculated using
Eq. 3.

[

CC.i = S 3

where c is the number of species common to both communi-
ties and S is the total number of species found in both com-
munities. The index runs between 0 and 1, with 1 indicating
a complete overlap in species. CC; was calculated pairwise to
compare community similarity between the time periods: (1)
After versus Before; (2) After versus Cold; (3) Cold versus
Before. These time periods were chosen because palynologi-
cal data were available for each of these periods at all sites.
This approach has been used previously to assess homogeni-
sation of fish communities over time (Rahel, 2000).

In all cases, to allow lag effects in the vegetation commu-
nity to be assessed (i.e. that a change in climatic conditions
might take some time to be reflected, especially for arboreal
taxa), metrics were calculated both for the overall vegetation
community and the herbaceous and shrub sub-community.

Data analysis

To establish whether there were significant differences in
taxonomic richness and evenness between the different time
periods, a repeated measures ANOVA framework was used.
This meant that differences were calculated based on a per-
site basis to allow for repeated sampling of the same site
(and thus avoid pseudoreplication in analyses). This also
accounted for the fact that sites involved different research-
ers, different sample sizes and data reported at different taxo-
nomic levels. Four repeated measures ANOVAs were cal-
culated: (1) richness for overall community; (2) richness for
herbaceous and shrub sub-community; (3) evenness for over-
all community; and (4) evenness for herbaceous and shrub
sub-community. The Greenhouse—Geisser method was used
to compensate for a lack of sphericity in all analyses. Post
hoc testing was used for pairwise comparisons with a Bon-
ferroni correction applied to allow for multiple comparisons.

To understand any relationship between species turnover,
as measured by CC;, and species richness, we graphically
compared CC; between time periods with richness. Then, to
identify whether temporal change in richness and evenness
between time periods was related to the spatial variables of
latitude, longitude and altitude, General Linear Models were
used. Change over time was calculated for both richness and
evenness metrics for: (1) After versus Before; (2) After ver-
sus Cold; and (3) Cold versus Before. This was undertaken
for the overall community and the herbaceous and shrub
sub-community, which gave 12 new dependent variables,
six describing change in richness and six describing change
in evenness. In all cases, change was a simple calculation of

the later time period relative to the earlier time period, such
that the resultant figure encompassed both the direction of
change (positive for an increase, negative for a decrease) and
the magnitude of change (deviation from zero). Although
each change variable was the mathematical difference
between two count variables (richness) or the mathematical
difference between two proportional variables (evenness),
each of the 12 new variables conformed to a normal distri-
bution, centred on zero, and were thus deemed suitable for
analysis within a simple linear framework: residuals were
also assessed and found to be homoscedastic and normally
distributed in all cases.

To establish whether temporal change in CC; between
time periods was related to the spatial variables of latitude,
longitude and altitude, as well as the latitude*altitude inter-
action term, generalised linear models were performed with
a binomial distribution and a logit link function to allow for
the fact that CC; values were effectively proportional data.
Six analyses were undertaken in total to model firstly the
overall community and secondly the herbaceous and shrub
sub-community for: (1) After versus Before; (2) After versus
Cold; and (3) Cold versus Before.

Results

For all sites combined, there were 48 arboreal taxa including
coniferous trees (e.g. Abies, Picea and Pinus) and decidu-
ous trees (e.g. Acer, Alnus, Betula, Fagus, llex, Quercus and
Salix). There were also 183 non-arboreal (herbaceous and
shrub) taxa spanning flowering plants (including Artemi-
sia, Calluna, Filipendula, Potentilla, Plantago and Rumex),
grasses and cereals (Poaceae and Cerealia), rushes (Juncus),
sedges (Carex), reeds (Phragmites australis) and horsetails
(Equisetum). In total, the combined dataset comprised 231
taxa.

There was no significant overall difference in vegeta-
tion richness or evenness over time, either for the overall
vegetation community or for the herbaceous and shrub sub-
community (repeated measures ANOVA results: Table 1).
However, post hoc testing revealed some significant pair-
wise comparisons between specific time periods. There
was a statistically significant decrease in overall richness
as the climate warmed between the peak of the 8.2 ka event
(Cold mean =25 taxa; Warming mean =22 taxa; P=0.015;
Fig. 3a), which was driven by this pattern occurring in the
herbaceous and shrub sub-community (Cold mean= 15 taxa;
Warming mean =12 taxa; P=0.010; Fig. 3b). For evenness,
there was variability between time periods, especially for the
herbaceous and shrub sub-community (Fig. 3d), but there
were no significant pairwise comparisons.

Although the repeated measures ANOVA indicated that
there were no overall significant changes in community
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richness and evenness, and only minimal short-term changes
between Cold and Warming time periods for richness, these
analyses do not allow for changes in actual vegetation
assemblages due to species turnover. Jaccard’s analysis dem-
onstrated that there were substantial changes in communities
at the same site over time. When assessing the overall veg-
etation community, the similarity before the 8.2 ka event and

Table 1 Repeated measures ANOVA results for taxonomic rich-
ness and community evenness comparing five different time phases
relative to the 8.2 ka climate event (Before, Cooling, Cold, Warming,

the peak of that event (Before versus Cold) ranged between
0.44 and 0.72 (mean=0.60), while the similarity after the
8.2 ka event compared to the peak of that event (After versus
Cold) ranged between 0.40 and 0.76 (mean=0.60) (Fig. 4).
A similar but more extreme pattern was seen when com-
paring the herbaceous and shrub sub-community alone to
assess turnover in field and herb layers rather than the overall

After) at 31 sites across Europe [F'=Fisher (the ANOVA test statis-
tic), d.f. =degrees of freedom, p = probability]

Richness

Evenness

F d.f.

P F d.f. P

Overall vegetation com-
munity

0.789 1.848

Herbaceous/shrub sub-
community

1.012 1.790

0.455 1.551 2.424 0.223

0.369 1.391 1.740 0.265

Fig.3 Vegetation community
richness and evenness based on
analysis of palynological data
from different time periods for:
(a—c) overall community; and
(b—d) herbaceous and shrub
sub-community. Significant
contrasts (post hoc testing with
Bonferroni correction after
repeated measured ANOVA)
are shown, with dashed line
indicating P <0.05 and solid
line indicating P <0.01
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vegetation community: mean similarity dropped to 0.24 for
both Before versus Cold and After versus Cold (Fig. 4).

There was no relationship between CC; in different time
periods and species richness in the earlier time period, sug-
gesting that resilience to climate change in the extent of spe-
cies turnover was not influenced by species richness (Fig. 5).
There was also no clustering of sites in geographical regions,
suggesting a lack of broadscale spatial patterns.

The 12 General Linear Models undertaken to iden-
tify whether temporal changes in richness and evenness
between time periods were related to spatial parameters
(latitude, longitude and altitude) were all non-significant
(model P >0.133; individual spatial variables P>0.129)
and the amount of variance explained by all models was
negligible (adjusted 7*<0.094). The six generalised linear
models undertaken to relate changes in vegetation commu-
nity similarity (CC;) between time periods in relation to the
spatial variables of latitude, longitude and altitude, as well
as the latitude*altitude interaction term were also all non-
significant (model P >0.277; individual spatial variables
P>0.117) and again the amount of variance explained was
negligible (adjusted 7* <0.065). This suggested that while
there were site-specific differences in the effect of climatic
change on vegetation, this change was not consistently or
predictively related to site location at sub-continental scale
as also indicated by Fig. 5.

The underpinning dataset with richness, evenness and
CC, for all sites is available on an open-access repository
via http://eprints.glos.ac.uk/id/eprint/10077.

Discussion

This paper considers temporal change in vegetation over the
8.2 ka event across Europe at a time when climate changed
independently of anthropogenic stressors (Collins et al.,
2012; Olsson et al., 2010). We conclude that, overall, there
was no significant difference in woodland plant community
richness and evenness over a rapid cooling and warming
event, demonstrating a surprising resilience to changing
climate in these metrics of woodland diversity. Even where
there were significant pairwise contrasts found in richness
as the climate warmed (a significant decrease between Cold
and Warming time periods) these were short-lived, indicat-
ing effects were temporary rather than permanent. At this
high level, therefore, the frequent assumption that impacts
of a warming climate on woodland biodiversity will be sub-
stantial and, in many cases, negative (Hooper et al., 2012;
McGill et al., 2015; Pimm et al., 2014) is not supported.
This high-level resilience is likely partly due to the long-
lived nature of arboreal species relative to the time over
which change occurred, coupled with the wide tolerance
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ranges of many K-strategist species within mature climax
ecosystems (Chaideftou et al., 2012; Rull & Vegas-Vilar-
ribia, 2011). However, quantifying community similarity
using the CC; metric revealed substantial changes between
time periods. This indicates that while the number of species
(richness) and the relative abundance of different species
within the community (evenness) might not have changed,
the actual species within that community had altered. There
was an overall mean similarity of 0.59 (59%) across all sites
and all time periods when considering the overall vegeta-
tion community, which dropped as low as 0.40 (40%) at
some sites. When the herbaceous and shrub sub-community
was analysed alone, the overall mean similarity was 0.47
(47%) with values as low as 0.21 (21%) being seen at some
sites. In other words, species turnover was always consid-
erable, and, in some cases profound especially within the
herbaceous and shrub sub-community. This suggests that
resilience to climate change was considerably lower when
considering species turnover rather than simple diversity
metrics, a process discussed by Ewel and Bigelow (1996)
as climate-induced ecological recombination. It should also
be noted that the level of turnover identified here might be
underestimated given that much of the palaeoecological data
were restricted to genus or family level (because of the chal-
lenges in identifying fossilised pollen to species level), and
thus some of the more subtle vegetation changes might not
have been detectable.

Interestingly, there was no link between CC; scores and
initial species richness. This is contrary to the diversity-
stability concept, which states that higher richness is asso-
ciated with higher ecological resilience and stability. This
has been a central tenet of community ecology since this
was originally postulated by Darwin (1859) and extended
by MacArthur (1955) and McNaughton (1977). There is
considerable experimental evidence for such a link, at least
over short timescales, in communities experiencing climate
stress or climate change (e.g. Frank & McNaughton, 1991;
Tilman et al., 1996). However, this pattern is neither univer-
sal nor inevitable (Ives & Carpenter, 2007). For example,
Vogel et al. (2012) demonstrated that a positive relationship
between richness and stability in grassland communities
during climate perturbations only occurred in ecosystems
that were highly managed, not those that were dominated
by natural processes and interactions, while Isbell et al.
(2015) suggest that species richness may be more important
for stability under moderate rather than extreme environ-
mental change. Moreover, there is increasing evidence that
the link between richness and community-level stability is
fundamentally influenced by the actual species present, such
that the degree of stability in a community depends idiosyn-
cratically on community composition and biotic interactions
(Lawton, 1994; De Boeck et al., 2017), and thus ecological
history (Peterson et al., 1998). This also links to the concept
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of functional diversity: even a species-poor community
might be highly resilient to species turnover and ecologi-
cal tipping point thresholds if each species has a different
functional role, such that all ecosystem links are fully opera-
tional, albeit with little redundancy (Cadotte et al., 2011;
Ives et al., 2000). This has been demonstrated empirically
for Argentinian plant communities (Fonseca and Granade,
2001) and simple plant communities compared to tropical
rainforests in Costa Rica (Ewel et al., 1991).

At the geographical scale of the present study, spatial
analysis showed that the direction and magnitude of vegeta-
tion change was unrelated to broadscale spatial variables of
latitude, longitude and altitude for richness, evenness and
(despite considerable variation between sites) for community
similarity too. This suggests that although woodland com-
munities and ecological processes might differ spatially in
predictable ways, including latitudinal diversity gradients
(Lamanna et al., 2014), and global patterns in plant traits,
morphology and productivity (Madani et al., 2018), there
is no predictable biogeographical pattern in vegetation
response to climate change. This likely reflects community
resilience to change being driven by local factors such as
woodland size, geology and soil type, topography and expo-
sure, and local weather patterns (especially precipitation).
In particular, it is notable that species richness (and in many
cases functional diversity and thus stability) increases with
woodland area, as does genetic diversity and thus poten-
tially species’ adaptability. Indeed, McCarthy et al. (2005)
state that ‘the mean time to extinction of a single population
increases as a power of the habitat area’. Moreover, larger
woodlands experience less disturbance from adjacent land
uses and fewer edge effects caused by greater exposure to
extremes of light, temperature fluctuations and storm dam-
age (Matlack, 1994; Swallow & Goodenough, 2017). In
more connected landscapes, colonisation and recolonisa-
tion might be higher because the local pool of species from
which to draw is greater (Graae, 2000; Honnay et al., 2002).
It is also notable that even the broadscale latitudinal diversity
gradient that is so well-known today was much less strong in
the past: Silvertown (1985) used palynological evidence to
show this trend across Europe was considerably shallower
9000-8000 years ago compared to neo-ecological records.

In addition to local abiotic variables affecting the magni-
tude of vegetation change, variation in local biotic processes
might explain part of the variation in vegetation response in
the absence of broadscale geographic patterns. In particular,
the age of the woodland at each site will likely have a role, as
resilience to change usually increases with woodland matu-
rity (Graae, 2000). This is partly driven by plant species hav-
ing a long history of co-evolution with species in other taxo-
nomic groups, such that ecological interactions, mutualistic
relationships, and feedback mechanisms are well-developed
(Hubbell & Foster, 1986). In particular, the locally spatially
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variable role of herbivores has been shown to have a pro-
found effect on plant species turnover (Chase et al., 2000).
Linking back to the concept that the degree of community
stability depends on species composition (Lawton, 1994; De
Boeck et al., 2017), the ratio of generalist to specialist spe-
cies would have a notable effect on the resilience to climate
change (Palinkéas, 2018). Stochastic processes will also have
a variable impact, with chance extirpation of a single species
potentially having a minimal effect or triggering substantial
cascade effects, especially if keystone species are involved.

Looking forward: predictions,
recommendations and caveats

A central aim of this study was to use palaeoecological
analysis of woodland vegetation during the 8.2 ka event
as a vehicle to improve understanding of likely woodland
responses to contemporary climate change. We have deliber-
ately focused on a climate change event of similar magnitude
to that predicted over the next 80 years to study vegetation
response without this being confounded by anthropogenic
processes. This paleoecological approach embraces the
framework advocated by Davies and Bunting (2010), Rull
(2010), and Chambers et al. (2017). However, it is impor-
tant to note that the connectivity inherent in the natural
wood-pasture mosaic during the 8.2 ka event might have
enhanced resilience of woodlands, whereas contemporary
climate change is occurring concurrently with other envi-
ronmental pressures, including habitat loss and fragmen-
tation, impacts of non-native species and pollution. These
multiple co-stressors might reduce the resilience of ecologi-
cal communities to climatic change, and mean that we can-
not exclude the possibility that an ecological tipping point
(Cairns, 2004) might be reached in the future if emissions,
and thus climate change trajectory, are not acted upon. This
is especially true given that the warming period in the 8.2 ka
event was recovery to temperatures experienced before the
sudden cooling (i.e. it was returning to the baseline rather
than warming from it), and the fact that contemporary cli-
mate changes are involving more extreme weather patterns
and changes to seasons that were not necessarily seen in the
8.2 ka analogue (Prasad et al, 2009).

Despite these caveats, we predict that if future vegeta-
tion responses largely mirror the past changes described
here, individual woodland sites are likely to be relatively
unaffected in terms of richness and evenness over the next
80 years. It is notable that richness decreases in response
to the rapidly changing climate 8200 years ago were all
temporary, before richness recovered. When considering
broadscale diversity, this demonstrates the need to resist
reacting to short-term change and instead to develop moni-
toring, management and conservation strategies that span

generations rather than the typical 3—5-year span of funding,
management plans and political cycles.

We suggest that there will be considerable species turno-
ver in woodlands as the climate warms. This is already being
seen to some extent (Guerin et al., 2013; Chaideftou et al.,
2012). Our retrospective analysis suggests that, for some
sites, this could be profound with magnitude of change being
driven not by broadscale geography but by local abiotic fac-
tors, ecological interactions, initial species composition,
functional diversity and stochastic processes. Given that, at
a landscape scale, species turnover at individual sites will
have a negligible effect if turnover is driven by localised
and random processes rather than being systematic (Bres-
hears et al., 2008), we recommend that consideration of
gamma diversity—rather than alpha or beta diversity—is
of paramount importance. This shifts the focus from sin-
gle-species and single-site conservation to landscape-scale
approaches (Donaldson et al., 2017; Jones, 2011; Lawton
et al., 2010). This also avoids ‘overmanaging’ individual
sites with the aim of preventing or buffering natural change,
but rather accepts that natural change occurring at multi-
ple sites across the landscape will alter the elements of the
landscape mosaic but landscape-level diversity would be
less affected. However, extensive and proactive monitoring
should be undertaken to identify species that are being sys-
tematically lost from multiple sites (Breshears et al., 2008;
Guerin et al., 2013). This might include specialist species
with narrow tolerance ranges that are more vulnerable to
climate change per se, or species that less able to compete
in climate-induced ecological recombination. Such spe-
cies need to be prioritised for conservation action at both
landscape and individual site scales. This accords with the
‘management of changing nature’ and ‘innovation in nature’
conservation perspectives of Dempsey (2021) and concur-
rent movement away from paradigms that prioritise species
over process, while also realising that some single-species
initiatives remain valuable.
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5. Towards contemporary ecology: Lessons from the past

All three papers presented in this chapter are fundamentally ecological papers rather than
palaeoecological papers in terms of topic and audience. However, they all take a
palaeoecological approach and share the basic concept that ecological research can learn
from the past and use palaeoecological data in novel ways to advance ecological
understanding, policy and practice. The first paper is a broad review of the many
opportunities for using palaeoecological data (not restricted to palynological data) within a
contemporary context. Building on this, the second paper uses fossil pollen data and
contemporary vegetation data to test the reliability of a commonly-used ecological proxy
used in biodiversity audits and site designations, while the third paper uses palaeoecological

data to test ecological theory.

Goodenough, A.E. and Webb, J.C. (2022) Learning from the past: opportunities for
advancing ecological research and practice using palaeoecological data. Oecologia: Online

Early.

Webb, J.C. and Goodenough, A.E. (2018a) Questioning the reliability of “ancient”
woodland indicators: Resilience to interruptions and persistence following deforestation.

Ecological Indicators, 84, 354-363.

Goodenough, A.E. and Webb, J.C. (submitted) Understanding spatiotemporal variation in
taxonomic richness and rate of within-site turnover in vegetation communities across

Eurasia over the last 4,000 years. Submitted to Community Ecology

5.1 Palaeoecological opportunities

Although palaeoecology is an ecological discipline, as outlined in section 2.2, there are
comparatively limited examples of where applied ecologists are reaching back into the past
and using palaeoecological approaches, insights and data. Opportunities for further use of
palaeoecological data in applied ecological contexts was explored in Goodenough and Webb
(2022). Their paper suggests ecologists should look to recent palaeoecology (last 400 years)

to add useful additional context to contemporary research and practice, and offers
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examples to inspire the use of palaeoecology. This includes definitively determining the
nativeness of species in a location (for example, Pinus sylvestris in Ireland (Roche et al.
2009)); understanding ecological tipping points (Kilgore 1973; Meyer and Safford 2011);
assessing hydrological impacts (Bhiry and Filion 1996); and informing rewilding concepts

(Jackson and Hobbs 2009; Wingard et al. 2017).

It is notable, however, that while this paper reviews opportunities for the use of
palaeoecology in contemporary contexts, the vast majority of their examples are based on
single site reconstructions to assist with local questions. As noted in Chapter 3, there is
value in these single-site examples in demonstrating the utility of palaeoecology in
ecological management for specific sites, but ecologists should also be mindful that
palaeoecological data can often be most valuable when multiple sites are used. This precept
was used in the other two outputs within this Chapter, as described in section 5.2 for Webb

and Goodenough (2018a) and section 5.3 for Goodenough and Webb (submitted).

5.2 Testing a commonly-used ecological proxy: Ancient woodland indicators (AWI)

Indicator species are those in which their presence, prevalence or abundance in a habitat is
indicative of the prevailing environmental conditions. For example, aquatic invertebrates to
indicate water quality (Paisley et al. 2014) and lichens as air quality indicators (Pinho et al.
2004). In woodlands, disturbance sensitive ground flora are used as indicators of high
conservation value ancient (and semi-ancient) woodland. Given the high conservation
importance of ancient (undisturbed since 1600 AD in England/Wales) woodland it is
essential that there is a robust indicator system to identify such woodlands where historical
records are not available. Webb and Goodenough (2018a, presented in this chapter) used
recent (400 — 4000 years ago) palaeoecological data to test the resilience and persistence of
Ancient Woodland Indicators (AWI) after woodland interruptions. They discovered that both
palynologically inferred interrupted woodlands, and clear-felled sites supported extensive
AWI communities and so caution the use of the AWI approach in defining woodland status.
Surprisingly, given the weight that is given to the AWI system in conservation practice,
Webb and Goodenough (2018a) provides the first account of palynology being used to

critique the concept of the AWI system across multiple sites. The paper does not attempt to
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persuade practitioners that there should be a reduction in the number of wooded sites
assigned as ancient, nor that the AWI approach is not useful. It is important that
practitioners understand the limitations and work towards a more effective approach to
allocate woodland status (species weighting; multi-proxy approaches; minimum threshold
numbers; reverse indicators or using palynological evidence are suggested). As such, while
the paper has to date only a small number of academic citations (see Table 1.1), the
research received interest from the Woodland Trust and practitioners within ecological
consultancy. The Wood Wise Journal, circulated to Woodland Trust members on a quarterly
basis published an article based on the paper that was redrafted for a public audience
(Webb and Goodenough 2018b). It also led onto a Woodland Trust Blog, and
communications with SLR Consulting Limited, Stafford, UK. Thus, indicating the real impact

in applied ecology.

5.3 Testing theory: Diversity patterns

Another example of the utility of fossil pollen in testing ecological theory comes in
Goodenough and Webb (Submitted, presented in this chapter). While Webb and
Goodenough (2018a) investigate the robustness of theory that is applied in ecological
practice, this paper investigates theoretical processes temporally and spatially. Using
paleoecologically derived data from 23 Eurasian sites, spatiotemporal change in taxonomic
richness and rate of within-site turnover were examined by assessing sequential time
horizons. The research found that the widely-recognised theories in community ecology
(Latitudinal Diversity Gradient, Altitudinal Diversity Gradient, Diversity Stability Hypothesis)
were supported by the fossil data, albeit with complex interactions with time and space.
Goodenough and Webb (Submitted) found variation in the strength of the patterns between
the overall vegetation community and when the shrub and herb sub-community was
assessed in isolation. These variations in strength were not consistent in direction or
magnitude between the theoretical patterns. The complex results of the paper highlight the
importance of using fossil pollen data, and suggest that more research is needed into

understanding the drivers of the patterns reported. This is particularly important given the
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recent and widespread biodiversity declines within our anthropogenically altered

environment.

Both Webb and Goodenough (2018a) and Goodenough and Webb (Submitted) alongside
key papers such as Willis et al. (2010) and Birks (2012) demonstrate the importance of
testing hypotheses using palaeoecological data. Birks (2012) suggests we are in the
honeymoon phase of bringing the two disciplines of ecology and palaeoecology together,
and traction must continue in order to answer critical questions in modern ecology.
Sutherland et al. (2006, 2009) and Birks (2012) proposed questions of importance in

conservation that in 2012 had not been addressed. They highlight in their questions the

importance of establishing baseline conditions and understanding natural change, and both

Webb and Goodenough (2018a) and Goodenough and Webb (Submitted) have contributed

to both the academic and applied fields in this area with their findings. There is much work

to do in the next decade to provide answers to Birks (2012) and Sutherland et al.’s (2006,
2009) many questions, but palaeoecological data will play a key role in responding to
temporal (particularly in the recent past) perspectives, just as Webb and Goodenough

(2018a) and Goodenough and Webb (Submitted) have done.
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Abstract

Palaeoecology involves analysis of fossil and sub-fossil evidence preserved within sediments to understand past species dis-
tributions, habitats and ecosystems. However, while palacoecological research is sometimes made relevant to contemporary
ecology, especially to advance understanding of biogeographical theory or inform habitat-based conservation at specific
sites, most ecologists do not routinely incorporate palacoecological evidence into their work. Thus most cross-discipline
links are palaeoecology — ecology rather than ecology — palaeoecology. This is likely due to lack of awareness and/or the
misnomer that palacoecology invariably relates to the “distant past” (thousands of years) rather than being applicable to
the “recent past” (last~100-200 years). Here, we highlight opportunities for greater integration of palacoecology within
contemporary ecological research, policy, and practice. We identify situations where palaeoecology has been, or could be,
used to (1) quantify recent temporal change (e.g. population dynamics; predator—prey cycles); (2) “rewind” to a particular
point in ecological time (e.g. setting restoration/rewilding targets; classifying cryptogenic species); (3) understand current
ecological processes that are hard to study real-time (e.g. identifying keystone species; detecting ecological tipping points);
(4) complement primary data and historical records to bridge knowledge gaps (e.g. informing reintroductions and bioindica-
tor frameworks); (5) disentangle natural and anthropogenic processes (e.g. climate change); and (6) draw palacoecological
analogues (e.g. impacts of pests). We conclude that the possibilities for better uniting ecology and palaecoecology to form an
emerging cross-boundary paradigm are as extensive as they are exciting: we urge ecologists to learn from the past and seek
opportunities to extend, improve, and strengthen their work using palaeoecological data.

Keywords Ecological monitoring - Ecological management - Conservation - Spatiotemporal change

Introduction

Palaeoecology is the study of ecological patterns and pro-
cesses of the past. Palaeoecological studies (and research
within the cognate fields of palaeobiology and palaeontol-
ogy) involve examining fossil and sub-fossil evidence to
understand past species distributions, habitats, ecological
patterns and ecosystem processes. Such evidence can be
preserved within rock, terrestrial sediments (e.g. bog and
lacustrine deposits) and marine and estuarine sediments,
and can involve many different types of preserved biological
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material. For plants this includes palynological remains (pol-
len grains and non-pollen palynomorphs such as spores of
ferns) and plant macrofossils such as seeds or preserved
vegetative material. For fauna in terrestrial or aquatic envi-
ronments, evidence includes vertebrate bones, shells from
Mollusca and Crustacea, and insect remains (especially of
Coleoptera where elytra are often well-preserved). More
specialist fossil and sub-fossil evidence includes unicellu-
lar testate amoebae and diatoms—both of which can occur
within freshwater and marine contexts as well as terrestrial
sediments—as well as coral, coralline algae, bryozoans,
fungal hyphae/spores, and lichens. It is often possible to
date evidence directly (e.g. radiocarbon dating of bones) or
indirectly by dating the sediment associated with evidence
(e.g. luminescence dating of quartz-rich sediment surround-
ing preserved pollen). Palacoecological evidence can also be
compared to biogeochemical data to enable inferences to be
made about environmental conditions (Roberts 2013; Lowe

@ Springer


http://orcid.org/0000-0002-7662-6670
http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-022-05190-z&domain=pdf

Oecologia

and Walker 2014). When evidence from several consecutive
time periods is pieced together, it can provide insights into
temporal transformation of environments.

A classic study demonstrating the utility of palaecoecology
to reconstruct past environments was that of Walker (1982),
which quantified pollen preserved in terrestrial sediments
to identify changing climate after the last ice age in Brit-
ain. The 5 m sediment core revealed pollen from pioneer
vegetation shortly after the ice retreated 20,000 years ago
and the subsequent change in vegetation over thousands of
years to a climax community. Similar studies can be under-
taken in the marine environment, for example Anderson
and Vos (1992) demonstrated how diatoms could be used
to study the evolution of the coastline of The Netherlands
in relation to changes in sea level caused by natural and
anthropogenic processes. More recently, palacoecology
has been employed to study more complex patterns and the
use of multiple types of evidence within single studies is
now commonplace. Such multi-proxy research can provide
a comprehensive understanding of changing climate (e.g.
Njagi et al. 2021; Roland et al. 2015), ecological interactions
(e.g. Galka et al. 2018), human occupation and activity (e.g.
Kittel et al. 2018; Bishop et al. 2019), or extreme events
(e.g. Yao et al. 2021). As the discipline has progressed and
methods have advanced, there has been a drive to move away
from traditional single-site palaeoecological reconstructions
to synthesise data from multiple sites to further understand
continental or global-scale ecological patterns (Barber et al.
2003, 2004; Blundell et al. 2008). A good example of this
approach is a study by Roland et al. (2015), which docu-
mented a major climate event 5200 years ago across multiple
sites in Ireland. This study utilised testate amoebae and plant
macrofossils, alongside humification analysis and stable iso-
tope analysis, to identify the extent and timing of wetter
conditions and revealed the cause to be persistent cyclonic
weather patterns across northwest Europe. Such broadscale
research can also reveal no-analogue communities. Exam-
ples of ecosystems that do not have a modern equivalent in
terrestrial environments are reviewed by Jackson and Wil-
liams (2004) and Birks (2019), while the work of Novak et al
(2013) on the Indonesian coast revealed high biodiversity
reef systems in low energy mesophotic environments, which
are no longer extant.

Palaeoecology is inherently informed by theory used
within contemporary ecology, including use of concepts
such as competition, ecological succession patterns, and
niche theory to understand and model past dynamics and
temporal change (e.g. Birks 2019). It also has an important
role in the study of biogeographical patterns and processes,
especially linking ecological change to climate. For example,
there are single-site studies spanning multiple glacial/inter-
glacial cycles (e.g. temporal change in tree species in the
French Massif Central over 430,000 years (de Beaulieu et al.
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2006)), cross-continental spatial changes since the end of the
last ice age (e.g. range shifts in European flora (Huntley and
Birks 1983)) and detailed studies of rapid climate perturba-
tions (e.g. Webb and Goodenough 2021). Understanding of
other biogeographical patterns is also informed by palaeo-
ecological investigation, including the Latitudinal Diversity
Gradient (e.g. Silvertown 1985; Mannion 2020; Meseguer
and Condamine 2020; Song et al. 2020) and the Bergmann
and Allen rules of thermal biology for vertebrates (Smith
and Betancourt 2003; Boulbes and van Asperen 2019; Davis
2019) and marine protists (Mousing et al. 2017).

To extend reach into more applied ecological contexts,
some palaeoecologists have sought to make data and infer-
ences about the past relevant to current challenges, espe-
cially in relation to habitat conservation. Such research is
often in relation to specific single sites. For example, at Lla-
ngorse Lake in South Wales, diatoms, Mollusca, and Crus-
tacea from sediment cores were used alongside sedimento-
logical evidence to demonstrate recent human-accelerated
infilling of the lake is ecologically unsustainable (Chambers
1999); Chambers et al. (2007) were also able to utilise pal-
aeoecology to document natural habitat change at upland
heath sites in Wales to inform current conservation. How-
ever, while some palaecoecological researchers have made
considerable effort to make their studies increasingly rel-
evant to contemporary ecological contexts, there are fewer
examples of contemporary ecologists routinely reaching
back into the past to incorporate palacoecological evidence
in their work. This is despite repeated calls to unite palaeo-
ecology and contemporary ecology (e.g. Kowalewski 2001;
Willis and Birks 2006; Willis et al. 2007; Jackson 2007;
Davies and Bunting 2010; Rull 2010; Waller et al. 2012;
Birks 2019), including specifically for the study of ecosys-
tem change and resilience (Buma et al. 2019), marine pro-
tection (Pandolfi 2011), and ecosystem restoration (Jackson
and Hobbs 2009; Wingard et al. 2017; Reid et al. 2022). The
need to better integrate ecology and palaeoecology is also
being recognised in research networks, forums and working
groups, such as the US-based Conservation Paleobiology
Network and the UK-based Palaeoecology Group within the
British Ecological Society.

We suggest that one reason for most links being palaeo-
ecology — ecology rather than being balanced by an equal
number of ecology — palaeoecology links might be lack of
awareness within the ecological research community of the
extensive possibilities for using palaeoecological approaches
within current ecological research, as well as applied moni-
toring, management and conservation initiatives. Possibly
more importantly, although ecologists might think that
palaeoecological studies invariably relate to the “distant
past” (thousands of years ago), actually palaeoecological
research can explore change over timescales a short as the
last 100-200 years. Examples include studies in terrestrial
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New Zealand (Wilmshurst et al. 2013), freshwater ecosys-
tems in the UK (Bennion et al. 2018; Bishop et al. 2019)
and marine environments off the west coast of the Iberian
Peninsula (Ribeiro et al. 2012) and in the Mediterranean
(Agiadi and Albano 2020). These “recent past” timeframes
are often vital to understand current patterns and processes
in terrestrial and marine environments (Finney et al. 2002;
Rull 2010), and palaeoecological approaches are especially
valuable where there are incomplete primary survey data
or documentary evidence (Davidson et al. 2005; Salgado
et al. 2010; Bishop et al. 2019; Seddon et al. 2019). A ter-
restrial example of this is afforded by Sherriff et al. (2014),
who undertook spatially explicit modelling of fire regimes in
Colorado over 300 years using both primary survey and pal-
aeoecological data to show that recent fires were larger than
those experienced historically and to identify specific high-
risk areas outside of historical norms. Pandolfi et al. (2003)
took a similar approach in a marine study that combined
paleontological, archaeological, historical, and primary
ecological data to assess change in coral reefs in relation to
human pressures. Where a direct combination of datasets is
not possible, use of palacoecological analogues can some-
times be employed to help understand current ecological
changes in ways that have direct implications for ecological
policy and practice. For example, Webb and Goodenough
(2021) studied biodiversity metrics over a past rapid cli-
mate event and showcased how woodland vegetation might
respond to contemporary rapid climate change, and related
this to the need to focus contemporary monitoring on gamma
rather than alpha richness.

In this Concepts paper, we review the value of using
palaeoecological data in a wide range of contemporary
ecological contexts. We are not seeking to provide a fully
comprehensive review of any one topic, but rather to high-
light—through discussion of themes, questions, and sce-
narios—the extensive opportunities for greater integra-
tion of palacoecology within ecological disciplines as an
emerging cross-boundary paradigm. We discuss examples
where palaeoecological data or palacoecological analogues
have been, or could be, used to allow ecologists to better
understand the utility of palaeoecology in current ecologi-
cal research, as well as within in the applied contexts of
monitoring, management and conservation. Inevitably there
will be some overlap with some previous work—especially
Willis and Birks (2006), Willis et al (2007), Davies and
Bunting (2010), Rull (2010) and Birks (2019)—but our aim
is to build on this important topic and develop new perspec-
tives and insights. We do this in five interconnected ways:
(1) writing from an ecological perspective that is accessible
to both ecological researchers and practitioners to develop
greater ecology — palaeoecology linkages to complement
existing palaeoecology — ecology linkages; (2) focusing on
applied ecology topics (rather than theoretical ecology or

biogeography) that have clear implications for policy and
practice; (3) taking a holistic perspective to ensure that stud-
ies on a wide range of environments are represented so that,
while there may be a slight bias towards terrestrial ecosys-
tems, research using freshwater aquatic and marine palaeo-
ecology is fully embedded; (4) highlighting multiple types of
palaeoecological evidence within a single review rather than
focusing specifically on palynology; (5) largely, although not
exclusively, concentrating on consideration of “recent past”
to highlight how palaeoecology can be a useful tool over
timespans as recent as the last couple of hundred years. We
hope that, by highlighting these possibilities, ecologists will
become more aware of opportunities for advancing ecologi-
cal research and practice using palaeoecological approaches.

Invasion ecology

As noted by Willis and Birks (2006), palaeoecology is inher-
ently concerned with the distribution of past species and
thus has obvious relevance to the study of invasion ecol-
ogy. Although the concept of nativeness—whether a spe-
cies occurs naturally within a given community—is an intui-
tive ecological principle, in practice there is often a lack
of consensus about the demarcation between “native” and
“non-native” (Carlton 1996). The classification of a species
depends not only on geographical history, but also how that
history fits with a specific date. For example, within Europe,
the start of mass trade around the year 1500CE is often used
to classify species as either arch&ophytic (old; native) or
neophytic (new; non-native). However, there are many
examples of where the history of a species in a particular
area is unknown or contentious and these are termed cryp-
togenic (“secret origin”) species. The number of cryptogenic
species is, by definition, hard to quantify but a systematic
study by Carlton (1996) suggested there were ~ 100 marine
cryptogenic species in San Francisco Bay alone.

It is often vital for ecologists to know whether a species is
native or non-native: this is not simply an academic debate
as there are real implications for legal status and subsequent
management (Goodenough 2016). For example, the north-
ern pool frog [Pelophylax (formerly Rana) lessonae] has a
cosmopolitan distribution in freshwater aquatic ecosystems
across Europe but, until recently, was considered to be an
introduced non-native species in the UK. As a result, the
species was a candidate for listing under Schedule 9 of the
UK’s Wildlife and Countryside Act as legally permissible
to cull. However, additional research was prompted by his-
torical documents suggesting that Pelophylax was already
present before the earliest known introductions, and this
revealed that the species was, in fact, native (Beebee et al.
2005). Following reclassification, the species moved from
being listed as a pest to being considered to be conservation
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priority: reintroduction and supplementation has now taken
place to create self-supporting populations (Buckley and
Foster 2005).

In the pool frog example, nativeness was suggested by
historical documents, which prompted analysis of museum
specimens and genetic profiling, as well as consideration of
amphibian bones from radiocarbon dated palaecoecological
sites (Gleed-Owen 2000). In many cases though, historical
documentation and museum specimens are absent and this
is where palaeoecological approaches might be especially
helpful. For example, the “non-native” aquatic species water
lettuce (Pistia stratiotes) in Florida, USA, was shown to be
native when palaeoecological records were evaluated (Evans
2013), 800-year-old fossilised pollen in the Galapagos was
used to identify which contemporary species are native to
the oceanic archipelago (van Leeuwen et al. 2008), and in
Ireland palaeoecology was used to resolve a long debate on
the nativeness of Scots pine (Pinus sylvestris) (Roche 2019).
Detailed studies can even reveal complex invasion pathways.
This is exemplified by work on the toxic marine phytoplank-
ton species Gymnodinium catenatum in the Atlantic Ocean
to show spatiotemporal spread along the Iberian Peninsula
(Ribeiro et al. 2012) and research on the European eagle owl
(Bubo bubo), which showed that although the small extant
population in the UK is founded upon captive escapees, the
palaeoecological record indicates that the species itself is
native (Stewart 2007).

It is not just identifying the origins of cryptogenic species
where palaeoecology can be useful within invasion ecol-
ogy research. From an applied perspective, understanding
interactions between non-native and native species, and thus
wider ecological impacts, is paramount (Goodenough 2010).
In some situations, the actual introduction event is known
and impacts can be monitored directly from that point. In
most cases, however, non-native species become estab-
lished before any monitoring commences. In such cases,
analysing the recent palacoecological record can be helpful
to “rewind” to the initial introduction event and thus study
impacts in retrospect. This approach was used on Skomer
Island, Wales, to infer the vegetation of the island from
pollen records before the introduction of non-native rab-
bits (Oryctolagus cuniculus) (Webb et al. 2017), and in the
marine environment to better understand the impacts of the
biotic homogenisation in the Mediterranean that occurred
after the construction of the Suez Canal in 1869 linked it to
the Red Sea (Agiadi and Albano 2020).

Disease ecology
The ability to investigate patterns over many years is useful

in the study of ecological pests and diseases where learning
lessons from previous disease outbreaks, including vector

@ Springer

identification and/or quantifying impacts, can also be help-
ful. This is especially important as the consequences of pests
and diseases are not always immediately apparent (there is
a lag time between emergence and impact), but the optimal
time to act to prevent damage is at the start of an outbreak,
where the chances of eradication or effective suppression
are highest (Goodenough and Hart 2017). For example, a
widely-recorded decline in elm (Ulmus) around 5,500 years
ago in northwest Europe and evident in palaecoecological
data (review by Parker et al. 2002), was used to inform
understanding of the ecological consequences of the more
recent Dutch Elm Disease (Flynn and Mitchell 2019). These
findings might be useful insights into diseases that are still
emerging and increasing in prevalence, such as ash dieback
(Hymenoscyphus fraxineus). In other situations, the immedi-
ate impacts of disease are clear from primary monitoring but
the historical context is lacking. For example, starting in the
late 1980s, white-band disease nearly eliminated the stag-
horn coral (Acropora cervicornis) from reefs in the coastal
waters of Belize, which caused mass species turnover. While
this was dramatic, it was not clear whether or not it was
atypical until palaeoecological research by Aronson et al.
(2002) revealed that staghorn coral had been dominant con-
tinuously for the previous 3000 years and no mass turnover
had occurred within that timeframe in these uncemented
lagoonal reefs. This research highlighted the urgent need
for disease alert monitoring in other areas of the Caribbean
and reduction of the anthropogenic stressors that facilitate
outbreaks of white-band disease.

Community ecology

Ecological communities are intricate networks of co-occur-
ring species that interact with one another and their abiotic
environment. Many aspects of community ecology are best
studied through direct observational fieldwork or manipu-
lation in the field or laboratory. For example, the effect of
herbivores on woodland regeneration can be studied using
exclosures (Dauwalter et al. 2018; Bradfield et al. 2021),
while lab-based microcosm experiments can be useful for
examining species’ coexistence (e.g. Luckinbill 1973), com-
petition (e.g. Bonsall and Hassell 1997), and predation (e.g.
Morin 1999). However, some aspects of community ecology
involve changes over long time periods, or patterns that fluc-
tuate temporally, and it is in these cases that palacoecology
can offer real insights and circumvent the problems inherent
in research that uses space-for-time substitution.
Space-for-time (SFT) substitution is an approach to
studying longitudinal change, for example in plant succes-
sion after glaciation, whereby change is not studied at one
fixed location over time but over a spatial gradient, or chron-
osequence, based on time since deglaciation (Walker et al.
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2010). However, SFT has recently been subject to increasing
criticism because assumptions are too simplistic for dynamic
environments and can lead to inconsistent results (Johnson
and Miyanishi 2008; Damgaard 2019). Palaeoecological
approaches can be very valuable here, since they allow past
changes to be studied directly without SFT assumptions.
The approach is currently underutilized (Louys et al. 2021)
but examples of where it has been used to good effect can
be found in the palacoecological literature. For example,
a detailed study by Payette (1988) demonstrated the com-
plexities in northern Canadian peatland succession, where
self-perpetuating vegetation cycles illustrate the dynamic
and rapid shifts between autogenic and allogenic succes-
sion, while a study in the coastal mangroves of Mexico used
palaeoecology to understand the role of natural disturbance
(hurricanes) on successional processes and understand
modern community ecology patterns (Torrescano-Valle and
Islebe 2012).

Palaeoecology can also be helpful when studying aspects
of community ecology that, unlike succession, might not
be inherently temporal but where examining patterns over
many years is advantageous (Rull 2010). Examples of where
this approach has been used to good effect include examin-
ing species turnover in woodland flora in relation to climate
change across Europe (Webb and Goodenough 2021), quan-
tifying variation in predator—prey cycles in Italian mammals
(Raia et al. 2007), analyzing the long-term effects of her-
bivory in the UK (Whitehouse and Smith 2010) and consid-
ering long-term synchronous population changes in sockeye
salmon (Oncorhyncus nerka) in the north Pacific in relation
to changes in different freshwater nursery lakes on Kodiak
Island, Alaska (Finney et al. 2002).

One area of community ecology that has gained increas-
ing traction as we enter the Anthropocene is the consid-
eration of ecological tipping points. Tipping points occur
when an ecological threshold is breached and the system
“tips over” into disequilibrium, quickly leading to long-
lasting change or ecosystem collapse (Gladwell 2000). As
tipping points cannot be studied until they occur, and are
notoriously hard to simulate experimentally (Cairns 2004),
they are challenging to predict with any accuracy. However,
evidence of past tipping points can sometimes be available in
the palaeoecological record, which might predict contempo-
rary tipping points and inform appropriate avoidance, miti-
gation, or buffering strategies. The power of this approach
is shown by Sander et al. (2021), who use palaeoecological
tools to investigate the collapse of a (fossil) bed of European
flat oysters (Ostrea edulis) in the North Sea. They conclude
that influx of sediment from continental rivers was a stressor
but that the tipping point for population collapse was the
sudden increase in boring sponge (Cliona sp.) c. 700 years
ago. This North Sea oyster bed research involved identifi-
cation of a biotic tipping point but Hajkova et al. (2012)

demonstrated the approach works for abiotic tipping points
too. Hajkova studied pollen, plant macrofossils and testate
amoeba to reveal that change in moisture levels was the
tipping point for abrupt change as calcareous fen replaced
original sphagnum bogs in Slovakia c. 10,700 years ago as
bog vegetation could no longer be supported. This highlights
the importance of contemporary management to reduce the
risk of desiccation, for example, by the addition of bunds
in drainage channels to change the hydrological regime in
similar habitats today.

In rare cases, it might be possible to actually avoid tipping
points by studying the fossil record. For example, suppres-
sion of the natural fire regime was mandated in several of the
early US National Parks, including Yosemite and Sequoia
from 1890, because fire was seen as being destructive and
thus non-desirable and in 1935 the US Forest Service fire
suppression policy was formally adopted by the National
Park Service. Although the wisdom of this was questioned—
notably by George Wright in the early 1930s (Kilgore
2007)—the Leopold report (Leopold et al. 1963) was the
catalyst for slow change towards the current Wildland Fire
Use policy. This report highlighted the ecological impor-
tance of fire, which was reinforced by later studies showing
that giant sequoia (Sequoiadendron giganteum) rely on fire
to release seeds from cones, expose bare soil for seedlings
to root, and to open canopy gaps and reduce competition
from shade-loving species (Kilgore 1973; Meyer and Safford
2011). Although this complex series of interactions could
probably not have been inferred from pollen data, the pres-
ence of charcoal and subsequent high levels of Sequoiaden-
dron pollen in the palaeoecological record (potentially after
a short lag) would at least have suggested that fire would not
be detrimental to this species.

Functional ecology

Keystone species have an especially important role within
their ecosystem and, by their very definition, variation in
the population of keystone species has a greater impact
than variation in the population of non-keystone species.
When the identity of a keystone species is known, pal-
aeoecological studies might complement historical or
contemporary evidence to enable longer-term study than
would otherwise be possible. For example, Slade et al.
(2022) studied Mollusca remains over the last 6000 years
to indirectly monitor temporal change in the population
size of sea otters (Enhydra lutris): a keystone predator
in British Columbia, Canada. However, it is not always
possible to identify a particular species as being keystone
until that species declines to a low level or becomes extir-
pated: in other words, evidence of keystone status often
comes from ecosystem consequences of keystone species
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loss. Indeed, the removal experiment of Paine (1966)—
whereby predatory sea stars (Pisaster ochraceus) were
removed leading to predator release for mussels (Myti-
lus californianus) that then outcompeted other species
and ultimately led to the term “keystone species” being
coined (Paine 1969)—has become one of most-cited
experimental ecological studies (Lafferty and Suchanek
2016). It is, however, not always possible or ethical to
undertake removal experiments to identify keystone
species, or determine impacts of decline or extirpation,
and this is where looking to the palaeoecological record
could again be informative. For example, Gilson (2004)
undertook research on 1,400 years of vegetation change
in Tsavo National Park, Kenya, which demonstrated the
ecosystem effects of variation in the population size of
African elephant (Loxodonta africana). Thus, the cur-
rently observable impacts of this species on vegetation
through trophic interactions (herbivory) that have caused
it to become belatedly classified by many ecologists as a
keystone species (Western 1989) were already evident in
the palaeoecological record.

One specific type of keystone species is an ecosystem
engineer: species that modify (literally “engineer”) the
environment physically through their activities. Although
the impacts of ecosystem engineers can often be studied
real-time in field research, being able to establish impacts
of ecosystem engineers in the past can be useful, since the
role of the ecosystem engineer, and indeed the response
of the ecosystem, might not be temporally consistent.
For example, American beaver (Castor canadensis) fell
trees and use these to dam water courses, creating com-
plex riverine ecosystems and transition across terrestrial
and freshwater environments. Persico and Meyer (2009)
studied sediments in historic beaver ponds and found that
beaver presence/absence were associated with different
riparian vegetation assemblages, especially in relation to
aspen (Populus tremuloides) which is preferentially used
in beaver dams. This highlights the potential for palaeo-
ecological work to explore causes of the cascade effects
of population change in ecosystem engineers at ecosystem
level.

Other species that can have a very important role in
habitat functioning are dominant species, especially where
these are long-lived. Once again, because there is a time
dimension here, quantifying the impacts of abundance
change in dominant species is not without challenge.
Palaeoecological analogues can be helpful, however. For
example, in North America the palaeoecological record
indicates a sharp decline in hemlock (Tsuga canadensis)
around 4000-5000 years ago (Bhiry and Filion 1996),
which caused long-lasting change to the understory spe-
cies assemblage, and, in turn, affected local hydrological
processes.
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Restoration ecology

Rewilding has become one of the most-commonly used
(and most-commonly misused) terms in conservation
ecology over the last decade. It is often seen as a “magic
bullet” in reversing biodiversity decline in the Anthropo-
cene but it remains a controversial concept in conserva-
tion (e.g. Rubenstein and Rubenstein 2016; Pettorelli et al.
2019). This is partly because there is no accepted universal
definition and the term is thus used for a diverse range of
initiatives, and partly because the aims of rewilding are
often unclear or unspecified (Nogués-Bravo et al. 2016;
Hayward et al. 2019; Schulte to Biihne et al. 2022). One of
the key challenges in rewilding, and indeed in ecosystem
restoration more generally, is that defining specific eco-
logical targets is often problematic. This is because resto-
ration and rewilding are inherently about recreating previ-
ous ecological conditions. Detailed understanding of past
habitats, species dynamics and ecological interactions is
essential both to allow restoration aims to be clearly artic-
ulated and to inform optimal methods to realise those aims
(Seddon et al. 2019). For example, it was always assumed
that, during the climax communities found in Europe after
the last ice age ~4000-9000 years ago, land was covered
by continuous and relatively-closed wildwood. However,
modelling of palaeoecological vegetation and Coleop-
tera data (Vera 2000; Whitehouse and Smith 2004, 2010;
Birks 2005) revealed that actually there was a relatively
open mosaic wood-pasture landscape. In an analysis of the
more recent past, Hanley et al. (2008, 2009) analysed plant
diversity in upland Scotland over the last 400 years using
an approach that combined palynological and historical
datasets. The authors showed that diversity levels have
varied considerably since 1600CE, indicating that static
baselines and ‘naturalness’ are problematic concepts in
rewilding (and indeed in conservation and ecology more
widely) (Davies and Bunting 2010). Thus, any rewilding
schemes should use a palaeoecologically derived base-
line to set appropriate habitat targets, or alternatively use
the trajectory of natural change derived from the palaeo-
ecological record to determine forward looking goals for
restoration (e.g. Jackson and Hobbs 2009; Wingard et al.
2017). In particular, care must be taken when attempting
to create an environment that mirrors the palacoecologi-
cally informed past, as the modern species assemblage will
inevitably be different (especially in regard to non-native
species), which may have important implications.

Within “Pandora’s box™ of rewilding concepts (Nogués-
Bravo et al. 2016) are two specific types of rewilding.
Pleistocene rewilding aims to restore ecosystems shaped
by populations of megafauna extirpated since the Late
Pleistocene where populations of these species are still
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extant elsewhere and thus could be reintroduced (e.g.
European bison (Bison bonasus) and musk ox (Ovibos
moschatus)). Trophic rewilding has a similar aim but uses
the mechanism of surrogate species that have a similar
ecological role to that of the megaherbivores (e.g. using
Heck cattle as a substitute for the extinct aurochs (Bos
primigenius) (Svenning et al. 2016; Perino et al. 2019)).
For such initiatives to work, a detailed understanding of
megaherbivore distributions, densities, and ecological
impacts is vital. This can sometimes be undertaken using
direct palaeoecological study of the species concerned
but, in other cases, palacoecological proxies can be valu-
able: for example, a recent study (van Asperen et al. 2021)
used coprophilous fungal spores that are associated with
the dung of megaherbivores as a proxy for spatiotemporal
abundance in these species.

Although rewilding is—or at least should be—a large-
scale approach, smaller-scale restoration ecology still
requires detailed knowledge of past conditions. An excel-
lent example of where palaeoecology has informed con-
temporary restoration ecology is van de Velde et al. (2019)
who used the assemblage of 28 Mollusc species from
2000-2500 years ago found in shelly deposits from Great
Turali Lake, Russia, to reveal a baseline for ecological res-
toration planning that pre-dates the current threats in the
region. A similar approach has been used in fen restoration
in minerotrophic peatlands in southeastern Canada, where
a “reference ecosystem” has been classified based on the
complementary analysis of multiple peat cores and charac-
terisation of contemporary natural sites (Bérubé et al. 2017).
Palaeoecological reconstructions using species tolerance
ranges have also been used to guide restoration targets for
abiotic environments at ecosystem level, including those
enshrined within environmental policy. For example, in rela-
tion to salinity levels in the Everglades in Florida (reviewed
by Wingard et al 2017), nitrogen levels in coastal fjords in
Norway in relation to the EU Water Framework Directive
(Andersen et al. 2004) and modelling natural freshwater flow
through the Colorado River to address critical information
gaps caused by the lack of direct surveying prior to alteration
of natural conditions and to facilitate appropriate restoration
(Kowalewski et al. 2000; Rodriquez et al. 2001).

Species reintroduction is undertaken for many different
reasons. In some cases, reintroduction is a part of a broader
restoration or rewilding project, when the ecological role
of a species is the fundamental driver for the reintroduction
(Hale and Koprowski 2018). In other cases, reintroduction
can be motivated by desire to repair fragmented guilds by
reinstating extirpated species, especially where charismatic
species are involved or where people feel a moral obliga-
tion to replace species lost through direct human activity
(Seddon et al. 2005; Hawkins et al. 2020; Lee et al. 2021).
There might also be economic arguments, either relating

to ecosystem services or ecotourism potential (Stringer and
Gaywood 2016; Auster et al. 2020). Reintroduction can also
be undertaken as part of species conservation: 43% of the
reintroductions analysed by Seddon et al. (2005) involved
species listed as threatened by the IUCN, with 21% being
endangered or critically endangered. Alternatively, reintro-
ductions might aim to create wild populations for species
otherwise only existing in captive collections, to broaden a
species’ current range to reduce extinction risk, or to facili-
tate overall growth in global population if carrying capac-
ity has been reached at current locations (Maunder 1992;
Walzer et al. 2012).

Regardless of the motivation for species reintroduction,
TUCN (2013) guidelines state that, within the initial feasibil-
ity study, it is vital to check: (1) the species was previously
present in the target release area (i.e. it is a reintroduction);
and (2) that, where possible, the target release area is near
the core of the historic range or in an area where extirpation
was relatively recent. In many cases, these questions can be
answered by examining past documentary evidence, con-
sidering capture locations of museum specimens (Winker
2004), using instances of where settlement or road names
can be used to infer presence of species historically (Wil-
liams et al. 2020), and, in some recent cases, through direct
ecological records and human memory (e.g. Californian con-
dor (Gymnogyps californianus), Przewalski’s horse (Equus
ferus przewalskii) and common crane (Grus grus) (Toone
and Wallace 1994; Walzer et al. 2012; Redondo 2017)).
However, in some cases, these lines of evidence are missing
or ambiguous and this is when palaeoecological investiga-
tion can be especially helpful. For example, palaecoecological
studies have been helpful in refining historical documentary
records of “pelicans” inhabiting aquatic ecosystems in the
UK and Denmark to a specific species: the Dalmatian peli-
can (Pelecanus crispus) (Stewart 2004), paving the way for a
potential reintroduction to UK wetlands (MacDonald 2020).
Reintroductions of extirpated plants are also possible using
information from palaeoecological records. Researchers in
New Zealand were surprised to find that woodland in Twahiti
Rahi now dominated by pohutukawa (Metrosideros excelsa)
consisted of numerous native trees just 100 years ago and,
based on this palacoecological evidence, programmes have
begun to reintroduce native species that were present before
inter-tribal disputes caused forest disturbance (Wilmshurst
et al. 2013). Similarly, Pritchardia aylmerrobinsonii palms
were reintroduced on the Hawaiian island of Kaua'i from
the adjacent island of Niihau after investigations revealed
the species had previously existed on both islands (Burney
and Burney 2007).

Another key aspect of a species reintroduction feasibil-
ity study is to consider whether or not the habitat condi-
tions currently in existence at a site are similar to the habi-
tat that would have supported the species in that location
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historically, and thus whether a reintroduction is likely to
be successful. A cautionary tale is that of failed attempts to
reintroduce a rare aquatic plant, Najas flexilis, to the English
Lake District. The species was last recorded in the 1980s and
was thought to have declined quite rapidly before this time,
mainly due to deteriorating water quality. With water qual-
ity returning to pre-1980 levels, attempts have been made
to reintroduce N. flexilis (JNCC 2012) but these ultimately
failed. Palaeoecological study incorporating abiotic meas-
urements by Bishop et al. (2019) found that the species actu-
ally declined much earlier and that reintroduction attempts
had been premature.

Monitoring ecology

The presence/absence and abundance of species can be used
by ecologists to infer abiotic conditions (environmental indi-
cators), ecosystem dynamics (biological indictors), or bio-
diversity patterns (biodiversity indicators). Use of indicator
species, and numerical biotic indices such as the Ellenberg
system for inferring soil conditions from plants (Ellenberg
1974; Ellenberg et al. 1992) and macroinvertebrate indi-
ces for inferring dissolved oxygen in freshwater ecosys-
tems (Lopez-Lopez and Sedefio-Diaz 2015), are common
tools within ecology. However, in some cases, additional
insights can be gained from considering palaeoecologi-
cal evidence. For example, Webb and Goodenough (2018)
examined UK woodland sites with detailed contemporary
vegetation records and palaeoecological data to critique
whether “Ancient” Woodland Indicator (AWI) plant spe-
cies are appropriate for determining whether a wooded site
is ancient (>400 years old) or not. They found that although
there are disturbance-sensitive species associated with stable
(old) woodland habitats (Peterken and Game 1984; Rackham
2003; Glaves et al. 2009), AWIs can be surprisingly resil-
ient to woodland interruptions or even tree clearance, with
rich AWI communities found at sites unwooded for at least
2800 years. They concluded that the use of floristic AWIs
alone in defining ancient woodland should be reviewed, and
recommended that a weighted AWI index or multi-taxa indi-
cator system should be developed.

While Webb and Goodenough’s study involved using pal-
aeoecological data to test the appropriateness of an indictor
system widely used in modern ecological contexts, the work
of Seddon et al. (2019) provides a nice example of how the
same indicator system can be used to enable temporal com-
parisons when applied to palaeoecological, historical and
contemporary data, this time within the aquatic environ-
ment. The authors compared data on Gastropoda, Trichop-
tera and Coleoptera using Biological Monitoring Working
Party (BMWP) and Average Score Per Taxon (ASPT) biotic
indices (Furse et al. 1981; Armitage et al. 1983) to consider
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likely oxygen levels, and thus water quality, in a UK chalk
river from the ~ 1840s to 2011. This is much longer than
would have been possible without incorporation of palaeo-
ecological data. A similar approach was taken using protists
to monitor current marine ecological quality along the Nor-
wegian Skagerrak coast in relation to pristine conditions as
a way of implementing and auditing pollution legislation
compliance (Bouchet et al. 2012). There is also the potential
to use the palaecoecological record to highlight how changes
within a species community can be used as a form of alert
monitoring or Early-Warning Signal of more dramatic
change being likely. A good example of this approach is
using diatom flickering in Lake Erhai in China as an indica-
tor of a major ecological regime shift being imminent (Wang
et al. 2012)—although as Carstensen et al. (2013) highlight,
careful statistical processing is vital to ensure observed pat-
terns are not analytical artefacts.

Conclusion and recommendations

Throughout this paper, we have considered the value of
using palaeoecological data in contemporary ecological
study thematically. We have discussed ecological topics, and
provided specific examples, of situations where palacoeco-
logical information can be useful within contemporary eco-
logical research (e.g. quantifying biogeographical patterns,
understanding species interactions) or in applied ecological
contexts (e.g. informing management of non-native species,
creating appropriate restoration or rewilding targets, devis-
ing suitable reintroduction schemes). An alternative way to
conceptualise this is via consideration of the six main types
of opportunity where palaeoecological data can be used
within ecological contexts; these are summarised in Fig. 1.

In terms of tangible recommendations for bridging the
gap between palaeoecology and ecology, and promoting
ways in which some of the opportunities presented in this
paper can be acted upon, we suggest that:

1. There needs to be a greater awareness by both research
and applied ecologists that palacoecology is not solely
concerned with the “distant past”. The opportunities for
using palaeoecology to quantify the “recent past” make
palaeoecological approaches extremely valuable in many
contemporary ecological contexts in terrestrial environ-
ments (e.g. Rull 2010; Wilmshurst et al. 2013), fresh-
water aquatic environments (e.g. Bennion et al. 2018;
Bishop et al. 2019) and marine environments (Finney
et al. 2002; Agiadi and Albano 2020).

2. There needs to be better appreciation that primary eco-
logical data, historical records, and palaeoecological
evidence can be used in complementary ways to form
a powerful integrated approach to better understand
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Quantifying ecological patterns
that are inherently temporal
(e.g. ecological succession)
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that fluctuate over time (e.g.
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impacts of non-native species
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impacts on ecosystems)

v

Identifying impacts of climate
change

Quantifying spatiotemporal
spread of pests/diseases

Fig. 1 Overview of the opportunities to use palacoecology in contemporary ecological contexts

current ecology and solve future ecological challenges.
Linking palacoecological and contemporary ecological
approaches also mitigates their inherent disadvantages.
Palaeoecology is, by its very nature, observational and
correlative and, because it is based on the preservation
of material, there can be gaps in the evidence especially
where preservation conditions are sub-optimal; there
is also the potential for ecological inference to be con-
founded by taphonomic variables (Lowe and Walker
2014). Palacoecological studies also have a fundamental
limit to the level of detail that is possible, especially as
regards temporal resolution (Jackson and Blois 2015),
and there can be challenges in disentangling the local
pollen signal (and thus local change) from the reginal
pollen signal especially for pollen grains with wide dis-
persal properties (Davis 2000; Hellman et al. 2009). By
contrast, contemporary ecology studies can, resources
permitting, be much more detailed and there is often
greater potential to study causality, including directly
via manipulation. However, primary studies—even
those that are long-term by the standards of ecological
research—actually have comparatively short temporal
reach, which might not align with ecologically relevant
timespans, and this can make it hard to distinguish
natural change from human-induced change (Buma
et al. 2019). Combining approaches can be a win—win
situation, allowing ecologists to employ detailed, high-
resolution, causally based approaches but setting these
within a longer temporal context.

Despite increases in inter-, multi- and trans-disciplinary
working within the natural sciences, many academics
and practitioners still work, to a greater or lesser extent,

in intellectual silos. Examples of ecological projects
that reach into the palaeoecological past are still com-
paratively limited, especially when compared with the
wealth of palacoecological and ecological research that
is undertaken in (relative) isolation. Increasing incor-
poration of palaeoecological concepts into University
ecology modules and mainstream ecological textbooks
would, in time, allow basic understanding of palacoecol-
ogy to become a routine part of the ecologists’ toolkit.
In many academic institutions, palaeoecology sits within
geographical or earth sciences faculties whereas ecology
typically falls within biosciences: greater promotion of
cross-faculty working is paramount (Birks 2019).

Knowledge of the number and value of data reposi-
tories needs to be enhanced. For palaecoecology, key
repositories include the European Pollen Database
(Fyfe et al. 2009), the North American Pollen Database
(accessible via Neotoma) (Williams et al. 2018), and
the international Paleobiology Database PBDB (Peters
and McClennen 2016)—many other databases are ref-
erenced on PAGES http://pastglobalchanges.org. For
ecology, key repositories are the Global Biodiversity
Information Facility, National Biodiversity Network,
and PanTHERIA. Development of data repositories
that seamlessly integrate ecological and palaeoecologi-
cal data would greatly enhance the ability of researchers
and practitioners to routinely access both types of data
when searching for information on specific taxa, habi-
tats or locations. Users also need better understanding
of how to mine resources and better guidance on the
constraints, caveats and limitations of the data therein.
Such guidance needs to be widely accessible rather than
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assuming subject-specific prior knowledge. For exam-
ple, ecologists need to understand that palynological
data are usually presented at Family level not Genus/
Species level because of limitations in the identification
of pollen grains, appreciate the impact of different pres-
ervation conditions on fossil and sub-fossil evidence,
and recognise the importance of dispersal and erosion
on drawing inferences from palacoecological evidence.

Overall, we conclude that the possibilities for using
palaeoecology in contemporary ecological contexts are as
extensive as they are exciting. We urge ecologists to learn
from the past and seek out opportunities to extend, improve,
and strengthen ecological research and practice using pal-
aeoecological data.
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ARTICLE INFO ABSTRACT

Indicator species can provide invaluable insights into environmental conditions but robust empirical testing of
their effectiveness is essential. Ancient woodland indicators (AWIs) are plant species considered indicative of
sites that have been continuously wooded for a long period by virtue of poor dispersal ability and intolerance of
non-woodland habitats. Many countries now utilise AWI species lists to classify ancient woodlands. Here we use
a metastudy approach to test resilience of AWIs to interruptions and persistence following deforestation — and
thus the robustness of using AWI lists — using a novel approach. We compare current AWI assemblage with
woodland history based on pollen evidence at nine sites across the UK with a robustly-dated and spatially-precise
palynological profile. Sites were split into: (1) proven continuous woodland; (2) previously interrupted wood-
land; and (3) previously but not currently wooded. Vegetation history was > 1000 years at most sites.
Assessment of ancientness using AWIs agreed with palynologically-proven ancient woodland at two sites, in-
cluding a species-poor woodland of previously-uncertain age. However, four interrupted woodland sites and
three clear-felled sites supported extensive AWI floristic communities. This suggests AWIs are resilient to in-
terruptions, possibly by remaining in the seed bank longer than expected, and persistent following deforestation.
Persistence might be due to other species (e.g. heathland plants) acting as pseudo-canopy or because some AWIs
are more tolerant of non-woodland locations than previously thought. We conclude that use of floristic AWIs
alone in defining ancient woodland should be reviewed, especially where status links to planning policy and
conservation prioritisation. We suggest species on AWI lists be reviewed under expert and local guidance and a
system of weighting species based on their strict or strong affinity solely with ancient woodland be developed.
The use of multi-taxa indicators is recommended to allow stakeholders globally to make informed decisions
about ancient woodland status.

Keywords:
Ancient woodland
Old-growth forest
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Vascular plants
Conservation

1. Introduction

Indicator species are organisms whose presence, prevalence or
abundance is indicative of environmental conditions within a particular
ecosystem. Use of indicator species is especially helpful when they
allow inferences to be made about parameters that are difficult or ex-
pensive to measure directly (Landres et al., 1988; McGeoch 1998).
While indicator systems can be based on individual species (e.g. using
the abundance of a moss, Hylocomium splendens, to indicate heavy metal
pollution in Alaska: Hasselbach et al., 2005), any system that uses one
line of evidence is prone to atypical results. Accordingly, community-
based approaches based on multiple species are usually more robust.

In woodlands, species communities can be useful in determining
whether a site has been continuously wooded over a pre-determined
time period and thus meets the threshold for being considered “ancient”
(European terminology) or “old-growth” (American terminology).

Ancient woodland is often regarded as having a higher conservation
priority, and being worthy of greater protection, than recent woodland
(Goldberg et al., 2007). This is because ancient woodlands support
highly-specialized or disturbance-sensitive species that are frequently
absent from recent woodlands (Peterken and Game, 1984; Rotherham,
2011). Many such species are rare or declining (Kimberley et al., 2013)
and ancient woodland itself is often threatened and fragmented
(Spencer and Kirby, 1992; Palo et al., 2013; Swallow and Goodenough,
2017). Ancient woodland is thus protected in most countries in plan-
ning legislation and land use policies (e.g. National Policy Planning
Framework in UK).

Because of the value placed upon ancient woodland, and the way
that it is imbedded within planning and conservation practice, it is
necessary for ecologists to have an accepted demarcation between an-
cient and recent sites. The definition of what constitutes “ancient” or
“old growth” woodland varies geographically based on climax
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community type and natural fire regime. In the Netherlands and coastal
Canada, ancient woodlands are regarded as < 1850AD (Grashof-
Bokdam, 1997; Wells et al., 1998) whereas ~1770AD is used in Den-
mark and ~1750AD in Germany (Petersen, 1994; Zacharias, 1994,
respectively). In the UK, ancient woodlands are areas greater than 2 ha
(Goldberg et al., 2007) that have been wooded continuously and rela-
tively undisturbed since 1600AD in England/Wales and 1750AD in
Scotland — i.e. > 400 calendar years before present (cal. BP) in Eng-
land (Peterken, 1981; Rackham, 2003).

Even where accepted definitions of ancient woodland exist, there is
often limited evidence upon which to draw when considering the an-
cientness status of a specific site (Rackham, 2003). Cartographic in-
formation can be useful for the last 150-200 years (occasionally more:
good map coverage exists from the late 1700 s for Essex, UK: Chapman
and André, 1777). Estate maps can be helpful but coverage is patchy
(Rotherham, 2011). Historical records can sometimes to push doc-
umentary evidence back further but, even where records exist, in-
formation is often vague and locations can be hard to pinpoint accu-
rately (Rackham, 2003). Examining the age of trees, either via
dendrochronology (O'Sullivan and Kelly, 2006) or by measuring dia-
meter at breast height (e.g. Rotherham et al., 2008), can be important
but these methods are not without problem. Firstly, not all ancient
woods support veteran trees due to frequent turn-over due to natural
disturbance and regeneration, harvesting management, or because the
local conditions do not favour development of over-mature specimens,
possibly due to shallow earth or exposure. Secondly, the presence of
veteran trees does not axiomatically mean woodland is ancient as it
could substantially post-date the veterans.

1.1. Ancient Woodland indicators

In 1898, Buchanan White first noted that old pine forests of Scotland
supported plant species that were much less common in recent or dis-
turbed woods (e.g. Twinflower Linnaea borealis, Creeping Lady's-tresses
Goodyera repens and One-flowered Wintergreen Moneses uniflora). More
systematic study some 76 years later suggested this was part of a more
widespread trend with ~30% of woodland plant species seeming to be
consistently found at ancient woodland sites (Peterken, 1974). This led
to a list of Ancient Woodland Species (AWS) being devised for the UK,
with subsequent lists being developed for other countries including in
the USA (e.g. Marcot et al., 1998) and countries in mainland Europe
(e.g. Honnay et al., 1998; Schmidt et al., 2014; Wulf, 1997). Although
those devising the different lists variously used expert opinion, ad-hoc
field data, or systematic surveys (with or without statistical testing) the
aim remained consistent, viz. identifying species that could be used as
Ancient Woodland Indicators (AWIs).

There is an elegant simplicity about using the very species sup-
ported by ancient woodland to indicate ancient status (or otherwise) of
woodlands. Given the weaknesses inherent in single-species indicator
systems, inferences on ancientness are not based on presence of in-
dividual species but rather on the presence of multiple species using a
community-based approach (Hermy et al., 1999; Kirby et al., 1998;
Spencer, 1990). Because of the effects of geographic area, regional
species lists have since been developed in many countries (e.g. Glaves
et al., 2009). AWIs generally have similar life-history traits: they are
disturbance-sensitive (Hermy et al., 1999; Honney et al., 2002), they
are slow to colonise and have poor dispersal abilities (Nilsson et al.,
2001; Nordén and Appelqvist, 2001; Peterken, 1974), and they are
intolerant of non-woodland conditions as they need shelter and con-
sistent humidity (Barkham, 1992). In terms of physical characteristics,
many AWIs are short perennial species (Kimberly et al., 2013) and some
have niches based on dead wood or other dead organic matter (Hodge
and Peterken, 1998). Soil or other physical conditions might also need
to be well established; for example, De Keersmaeker et al. (2004) has
found the soil on land previously used for farmland is too immature to
accommodate AWIs even when it becomes wooded.
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Use of AWIs is widespread both in terms of woodland ecology re-
search (e.g. Kimberley et al., 2013; Stefaniska-Krzaczek et al., 2016) and
practical conservation (e.g. Goldberg et al., 2007; Kirby and Goldberg,
2002). For this to be robust, it is vital that the AWI approach itself is
robust. The initial compilation of AWI lists has largely been based on
species presence within “known” ancient woodland but this rationale is
somewhat circular (Spencer, 1990), especially if non-ancient (and in-
deed non-woodland) sites are not included for comparison purposes.
Moreover, it is often very difficult for woodlands to be definitively
known to be ancient and continuously wooded for 400 Cal. BP because
of the above-mentioned lack of historical and cartographic evidence.
This means that some sites typically regarded as ancient, and used to
inform AWI lists, might actually be more recent or have a history of
interruptions (Day, 1993).

1.2. Use of palynology in woodland ecosystems

The use of fossilised biological remains to reconstruct past en-
vironments is well established. This can involve assessing palynological
evidence (pollen grains and spores) to identify environmental change
(e.g.Tzedakis et al., 1997) and human influence (e.g. Bryant and
Holloway, 1983). Interpreting palynological data requires an awareness
of the ecological process that underpin pollen dispersal and preserva-
tion. Pollen grains, particularly those that are anemophilous (wind-
dispersed), can travel long distances (Feegri and Iverson, 1964), which
means that the pollen within natural successional layering of sediment
at a site will be influenced not only by immediate vegetation but also
the regional pollen signal; this is especially true at exposed sites such as
peat bogs (e.g McCarroll et al., 2015). In forest hollows or wet ditches,
however, the palynological profile is influenced less by pollen mor-
phology (e.g. Xu et al., 2016) and more by the sheltered nature of the
area. Only very local vegetation tends to be represented in the profile as
the surrounding canopy will prevent pollen dispersing from the site or
being introduced from elsewhere via air currents. Although pollen rain
from external sources could constitute a very minor part of a palyno-
logical profile, pollen fossilised within a peaty woodland hollow largely
records local vegetation history.

To date, palynological investigation within woodlands has focused
upon reconstruction of plant communities to: (1) infer species history
(Baker et al., 1978; Bradshaw, 1981); (2) understand the effect of hu-
mans on local landscapes (Oldfield et al., 2003); (3) inform restoration
management (Brown, 2010; Grant and Edwards, 2008); or (4) explain
apparent disconnects between current vegetation and soil type
(Dimbleby and Gill, 1955). Palynological profiling has seemingly never
been used at a multi-site scale to provide empirical data against which
AWIs can be compared. The only study to attempt something similar is
Ohlson et al. (1997), which compared epiphytic lichen and saproxylic
fungi indicative of old-growth spruce forests with paleoecological re-
cords. Intriguingly, this found no relationship between the occurrence
of 33 indicator species and the actual time since disturbance (300-2000
years). Rolstad et al. (2002) advocated undertaking a similar study for
flora and highlighted comparing AWI communities to known (rather
than inferred or supposed) vegetation history as being a research
priority. Here, we use a metastudy approach to compare woodland
history based on palynological evidence with current AWI species as-
semblage for sites across the UK to establish the resilience of AWI
species to interruptions and their persistence following deforestation.

2. Methods

To inform the metastudy, sites were selected based on: (1) avail-
ability of a published, robustly-dated, palynological profile that was
spatially precise and thus gave a record of local woodland continuity
without being unduly influenced by the regional pollen signal and (2)
presence of detailed contemporary vegetation data collected through
modern primary surveys. Only sites where data were derived from
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experienced fieldworkers were included to reduce the chances of mis-
identifications; data also needed to be reasonably comprehensive to
minimise false absences. Current woodland vegetation was ascertained
from a variety of sources, including published literature and con-
sultancy research reports, as well as records held by county records
centres, county recorders, reserve managers or wardens, or regulatory
bodies such as Natural England.

In total, nine main sites fulfilled the above criteria. These were
widespread geographically (Fig. 1). Two island sites were represented:
Shetland in Scotland and Skomer in Wales. In all cases, the pollen cores
were taken from within the woodland (or former woodland) bound-
aries. Coring sites were damp hollows or ditches or, in two cases
(Garbutt Wood and Gunnister), a small closed-system lake fully sur-
rounded by woodland. All cores were complemented by radiocarbon
dates, which was essential in order to compare woodland age to es-
tablished thresholds for ancient woodland and to date any interruptions
to woodland continuity. In some cases, radiocarbon dates were cross-
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Fig. 1. Location of main study sites (black text) and
additional sites (grey text).
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calibrated with known events in vegetative history such as planting of
Pinus (e.g. Derrycunihy Wood in Southwest Ireland; Mitchell, 1988) or
elm decline (e.g. Sydlings Copse in Oxfordshire: Day, 1993). Two ad-
ditional sites, Winding Stonard Wood in Hampshire and Oxborough
Wood in Norfolk, were also evaluated but conclusions here were more
limited because the cores were not dated (Fig. 1). Details of the sources
of palynological information for each study site are given in Table 1.
The current vegetation at each site was compared to the master AWI
list compiled by Glaves et al., (2009), which brought together lists in
Rackham (2003) and 37 regional lists, as well as additional species
listed by Peterken (1974), or that occurred on the Northern Island or
Durham AWI lists (Durham County Council, 2008; Woodland Trust,
2007). This master list included trees, shrubs, forbs, graminoids and
non-flowering species (bryophytes and ferns). In addition, vegetation
was specifically compared to the nearest local AWI list (for the relevant
county if possible; if this did not exist the relevant regional list was
used) and the strict/strong indicators listed by Rackham (2003). We
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Table 1
Details of sites used in this metastudy and the sources of palynological information.
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Study sites County Latitude and longitude Study site (ha) Source of palynological information
Derrycunihy Wood Kerry 51.9933, —9.5572 136 Mitchell (1988)

Wistman's Wood Devon 50.5812, —3.9576 3 Bradshaw et al. (2015)

Garbutt Wood Yorkshire 54.2422, —2.2293 54 Blackham et al. (1981), Oldfield et al. (2003)
Sydlings Copse Oxfordshire 51.7814, —1.1953 22 Day (1993)

Piles Copse Devon 50.4441, —3.9094 50 Roberts and Gilbertson (1994), West (1997)
Johnny Wood Cumbria 54.5199, —3.1611 37 Birks (1993)

Oxborough Wood Norfolk 52.5857, 0.5462 23 Bradshaw (1981)

Hartlebury Common Worcestershire 52.3323, —2.2582 90 Brown (1984)

Gunnister Shetland 60.4515, —1.4124 6 Bennett (1997)

Skomer Island Pembrokeshire 51.7376, —5.2960 292 Webb et al. (2017)

Winding Stonard Wood Hampshire 50.8490, —1.4354 2 Dimbleby and Gill (1955)

recognise that using national lists is not ideal, but local lists were un-
equal in size and so it was impossible to directly compare sites in dif-
ferent regions without using national lists. Glaves et al.,(2009) also
notes the robustness of local lists is questionable due to variable atti-
tudes and awareness of those compiling the lists. By using both national
and local lists, we avoided relying solely on local lists but also gained
the benefit of local knowledge where appropriate. Where possible, we
noted temporal fluctuations in specific AWIs within the palynology
record but this was only feasible for species that could be identified to
species level from pollen remains: Hyacinthoides non-scripta (bluebell),
Anemone nemorosa (wood anemone), and Mercurialis (dogs mercury)
(Brown 2010; Day, 1993)).

There has been discussion in the literature (Glaves et al., 2009;
Honnay, 1998) on the threshold criteria for the minimum number of
plant species present to denote an area as ancient woodland. Glaves
et al., (2009) notes that the recommendation in parts of South Wales is
areas with =12 AWIs are classified as ancient, but in Bedfordshire this
drops to =5 AWIs. Honnay et al. (1998) showed 25-27 plant species
were needed to discriminate between ancient and short continuity
cover. Any threshold values will axiomatically link to woodland size
and thus survey area has been noted in Table 1.

The sites studied in this paper fall into three main groups: (1) sites
with a palynologically-proven continuous history of woodland (Fig. 2);
(2) sites that are currently wooded but that have also had interruptions
to their woodland coverage as revealed by changes in the species re-
presented in the pollen core (Fig. 2); and (3) sites that are not currently
wooded, and in some cases have not been for some time according to
pollen cores, but that currently support an AWI species community
(Fig. 2). These scenarios will be considered in turn to critically examine

any difference in AWIs relative to woodland continuity and thus the
resilience of AWIs to interruptions and their persistence following de-
forestation. The number of AWI species found at each site in different
vegetation groups is given in Table 2. Full details of the exact species
found at each site is given in the supplementary material.

3. Results and discussion
3.1. Palynologically-proven continuous ancient woodland

Derrycunihy Wood in Southwest Ireland lies in the Killarney valley
and comprises part of the greatest extent of ancient woodland in
Ireland. The current woodland is dominated by Quercus petrea with
frequent Betula pubescens and Sorbus aucuparia and an open understory
of Ilex aquifolium (Kelly, 1981). The woodland also has a rich Atlantic
bryophyte flora (Ratcliffe 1968). The pollen history, based on core
taken from a wet hollow within the wood by Mitchell (1988), suggests
that the site was characterized by stable closed canopy woodland
dominated by Betula, Pinus and Quercus between around 4850 Cal. BP
(radiocarbon date) and 2400 Cal. BP (interpolated date). Around 2400
Cal. BP, the canopy started to open up considerably with increasing
Plantago, suggesting disturbed ground, and also Pteridium. There was
also increased evidence of charcoal, suggesting fire clearance, at this
time. The canopy started to close once more around 1290 Cal. BP but
the woodland seems to have remained more open than previously for
some considerable time before becoming denser towards the present
day. There is continued evidence of fire throughout this time as well as,
latterly, a decrease in floristic diversity that Mitchell (1988) ascribes to
intensive sheep grazing since the 1900s. Palynological evidence,
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Fig. 2. Timeline of woodland continuity for each study site. Black bars indicates proven woodland coverage, except where overlain by a question mark.

White bars indicate periods of

woodland interruption or clearance. Instances where the sediment core continues beyond dated horizons are indicated with a left arrow.
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Table 2

Ecological Indicators 84 (2018) 354-363

Ancient woodland indicator species presence at study sites as determined using Glaves et al. (2009), The Woodland Trust (2007), Durham County Council (2008) and Peterken (1974).

Species with strict or strong association to ancient woodland as per Rackham (2003).

Plant type AWI Proven continuous woodland  Interrupted woodland Not currently woodland Woodland on

type old heath

Derrycunihy Wistman's Garbutt Sydlings Piles Johnny Oxborough Hartlebury Gunnister Skomer Winding
Wood Wood Wood Copse Copse  Wood Wood Common Island Stonard
Wood

Trees Local 0 0 3 2 0 0 0 0 0 1 0

Total 3 5 8 3 2 4 2 3 0 2 2
Woody Local 0 0 1 0 0 0 0 0 0 1 0

Strict/ 0 0 0 0 0 0 0 0 0 0 1

strong

Total 5 6 9 7 2 5 2 2 2 5 6
Forbs Local 2 0 10 8 0 2 3 1 0 9 0

Strict/ 2 1 7 1 3 0 0 0 1

strong

Total 6 6 50 51 2 23 9 11 52 3
Graminoid Local 2 1 0 9 0 2 0 1 1 1 0

Strict/ 0 0 0 5 0 2 0 0 0 0 0

strong

Total 3 5 2 14 2 5 4 5 7 2
Non-flowering Local 1 0 0 0 0 0 0 0 0 1 0

Total 11 12 3 No data 4 9 No data 1 7 8 No data
Overall Local 5 14 19 0 4 3 2 1 13 0

Strict/ 2 1 3 12 1 5 0 0 0 0 2

strong

Total 28 34 72 75 12 46 13 21 20 74 13

therefore, suggests that this site has been continually wooded for at
least 5000 years albeit with a long history of human influence. Con-
temporary vegetation records show that the site has a good AWI com-
munity with 28 AWIs in total of which 7 are locally-listed. Although
there are AWIs in all vegetative groups, the importance of the non-
flowering species is striking with 11 species of AWI bryophyte or fern.
Two strong AWIs are present: Oxalis acetosella and Lysimachia nemorum.
Derrycunihy thus exemplifies the range and diversity of AWIs present at
a site with continuous woodland coverage, which has been proven
objectively rather than simply assumed or inferred from documents,
and acts as a baseline against which other sites may be compared.

While Derrycunihy is reasonably species-rich, some woodland sites
are more homogeneous and thus relatively species-poor. Inferring ha-
bitat age based on AWI species could be problematic at such sites for
two reasons. The first issue is that ancient woodland sites often have a
greater floristic diversity than more recent sites (Dzwonko, 1993;
Jacquemyn et al., 2001) and so potential ancient sites could be missed if
initial assessment is simply based on plant richness without simulta-
neous consideration of other evidence. The second issue, somewhat
paradoxically, relates to one of the normal strengths of AWI: that is a
community-based approach. As noted above, community-based in-
dicator systems are usually more robust than single-species indicators,
however, their Achilles heel is that they can be hard to apply if the
species community is itself impoverished. It is thus possible that, in
some cases, there might be insufficient AWIs to reach the accepted
thresholds for declaring a site to be ancient (Glaves, 2009; Honnay
et al., 1998).

An example of a species-poor woodland is Wistman’s Wood in
Devon, a National Nature Reserve that is characterized by stunted
Quercus robur and exposed granite boulders. There is very little ground
flora but there is a diverse bryophyte assemblage (Proctor, 1962;
Simmons, 1965). The site has typically been considered to be ancient
based upon an assumption of woodland continuity (Coppins and
Coppins, 2005) and its landscape context as a remnant patch. However,
doubt was cast on the site’s woodland age by Coppins and Coppins
(2002), who studied the lichen species indicative of old growth
woodlands using the Revised Index of Ecological Continuity (RIEC)
system (Rose 1976, Rose and Coppins 2002). Wistman’s Wood was

given a REIC score of 10, which did not support old growth status
(Coppins and Coppins, 2002). To provide a definitive answer, Bradshaw
et al. (2015) took a pollen core from a pocket of humus accumulation
amongst the boulders; this had a basal date of 1200 Cal. BP. The pollen
evidence suggests that between 1200 and 900 Cal. BP the woodland
was relatively diverse, being dominated by Quercus (as currently) but
also with Alnus, Betula, Corylus, and Fraxinus represented. The presence
of notable amounts of Calluna suggests that the woodland was quite
open. The diversity of arboreal pollen decreased over time to 170 Cal.
BP where the woodland became much more homogenous. Charcoal and
Plantago were found throughout, suggesting human influence. Based on
this palynology study, and despite times when the arboreal pollen
concentration dipped to ~25%, the site appears to have been wooded
continually for at least the last 1200 years. This interpretation — that
such dips were periods of more open woodland rather than such dips
being woodland clearance — is strengthened by there being no other
woodland in the immediate area, such that there would be little re-
gional arboreal pollen signal. The site now contains 24 AWI species,
including 6 non-flowering species and one strong AWI indicator: O.
acetosella. This suggests that although lichen diversity in the woodland
might be insufficient for the site to be deemed old growth, the plant
AWI assemblage would meet accepted criteria. This reinforces the value
of using multiple taxonomic groups in ecological indicator frameworks,
as well as providing a baseline with which other species-poor wood-
lands can be compared.

3.2. Interrupted woodland: AWI resilience

Undertaking palynological work is a powerful way of identifying
and dating historical interruptions to woodland coverage. Such inter-
ruptions are characterized by changes in the species represented in the
pollen core; in particular a sudden and substantial decrease in arboreal
pollen and a simultaneous increase in Poaceae and/or Cyperaceae, as
well as an increase in species characteristic of disturbance such as
Potentilla.

Garbutt Wood in the Northeast of England is a Site of Special
Scientific Interest (SSSI) and a Yorkshire Wildlife Trust nature reserve.
It is dominated by Quercus and Betula with a Pteridium field layer.
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Palynological work has focused on cores from Goremire Lake, a water
body approximately 150 m wide and 300 m long that is fully encircled
by the woodland. The lake has a closed basin hydrological system,
thereby minimizing the entry of pollen entry from wider catchment.
Although some overland flow is possible, any effect is considered minor
(Blackham et al., 1981; Oldfield et al., 2003), such that pollen recruited
into lake sediment is primarily from direct lake catchment (i.e. Garbutt
Wood). The site was first cored by Blackham et al. (1981). This study
showed that, contrary to local belief, the site was unlikely to have been
continually wooded but instead had a period of clearance characterized
by a reduction in arboreal pollen and a simultaneous increase in non-
arboreal pollen. However, this core was undated so the timing and
duration of the interruption was unknown. To address this, analysis of a
dated core (spanning approximately 3500 years) was undertaken by
Oldfield et al. (2003). This showed an interruption to woodland cov-
erage between 2200-1400 Cal. BP. Before this, the site was character-
ized by closed canopy woodland dominated by Alnus, Colylus, Betula,
Fraxinus, Quercus, Salix and Ulmus. During the interruption, total ar-
boreal pollen decreased to ~10% and there was a corresponding peak
in Poaceae, Plantago and Pteridium. Following this interruption, the
woodland regenerated and has remained continuously wooded since
(albeit with a long period of what seems to be more open woodland
between 800 and 200 Cal. BP). Today, the site has an extremely rich
AWTI species assemblage, with 72 species in total distributed across all
species groups. Three strong AWIs are present: A. nemorosa, O. acet-
osella and L. nemorum.

The comparison of palynology and current AWI floristic community
at Garbutt Wood suggests that AWI species assemblages can be resilient
to an historical interruption in woodland coverage, possibly because
species remain in the seedbank during interruptions or are able to grow
in non-wooded conditions during the interruption. However, in the case
of Garbutt Wood, the length of time between the interruption and the
current day is substantial — around 1400 years — such that AWIs could
have recolonised in the intervening period. Analysis of sites with more
recent interruptions, including Sydlings Copse in Oxfordshire, Piles
Copse in Devon and Johnny Wood in Cumbia, would thus be useful.

Sydlings Copse is a SSSI managed by the Berkshire,
Buckinghamshire and Oxfordshire Wildlife Trust. It is one of the most
well-documented woodlands in the UK due to its location within the
royal mediaeval forest of Stotover and Stowood. Written records and
cartographic evidence suggest the site was wooded in 1660 CE (340
Cal. BP) when it was listed as part of a ~240 ha wood (Day, 1993).
Before this date, though, vegetation history is less certain, making this
site a good candidate for palynological study. Extraction of a pollen
core from a woodland ditch by Day (1993) produced a pollen sequence
spanning approximately 9500 years, but accurate dates were only
possible in the upper section (earliest radiocarbon date = 3820 Cal.
BP). The very oldest deposits show, as expected, an initially herb-
dominated community with increasing Corylus and Pinus sylvestris. By
the first radiocarbon date of 3820 Cal. BP and up until 1800 Cal. BP, the
profile shows evidence of woodland continuity with Corylus, Tilia, Alnus
all dominant or co-dominant at different times, together with a pre-
sence of Ulmus and Quercus. This period was followed by an abrupt
change between 1800 and 1000 Cal. BP when arboreal pollen was re-
placed almost completely by herbs and Pteridium with just a small
amount of Salix (at maximum 20%) for a period of 800 years. This was
followed by a period of woodland regeneration from 1000 Cal. BP with
continuous woodland present from this time to the present day. The
contemporary woodland records show a plant community with a rich
AWTI species assemblage. In total, 75 AWIs are present, including 14
locally-listed and several strong indicators: A.nemorosa, Campanula
trachelium, Euphorbia amygdaloides, Hypericum hirsutum, O. acetosella, L.
nemorum, Paris quadrifolia, Carex pallescens (identified as a strict AWI by
Rackham (2003)), Carex remota, Luzula pilosa, Melica uniflora and
Milium effusum.

Palynological evidence from a different site, Piles Copse in Devon,
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points to there being an interruption to woodland continuity at a si-
milar date to Sydlings Copse, but it in a very different type of woodland.
Similar to Wistman’s Wood (see above), Piles Copse has a species-poor
community. Many of the trees are stunted and the ground flora is
sparse, while the bryophyte community is both rich and abundant
(Ratcliffe, 1968). Initial speculation as to the origins of the woodland
(Simmons, 1965) highlights the fact the woodland is an isolated patch
in an otherwise non-wooded landscape. Early palynologocal work in
the 1990s took cores from flush bogs immediately adjacent to the site
(Roberts and Gilbertson, 1994). This suggested that there had been a
lengthy interruption to woodland within the last 2500 years. However,
as the core was undated and taken from outside the woodland, con-
clusions remained rather non-specific. A second study (West, 1997)
provided dated evidence from two cores within the woodland using
radiocarbon analysis. This work suggested that < 600 Cal. BP, there
was mixed woodland characterized by Quercus, Corylus, Betula and
Ulnus. At around 600 Cal. BP, the arboreal pollen decreased to a trace
occurrence ( < 1% of the total pollen sum) with a simultaneous de-
crease in Polypodium suggesting complete woodland clearance. At the
same time, there was sharp rise in Poaceae, Cyperaceae, and Potentilla.
Sphagnum moss also disappeared at this point, suggesting drier con-
ditions (McCarroll et al., 2015). The hiatus in woodland spanned a
period of 15 cm (from a total 30 cm) in the sediment record younger
than 600 Cal. BP, with woodland regeneration only showing within the
last 15 cm of sediment accumulation. This suggests that the site could
be borderline in terms of whether it is its actually ancient based on
traditional criteria (making the very large assumption of sediment ac-
cumulation being temporally consistent and not affected by erosion,
woodland regeneration would have started at 300 Cal. BP, whereas the
ancient woodland threshold is 400 Cal. BP). Despite having a very
species-poor community, the site currently supports 12 AWI species,
including the strong indicator of O. acetosella. This is half the number
found at Wistman’s Wood, a similar woodland in terms of location,
structure, species richness, and species community but which has been
wooded continually for the last ~1300 years rather than for the last
~300-500 years.

A site with an even more recent interruption, but high conservation
value, is Johnny Wood in Cumbria, Northwest England. This is a SSSI,
part of Borrowdale Woods Special Area of Conservation, and lies within
the Lake District National Park. The site is covered by broadleaved
woodland dominated by Q. petrea and is noted for its bryophyte com-
munity. Palynological investigation of a short core taken from a
woodland hollow by Birks (1993) showed that the site supported mixed
deciduous woodland prior to 140 Cal. BP (basal date unknown; 12 cm
of sediment accumulation < 140 Cal. BP). This woodland was species-
rich, with Alnus, Betula, Corylus, Fraxinus, and Quercus with low levels
of Salix, Taxus, Tilia, and Ulmus and an understory of Poaceae and
Polypodiaceae. Between around 140 and 100 Cal. BP, there is a clear
interruption that has been interpreted as localized woodland clearance
by Bradshaw et al. (2015) with a residual regional signal. This is
characterized by a rapid decline in all arboreal pollen and a substantial
increase in Poaceae, Calluna and Potentilla. Following this period, the
woodland recovered but with a different composition to before the
interruption, with Alnus, Corylus and Fraxinus all present in trace
amounts but other species, including Acer, Larix and Ilex, appearing for
the first time and Sorbus having a greater presence than before the
clearance, albeit only marginally. The time of this interruption actually
means that, by conventional criteria, this site should not be regarded as
ancient. The current AWI species community, however, is rich and di-
verse, with 46 species present including the strong indicators of C. re-
mota, L. pilosa, L. nemorum and O. acetosella, indicating the ecological
value of the site.

The concept of persistence in seed banks is supported by con-
sideration of another site: Oxborough Wood in Norfolk. A 3 m core was
taken from a woodland hollow (Bradshaw, 1981) but was undated so
interpretation is challenging. The site is currently a plantation: Populus
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was planted around 1930 and then clear felled in all but the wettest
areas in 1953, at which time Pinus was planted. The site appears to have
been continuously wooded from the time of the bottom of the core
(313 cm) until 62 cm depth. Within this period, the woodland compo-
sition changed with shifts in the dominant species (Betula followed by
Pinus/Corylus, and finally Quercus, Alnus and Tilia) but continuity re-
mained. After this time, arboreal pollen decreased to ~15% of the total
pollen sum, which Bradshaw (1981) interpreted as a period of clear-
ance. At this time, Poaceae and Cyperaceae become dominant, with
Plantago, Polypodiaceae and Pteridium as well as a background regional
signal of Corylus, Alnus and Quercus. Based on documentary evidence, it
is likely that the plantation was created sometime between 1797, when
the site was not marked as woodland on a detailed map of the area, and
1845 when it was listed on a county audit as a plantation (Bradshaw,
1981). The current plantation woodland contains 13 AWI species, in-
cluding two that are local indicators. Given the comparatively short
about of time (~200 years) between the likely timing of woodland
planting (following a period of clearance) and the present day, it seems
most likely the AWIs currently present at the site remained during the
hiatus, either growing or in the seed bank, since recolonization of all 13
AWTI species presently found within that time is unlikely.

3.3. Cleared woodland: AWI persistence

The above sites are examples of areas that are currently wooded but
have had interruptions to woodland coverage and provide useful in-
sights in AWI resilience. A somewhat different scenario is afforded sites
that have been wooded in the past but that do not currently support
woodland vegetation. Consideration of such sites allows insights into
AWTI persistence in non-wooded environments.

Hartlebury Common, Worcestershire, is dominated by Calluna vul-
garis, Erica cinerea and Ulex gallii with patches of Pteridium, grassy areas,
and occasional Betula and Quercus seedlings and saplings. The site is a
SSSI by virtue of being one of the most important areas of dry dwarf
shrub heathland in central England. Analysis of a pollen core taken
from a wet depression, however, suggests that the site used to be
wooded (Brown, 1984). The pollen record shows that between 9710
and 2610 Cal. BP, the site was dominated by Pinus, Ulmus, Corylus, and
Betula, with some Quercus and Alnus. The dominance of Pinus and
Corylus decreased in the latter part of this period. After around 2610
Cal. BP, the vegetation changed: arboreal pollen decreased to ~15%
and the previously-dominant Pinus and Ulmus were lost. Instead, Poa-
ceae and Cyperaceae became dominant with Erica increasing within the
pollen profile over time with lower levels of Betula and Quercus re-
maining. This suggests a change from woodland to a grassland/heath-
land matrix with scattered Betula and Quercus, much as per the present
day. Despite the site not being wooded currently, and seemingly not
wooded since 2610 Cal, BP, it still supports 21 AWI species, the ma-
jority of which are non-woody.

Gunnister, on the main isle of Shetland, currently supports mixed
grassland and wet heathland dominated by Cyperaceae, Sphagnum and
C. vulgaris, with abundant Poaceae (especially Nardus stricta). As a
whole, Shetland today is almost completely devoid of trees (Johansen,
1975; Scott and Palmer, 1987) although evidence of tree roots, woody
debris and palynology suggest that the islands were once extensively
wooded (Bennett et al., 1997; Birnie, 1984). Palynological analysis of
Gunnister by Bennett et al. (1993) suggests that this particular site was
wooded until around 2685 Cal. BP. Before this time, arboreal pollen
was abundant and diverse, initially (from 9405 Cal. BP) comprising
Betula, Corylus and Pinus, with Ulmus, Quercus, Salix and Alnus entering
the pollen record between 9405 and 2685 Cal. BP. Since 2685 Cal. BP,
grassy heathland has predominated, with Calluna and Cyperaceae in-
creasing over time and Poaceae occurring at a consistent ~20-25% of
the total pollen sum. Sphagnum and Cyperaceae have increased, sug-
gesting that the area has become wetter over time. Charcoal, which
previously only occurred infrequently and at negligible levels,
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increased from 2685 Cal. BP, suggesting burning and human dis-
turbance after this date. Despite there currently being no trees at the
site (or indeed regionally), and palynological evidence suggesting the
area was last wooded over 2500 years ago, the site still supports 20 AWI
species. This is split approximately equally between forbs, grasses and
non-flowering species.

The situation is similar, but even more dramatic, on another island:
Skomer, off the Pembrokeshire coast in Southwest Wales. This currently
has a maritime vegetation community, which comprises Crithmum
maritimum, Spergularia rupicola, Festuca rubra, Armeria maritima, Holcus
lanatus, and Rumex acetosa. There are also areas of Calluna and
Pteridium. There is no woodland on the island, which is surrounded by
sea and is 8 km from the nearest area of trees on the mainland.
However, there is evidence that trees grew between the current west
coast of Wales and offshore islands before isostatic rebound in the mid-
Holocene when the area was a land bridge (Evans, 1986, Bell, 2007,
UKHO, 2011). Moreover, the name of a nearby island, Skokholm, is
thought to mean “wooded isle” (Morgan, 1887). The presence of
abundant H. non-scripta has been previously interpreted as evidence of
past woodland on the island (e.g. Evans, 1986). Palynological study
from a wet depression on the island by Webb et al. (2017) has provided
a detailed profile of the vegetation community between 2840 Cal. BP
and the present day. Within this period, the vegetation community has
alternated between heath dominated by Ericaceae and grassland
dominated by Poaceae, with Cyperaceae and Rumex appearing variably
throughout and arboreal pollen (Alnus, Betula, Fraxinous, Pinus, Quercus,
Tilia and Ulmus) accounting for ~5% of the total pollen sum. This is
likely to be a minor regional signal, especially given the range of species
involved and the very small quantities represented. Given the sub-
merged trees between the mainland and island, it is likely that wood-
land was present before 2840 Cal. BP but it was not possible to establish
this definitely due to the Mesolithic period being absent in the core
record. Interestingly, though, Hyacinthoides was present in the core
before 2840 Cal. BP. This insect-pollinated species has been only rarely
recorded in sediments in northwest Europe and is generally under-re-
presented (Waller et al., 2012). Modern vegetation surveys have re-
vealed an extremely rich AWI flora, with 74 species represented. This
makes Skomer Island second only to Sydlings Copse in total AWI species
present, which has been wooded continuously since 1000 Cal BP (75
species), and slightly above Garbutt Wood, which has been wooded
continuously since 1400 Cal BP (72 species).

It is notable that all three sites contain heathland plants, especially
Calluna and Pteridium, which are present at three sites and two sites,
respectively. It is possible that species such as these act to form a sur-
rogate woodland canopy. This possibility is also supported by analysis
of an undated core at Winding Stonard Wood in the New Forest,
Hampshire by Dimbleby and Gill (1955), which showed that arboreal
pollen was only found in high quantities ( > 20%) in the top 5-10 cm
of the core; below that Ericaceae was dominant almost to the exclusion
of any other taxa (~70%). It seems likely that this site has only fairly
recently supported woodland and yet it supports 13 AWI species in-
cluding two strong species: Ruscus aculeatus and O. acetosella. This
suggests either that these species have colonised unusually rapidly or,
as seems more probable, were able to exist on the site before the current
woodland was present.

4. Conclusions and recommendations

This study provides the first account of palynology being used to
critique the concept and robustness of AWIs across multiple sites.
Analysis of vegetation at the species-rich Derrycunihy Wood and the
species-poor Wistman’s Wood lends support to the concept that sites
proven to support ancient woodland based on palynology (rather than
being declared ancient based on patchy, inaccurate or imprecise his-
torical records or cartographic evidence), can support good AWI species
communities. This remains the case even if the woodland is species-
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poor, although AWI richness is reduced. However, the high number of
AWIs at sites with interrupted woodland — Garbutt Wood, Sydlings
Copse, Piles Copse, Johnny Wood and Oxborough Wood — suggests
that AWI species: (1) are more resilient to interruptions than often
believed; or (2) recolonise more quickly than expected following in-
terruptions. Moreover, analysis of three clear-felled sites — Hartlebury,
Gunnister and Skomer — shows that prominent, and sometime rich,
AWI communities can occur despite sites not having been wooded for at
least 2700 years. This indicates that some, possibly many, AWI species
have greater tolerance of non-woodland conditions than is often be-
lieved and thus a greater persistence following deforestation.

As regards resilience to interruptions, it is possible that some species
are surviving in the seed banks during woodland hiatus. This conjecture
is supported by the presence of Mercurialis perennis pollen — one of the
very few AWI species that can be identified to species level in a core
using pollen morphology — in the palynological profile of Sydlings
Copse (Day, 1993). The species occurs sporadically after the inter-
polated date of 3600 Cal. BP whenever arboreal pollen is abundant, is
absent during the woodland interruption, and finally reappears at about
600 Cal. BP after an absence of 700 years. For other AWI species, there
is evidence to indicate that AWIs can (re)colonise quickly. For example,
also at Sydlings Copse, A. nemorosa has only occurred within the last
600 years (i.e. after the hiatus), suggesting it might have colonized at
this time. However, as the preservation of A. nemorosa pollen is un-
known we cannot totally discount the possibility that is not present <
600 Cal. BP due to degradation of the fossilised pollen grain rather
being truly absent from the core. With any of the interrupted sites, it is
important to note that the temporary decreases in the abundance of
arboreal pollen could feasibly be driven by a period of active coppice
management rather than a genuine woodland interruption. However,
the impact of coppicing on pollen records in woodland settings has been
considered by Waller et al. (2012) and Bunting et al. (2016) and con-
cluded that coppicing has little or no impact on pollen production. We
can thus be confident that periods interpreted as woodland interrup-
tions are likely to be just are clearance events, even those that are very
short (e.g. Oxborough and Johnny Wood). This interpretation is
strengthened by the fact that all tree species are lost from the pollen
record during these times rather than simply the species that would
typically be coppiced.

Regardless of past woodland stability, previous interruptions, or
contemporary clearance, the number of AWIs in any species community
links to its overall species richness. For example, the interrupted spe-
cies-poor woodland at Piles Copse supported just 12 AWI species in
comparison with interrupted species-rich sites, Sydlings Copse and
Garbutt Wood, which support 75 and 72 AWIs, respectively. It was also
interesting to note that although the area of a site might influence
species number (and thus AWI number and likelihood of ancient
woodland classification), a simple calculation of total number of AWI
species divided by the size for each of our locations ranked Skomer
(currently non-wooded) similarly to Derrycunihy Wood (a proven
continuously wooded site). This suggests that although Swallow and
Goodenough (2017) note that edge sites yield fewer AWI species, and
therefore imply that small fragmented ancient woodlands support fewer
AWTI species, the overall species richness might be a bigger influence.

This research suggests that defining ancient woodland areas needs
to be revisited. Points for consideration are:

1) Utilising palaeoecological evidence: This study has demonstrated
that palynology can provide robust data on woodland history con-
tinuity. When coupled with radiocarbon dating, any interruptions
can be dated to provide objective empirical evidence upon which to
based ancientness classification decisions. However, palynological
profiling is by no means a “silver bullet”: the amount of time needed
to process a core, identify and count pollen within the different
layers, and obtain radiocarbon dates is very considerable. The pro-
cess also requires specialist laboratory facilities and substantial
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experience. As such, it is unlikely that palynological profiling will
become a regular feature of ancientness assessment — except per-
haps at the most important or complex sites — and it is thus vital to
improve the current AWI system by considering the points below.

2) Weighting AWI species to create a biotic index: As many species
currently designated as AWIs have been shown in this study to occur
in non-woodland habitats, it would be prudent to review lists to
weight species typically only found in continuously-wooded areas
more highly than those that can be found elsewhere. This concept is
similar to highlighting strict/strong AWIs (as per Rackham, 2003),
but could be developed by explicitly factoring weighting into AWI
lists to create a numerical biotic index. Such an index might be si-
milar, for example, to Chandler’s score for invertebrates to assess
water quality (Chandler, 1970) and could replace the current AWI
biosurvey approach, which is based on simple species lists. In es-
sence, the species rated most highly would be those that occur ex-
clusively in continuous ancient woodland. Based on the data in this
study, very few AWIs species occurred exclusively in such sites re-
lative to interrupted woodland or recently-cleared woodland. The
two exceptions were Atrichum undulatum and Salix aurita, but this
was probably is more to do with site-specific environmental condi-
tions than the fact that these are true indicator species. However,
several of the species occurred only in continuously-wooded and
interrupted woodlands. Some of these species had already been
identified by Rackham (2003) as strict or strong AWI species and
included E. amygdaloides, H. hirsutum, L. nemorum and P. quadrifolia,
but others are new including Lysimachia vulgaris, O. acetosella, Stel-
laria holostea and Valeriana officinalis. Such species could be given a
high score in a putative AWI biotic index. Species that rely on
branched rhizomes for reproduction are thus very slow dispersers
such as A. nemorosa (Brunet and von Oheimb, 1998), but which
appear tolerant of periods of disturbance based on their presence in
our interrupted woodland sites, could be given an intermediate
score. Finally, species with a low habitat specificity, such as Galium
saxatile and Lonicera periclymenum, would be given a low score, to-
gether with species displaying persistence traits noted by Peterken
(1974) and Vallet et al. (2010): higher specific leaf area, rosette or
semi-rosette form, reliant on seed dispersal (particularly ‘light’
seeds) rather than underground rhizome regeneration, affinity for
base-rich and fertile soils, and short life-spans.

3) Reverse indicators: To date, the focus of classifying between an-
cient and recent woodland has been based upon species that occur in
the former. Another option would be to develop lists of species that
occur predominantly in recent woodlands (e.g. species that are
disturbance specialist) on the basis that, if these were absent from a
site, it might indicate that a site was ancient. This could either be-
come a companion list to the AWI list or the concept could be in-
tegrated into a numerical biotic index using negative weightings.
Such species might include Chamaenerion angustifolium, Plantago
lanceolata and Urtica dioica.

4) Threshold number of species: Given the high number of AWIs
found at non-ancient sites, we suggest that the number of species
present at a site before it is designated ancient should be increased.
Consideration should also be given to having a relative threshold
(e.g. 10% of species present at a site being AWIs) rather than an
absolute threshold. To some extent, this would also address the
current inconsistency between local lists and thus the spatial var-
iation in the ease with which a site can be designated as ancient. For
example, the Leicestershire and Rutland list contains 18 AWIs
whereas Derbyshire has 123 (Glaves, 2009) but the two areas are of
similar size (2.2 km? and 2.4 km?, respectively). Although some of
this variation will be due to genuine differences, it would appear to
be harder for a site to be designated as an AWI in some counties
relative to others if only the local list is used. Even if this relative
system is adopted, work to rebalance local lists is recommended to
reduce spatial differences in ancientness assessment while retaining
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the concept that some AWI species are important in a local context
only (e.g. H. non-scripta, which is a genuine AWI in some areas, but
associated with grassland, heath, scrub, hedge banks and sea cliffs in
others: Preston et al., 2002).

Moving from within-taxon to between-taxa indicators: Finally,
although within-taxon community indicator approaches are
stronger than single-species approaches (diatoms, Rimet et al.,
2015; lichens, Llop et al., 2012), we suggest that, in the case of
ancient woodland, a between-taxa system should be considered.
This might incorporate fungi, lichens and beetles, which have pre-
viously been used in isolation as ancient woodland indicators
(e.g.Bredesen et al., 1997; Coppins and Coppins 2002; Humphrey
et al., 2002; Sroka and Finch, 2006) to create a multi-taxa system, as
suggested previously for Italy (Blasi et al., 2010). The value of this
approach has already been highlighted in this study in the case of
Wistman’s Wood (see above). Such expansions would, of course,
have implications on the amount of survey effort needed in future
surveys, but given that cross-taxa data are already in existence for
many sites, adding non-plant taxa into a numerical biotic index
might at least be worthy of consideration going forward.

5

[

4.1. Final thoughts

Fundamentally, the aim of conservationists globally is to preserve
ancient woodland for its unique biodiversity. Many of the vascular
species that grow in these old growth forests have slow dispersal me-
chanisms and/or rely heavily upon the woodland structure for survival.
Protection of these woodland settings is therefore essential for the
continual success of these diverse and rich environments.

As pointed out by Rotherham (2011), defining exactly what AWIs
actually ‘indicate’ is hugely important but is often overlooked. Many so-
called indicators of ancient woodland sites might actually simply be
plants of undisturbed ground. Indeed, it is notable that a number of the
AWI species present at the three sites that are not currently wooded —
Hartlebury, Gunnister and Skomer — have been found previously to be
indicative of long-established habitats but not necessarily long-estab-
lished woodland (Rackham, 2003). For example, Conopodium majus,
Orchis mascula, and Primula vulgaris are all found on Skomer; all of
which can be found in old grassland habitats. Moreover, some of species
considered to be woodland specialists by virtue of their need for shelter
and high humidity seem to be tolerant of non-woodland locations if
these can be provided by a surrogate canopy (Pteridium on Skomer, for
example). From a more philosophical perspective, it could also be ar-
gued that a high number of AWIs link to conservation value in two
ways: (1) AWI species themselves are often rare and declining; and (2)
their presence indicates an area is relatively undisturbed and non-
fragmented, two factors that increase ecological value and conservation
priority.

By critiquing the method of indicator species in this paper and de-
monstrating the weakness of the technique we are not attempting to
reduce the number of woodlands currently assigned as ancient, nor are
we suggesting that the species approach is not useful. However, it is
vital that practitioners understand the limitations of the technique and
to highlight the need for a standard approach to ancient woodland
status allocation.
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Communities are intricate networks of co-occurring species that vary in complex ways over space and time.
However, because of the logistical challenges inherent in collecting primary data, many studies utilise relatively
short-term data, often from fairly small geographical areas. In this study, we examine spatiotemporal change in
taxonomic richness and turnover over the last 4,000 years at 23 sites from across Eurasia using robustly-dated
high-resolution palacoecological data. We find strong support for the widely-recognised, but not universally-
supported, Latitudinal Diversity Gradient and Altitudinal Diversity Gradient, as well as a statistically significant
temporal increase in the gradient of both these relationships (something very few previous studies have
empirically tested). We also find an increase in (alpha) richness over time despite biodiversity declines at
national and international scales, as well as a high but decreasing rate of turnover (throughout the 4,000 year
study period. The rate of change in turnover is affected by latitude (steeper negative relationship at higher
latitudes) and altitude (steeper negative relationship at lower altitudes). The Diversity-Stability Hypothesis is
supported as communities changed from “lower richness, higher turnover” historically to “higher richness, lower
turnover” more recently. Causal mechanisms for these complex and interlinked biogeographical patterns remain
ambiguous, but likely include strengthening extrinsic changes including climate change, non-native
introductions, increasing homogenisation of generalist taxa, landscape simplification and anthropogenic
disturbance. Further studies into drivers of the spatiotemporal patterns revealed here is a research priority, which

is especially important in the context of biodiversity decline and climate change.

Keywords: altitudinal diversity gradient; latitudinal diversity gradient; diversity-stability hypothesis; European

flora; palaeoecology; palynology.
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Introduction

Communities are intricate networks of co-occurring species that interact with one another, and their abiotic
environment, in complex ways that vary over both time and space. Understanding spatiotemporal patterns is
thus integral to the study of community ecology, especially given the pressing contexts of climate change and
biodiversity loss (Millien et al. 2006; Ives and Carpenter 2007; Mannion 2020). However, such patterns can be
challenging to study over ecologically-relevant timescales because most primary ecological data are relatively
recent (Rull 2010, 2012). Several studies have demonstrated the utility of high-resolution palacoecological data
for analysing community dynamics over longer timescales than would have been possible using primary
ecological data (e.g. Berglund et al. 2008; Salgado et al. 2010; Bennion et al. 2018; Bishop et al. 2019; Seddon
et al. 2019; Agiadi and Albano 2020). In addition to such approaches being helpful in understanding temporal
change in ecological communities at specific sites, use of “recent past” palaeoecological data from multiple sites
has considerable potential for exploring spatiotemporal patterns in ecological parameters (Buma et al. 2019;
Goodenough and Webb 2022). This is a powerful approach since it enables consideration of spatiotemporal patterns
in community ecology across timespans that are meaningful for natural shift within the taxa under consideration
(Willis et al 2007; Rull and Vegas-Vilarrubia 2011; Birks et al 2019). This also allows patterns in richness and
within-site turnover to be studied throughout the transition from relatively low human environmental impacts to

the more intensive pressures of the present day (Jackson 2007; Colombaroli and Tinner 2013).

Richness is influenced by many different geographical and environmental variables. The Latitudinal Diversity
Gradient (LDG) suggests richness is typically highest at the equator and decreases towards the poles, while the
Altitudinal Diversity Gradient (ADG) suggests that richness is highest at low/mid altitudes and decreases
towards higher altitudes. Evidence to support the LDG occurs in most taxonomic groups but is not universal
(see meta-analyses by Hillebrand (2004) and Kinlock et al. (2018)). Similarly, numerous studies have confirmed
the presence of an ADG, although the exact pattern and specific elevations involved differ depending on
location and the taxa studied (review by Fischer et al. (2011)). Temporal patterns in richness have not received
as much attention as spatial patterns (Scheiner et al. 2011). Analysis of temporal patterns has, until recently,
focused on assessing increases in (alpha) richness due to a net positive in the balance between introductions of
non-native species and extirpation of native species (e.g. Sax and Gaines 2003). Two highly-cited studies using
primary survey data from constant-effort biodiversity monitoring programmes across the world have, contrary to
expectations, concluded that alpha richness is increasing almost universally at local scales (Vellend et al. 2013;
Dornelas et al. 2014). However, this research has been criticised (e.g. Gonzalez et al. 2016; Cardinale et al.
2018) for being short-term and data-poor (typically 13-20 years) and using data over different time periods

(duration, actual years analysed, and relative position to external stressors such as climatic change). Expanding



the time period under consideration using palacoecological data, Berglund et al. (2008) and Colombaroli and
Tinner (2013) have shown similar patterns of richness increase over time but while these studies have a key
strength in their duration, their spatial resolution is limited. Multi-site palacoecological data at inter-continental
scale, covering a standardised time period at high resolution, provide a unique opportunity to understand
broadscale patterns in community ecology. A dataset that is extensive both spatially and temporally also enables
the LDG and ADG to be empirically tested, thereby enabling consideration of potential interactions between
spatiotemporal factors. Such interactions are understudied but intriguing results from Silvertown (1985) and
Giesecke et al. (2019) showed that the strength of the LDG across Europe increased over the last 13,000 years

when studied in 1,000-year and 3,000-year increments, respectively.

Within-site turnover is inherently temporal as it quantifies change in the species that are present in the
community at different time periods. However, the rate of within-site turnover could vary over time because of
factors that vary with time such as climate change (Hillebrand et al. 2010; Ulrich et al. 2014; Gibson-Reinemer
2015; James et al. 2017; Webb and Goodenough 2021), direct human influence (Xu et al. 2012); and non-native
introductions (Rahel 2000; Sax and Gaines 2003). Moreover, temporal patterns in the rate of within-site
turnover might be mediated by spatial variation. For example, Korhonen et al. (2010) demonstrated that
interannual turnover in aquatic ecosystems was greater at higher latitudes than it was at lower latitudes.
Advancing understanding of such patterns is increasingly important given the pressing contexts of human-
accelerated climate change and other anthropogenic impacts. Most previous research has involved short-term
studies of primary data, which is problematic as measured turnover can covary with study duration (Korhonen et
al. 2010). Study duration has previously been extended using innovative space-for-time substitution (Hillebrand
et al. 2010), but recent studies (Mottl et al. 2021a; Adeleye et al. 2022) have demonstrated that using

palaeoecological data to analyse rate of change has untapped potential.

Finally, as well as there being spatiotemporal patterns in richness and the rate of within-site turnover
individually, richness and turnover can themselves inter-relate both overall and in ways that covary with time
and/or space. The Diversity-Stability Hypothesis (DSH) states that higher richness is associated with higher
ecological resilience and thus lower turnover. The DSH was originally postulated by Darwin (1859) before
being extended by MacArthur (1955) and McNaughton (1977). The relationship is usually considered to be the
result of functional linkages and interactions (especially competition and trophic connections) that are greater
when richness is higher. This then decreases invasion and extirpation rates and increases resilience to
disturbance, which results in stable ecological states. There is considerable experimental evidence for the DSH,

at least over short timescales (e.g. Frank and McNaughton 1991; Tilman et al. 1996). However, the pattern is



contentious and complex and an increasing number of studies are finding no significant relationship or a
significant opposite trend (see review by Ives and Carpenter (2007)). Quantifying patterns at inter-continental

scales over longer timescales would be beneficial.

In this study, we quantify spatiotemporal change in taxonomic richness and the rate of within-site turnover over the
last 4,000 years at 23 sites with robustly-dated high-resolution palacoecological data. Our aims are threefold: (1) to
analyse spatiotemporal change in richness across Eurasia to test the latitudinal and altitudinal diversity gradients,
quantify temporal patterns, and establish whether there are significant interactions between temporal and spatial
variables; (2) to quantify temporal change in the rate of within-site turnover to establish whether, on average,
turnover is accelerating, slowing, or static given the increasing human pressures on natural systems, and whether
temporal patterns are mediated by spatial variables; and (3) to relate the rate of within-site turnover to taxonomic

richness to test the diversity-stability hypothesis on a dataset that is extensive both spatially and temporally.

Methods

Data acquisition

The 2,020 sites listed on the European Pollen Database (Fyfe et al. 2009) at the time of the study were screened
to identify all sites where high-resolution palynological data over the last 4,000 years were available
electronically. Specifically, sites selected for inclusion needed to have: (1) been used within a published output
in a peer-reviewed journal; (2) at least two radiocarbon dates within the last 4,000 years forming a robust age-
depth model of sedimentation to allow precise time-horizons to be identified by the original author(s); (3) high-
resolution sampling at <5 cm intervals; and (4) data from at least one time period every 100 years over the
4,000-year study period (i.e. 0-99 years ago; 100-199 years ago; 200-299 years ago and so on). This last
criterion was ultimately relaxed to allow missing data in up to four time periods (10% of the total) to increase
the number of eligible sites. This protocol gave 23 sites from 15 countries (latitude: 63°53'0" to 37°39'55"
North; longitude: 7°59'35"W to 46°37'55" East; altitude: 1 m to 2,410 m; Fig. 1). Of these sites, 8 had data for

all time periods while 15 had missing data up to, but not exceeding, 10% of the total.
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Figure 1. Sites included in this study. All palaeoecological data were collated from the European Pollen

Database (Fyfe et al. 2009) and original publications for each site are referenced within this figure.

Data manipulation

Palynological data were extracted for the time periods of interest using the taxonomic level given by the original
author(s). As the taxonomic level to which pollen and spores could be identified varied for different taxa, the
overall dataset contained family-level, genus-level and species-level data (hence we use “taxonomic” and “taxa”
rather than “species” throughout this research). It is important to note that there were no systematic differences
in data over time (i.e. this was temporally consistent) such that subsequent analysis of temporal patterns was not

an artefact of changing taxonomic resolution.

Two biodiversity metrics were calculated. Taxonomic richness calculated for each site for each time period as a
simple count of the taxa recorded. Within-site turnover was calculated on presence/absence data for successive
sequential time periods to give a series of 39 values for each site describing temporal change in the vegetation
community at that site (i.e. 0-99 years compared to 100-199 years, 100-199 years compared to 200-299 years
etc). Using presence/absence data ensures that analysis of change in communities is due to species invasion and
extirpation rather than compositional change in communities due to change in abundance, which can be skewed
by taxa that dominate the palynological data (Mottl et al. 2021b). All within-site turnover calculations were
based on Jaccard’s Coefficient of Community Similarity (CC;): this approach has been used previously to assess
changes in community ecology in both ecological and palacoecological contexts (e.g. Jaccard 1912; Rahel 2000;

Webb and Goodenough 2021; Hart et al. 2022). Here, we calculated the inverse of CC; (sometimes called



Jaccard Distance) using equation 1, where ¢ was the number of taxa common to two successive time periods and
S was the sum of the total number of taxa found in both time periods. This gave a measure of community
dissimilarity, ranning between 0 and 1 where higher numbers were indicative of greater dissimilarity, and thus

greater within-site turnover.

Equation 1: 1-(CC; = g)

To allow better understanding of change over time, taxonomic richness and within-site turnover were calculated
for the overall vegetation community and also, separately, for the shrub and herb (hereafter SAH) sub-community.
This allowed separate consideration of change in non-arboreal taxa (mainly shorter-lived r-strategists) compared

to the overall community, which is strongly influenced by arboreal taxa (longer-lived, K-strategists).

There is inevitable variability in the number of pollen grains counted by different researchers, which can
confound between-site comparisons (Birks and Line 1992; Birks 2007). Here, because taxonomic richness and
within-site turnover metrics used presence/absence data rather than abundance data, the variation in total
number of pollen grains counted per time period did not bias analysis as counts were above a statistically-
derived minimum threshold. All sites included in this study had a high pollen count (number of grains counted
per time period per site: average = 2,175; minimum = 336), which was substantially above the 230 grains
necessary for 95% reliability (Djamali and Cilleros 2020). This also exceeded the guide that >300 pollen grains

should be counted for an accurate vegetation profile (Reille 1990; Moore et al. 1991).

Data analysis

Univariate spatial relationships in taxonomic richness were visualised. Then, to analyse the combined effects of
space and time a Generalised Linear Model (GLM) was performed. This GLM used taxonomic richness as the
dependent variable with latitude, altitude and time period entered as continuous factors: the 2-way interaction
between each spatial variable and time were also added (i.e. latitude*time and altitude*time). The model used a
Poisson distribution with a log link function, which was appropriate for the count data being analysed and was
the optimal model based on comparison of Akaike’s Information Criterion scores relative to other statistically-
valid model distribution/function combinations such as negative binomial models (Akaike 1973; Hu et al. 2011).

A second GLM was created for taxonomic richness for the SAH sub-community only.

Temporal relationships for within-site turnover were plotted graphically. Then, to determine statistically
whether the rate of within-site turnover was accelerating, slowing, or static given the increasing human
pressures on natural systems, and the possible mediating effects of latitude and altitude on any temporal

patterns, two GLMs were performed. These models used within-site turnover data for the overall community



(model 1) and within-site turnover data for the SAH sub-community (model 2) as the dependent variable
modelled against time, time*latitude, and time*altitude. Scale models were created because, although turnover
was technically proportional, each proportion was the result of a complex calculation (Jaccard Distance) rather
than arising out of binomial events (such that a binomial distribution was not appropriate); both dependent
variables were also normally distributed. A gamma distribution with a log link function was used as this
provided a better fit (considerably lower Akaike’s Information Criterion scores) relative to a standard linear

scale model for both overall community and the SAH sub-community.

Finally, to relate within-site turnover to richness, and thus test the Diversity-Stability Hypothesis, we calculated
the relationship between the average turnover scores for each time period and regressed these values against
taxonomic richness for the preceding time period. This provided an initial understanding of the relationship
between turnover and richness across Eurasia over the last 4,000 years. To explore this further, Principal
Components Analysis (PCA) was undertaken to describe the relationship between turnover (y) and richness (x)
so that this relationship could itself be related to time (z) to quantify temporal mediating effects. All analyses

were conducted in SPSS version 27 (USA: IBM).

Results

Spatiotemporal change in taxonomic richness: univariate patterns

There was a significant negative relationship between taxonomic richness and latitude as predicted by the LDG.
This pattern was found for the overall community and the SAH sub-community, but was slightly stronger for the
latter (Fig. 2 a-b). At this level of analysis, there was no significant relationship between taxonomic richness and

altitude as predicted by the ADG for either overall community or the SAH sub-community (Fig. 2 c-d).
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Figure 2: Relationship between spatial variables and taxonomic richness at 23 sites across Eurasia showing: (a-b)
latitudinal patterns and (c-d) altitudinal patterns. Univariate regression output is shown for each relationship and

regression-derived lines of best fit are shown where patterns are statistically significant.

There was a significant positive relationship between taxonomic richness and time (measured as years before
present in 100-year intervals), such that richness was significantly higher in more recent times than it was historically.
This trend held for both overall vegetation community (Fig. 3a) and the SAH sub-community (Fig. 3b). The
gradient of the line of best fit, which was indicative of the magnitude of change, was almost identical: 0.0028
higher richness per 100-years (11.2 taxa over the entire study period) vs 0.0029 higher richness per 100 years (11.6
taxa over the entire study period), respectively. However, the strength of the relationship differed, being stronger
for the SAH sub-community (R? = 0.745) compared to the overall community (R? = 0.622). As regards site-
specific trends, there was a significant positive relationship between taxonomic richness and time within the overall
community (i.e. higher richness in more recent time periods) at 17 of 23 sites (74%); the remaining sites were split
evenly between weak positive trends (3 sites; 13%) and weak negative trends (3 sites; 13%), all of which were non-
significant. For the SAH sub-community, there were significant positive relationships at 12 of 23 sites (52%), with

the remaining 11 sites (48%) being non-significant.
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Figure 3: Relationship between taxonomic richness and time for 23 sites across Eurasia. Univariate regression
output is shown for each relationship and regression-derived lines of best fit are shown where patterns are

statistically significant.

Spatiotemporal change in taxonomic richness: multivariate modelling

A multivariate analysis for taxonomic richness that considered all spatiotemporal variables and the interactions
between them revealed complex patterns (Table 1). As expected given the univariate modelling, time was
significant as was latitude, both in the expected directions. There was support for the ADG for the overall
community but not the SAH sub-community, suggesting that this pattern was driven by changes in arboreal taxa.
Interestingly, there was also strong support for spatiotemporal interactions, whereby time mediated (changed)
spatial relationships. This meant that both the LDG and ADG increased in strength over time and were thus steeper

in more recent times than they had been historically.

Table 1: Generalised Linear Models of taxonomic richness in relation to spatiotemporal variables. Chi square

values are likelihood ratio for the overall models and Wald for factors and interaction terms.

Overall Shrub and Herb Relationship Direction and Interpretation
Community Sub-Community
x? P x? P
Overall Model 1144740  <0.001 1292.695 <0.001 N/A
(df=5)
Time (yr before 35232 <0.001 22207  <0.001 Positive in both models: richness higher in more
present; df = 1) recent times compared to historically
Latitude 162.069  <0.001 101.668  <0.001 Negative in both models: richness higher at lower
df=1) latitudes as predicted by Latitudinal Diversity
Gradient (LDG)
Altitude 16.375  <0.001 1.891 0.169 Negative for overall community: richness higher at
=1 lower altitudes as predicted by Altitudinal Diversity
Gradient (ADG). No pattern for sub-community
Latitude*Time 18.208  <0.001 8.058 0.005 Negative in both models: LDG stronger in more
df=1) recent times compared to historically
Altitude*Time 53.778  <0.001 47.143  <0.001 Negative in both models: ADG stronger in more

=1 recent times compared to historically




Spatiotemporal change in rate of within-site turnover

There was no relationship between the rate of within-site turnover in the overall vegetation community relative to
time (Fig. 4a). However, there was a statistically significant temporal trend in the rate of within-site turnover
within the SAH sub-community (Fig. 4b), such that the rate of turnover was significantly lower in more recent
times than it was historically. The gradient of the line of best fit for the SAH sub-community was -0.0012 (i.e.

within-site turnover changed by 0.12% for every 100 years or ~5% over the entire study period).

Undertaking analysis on the rate of within-site turnover temporally for each of the 23 sites individually resulted in a
mixed picture, with direction and magnitude of change varying considerably between sites. Gradients ranged from
-0.0103 to 0.0044 (mean = -0.00004) for the overall community and from -0.0126 to 0.0051 (mean = -0.0012) for
the SAH sub-community). Thus, while the average rate of turnover was significantly lower in more recent times
for the SAH sub-community (Fig. 4b), 2 sites (8%) had a significant opposite trend whereby rate of turnover was
higher in more recent times, and 8 sites (35%) had no significant pattern. This suggested that spatial variables
might be mediating temporal change. This was confirmed via multivariate modelling that showed significant

interactions for time*latitude and time*altitude (Table 2).
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Figure 4: Relationship between the rate of within-site turnover (higher = greater) and time for 23 sites across
Eurasia. Univariate regression output is shown for each relationship and regression-derived lines of best fit are

shown where patterns are statistically significant.



Table 2: Generalised Linear Models of within-site turnover in relation to time and mediating effects of latitude

and altitude. Chi square values are likelihood ratio for the overall models and Wald for factors and interaction

terms.
Overall Shrub and Herb Relationship Direction and Interpretation
Community (SAH) Sub-
Community
x? P x? P
Overall Model 108.186  <0.001 78.117 <0.001 N/A
(df=3)
Time (yr before 10.000 0.002 20.716 <0.001 Negative in both models: rate of within-site turnover
present; df = 1) lower in more recent times compared to historically
Time*Latitude 13.848  <0.001 21.406 <0.001 Positive in both models: general negative effect of
df=1 time on rate of turnover is greater for sites at higher
latitudes (steeper negative relationship) and weaker at
lower latitudes (shallower negative relationship).
Time*Altitude 30.266  <0.001 9.643 0.002 Negative in both models: general negative effect of
df=1 time on rate of turnover was greater for sites at lower

altitudes (steeper negative relationship) and weaker
for sites at higher altitudes (shallower negative
relationship). At very high altitudes, the relationship
became positive in some cases.

Relationship between richness and rate of within-site turnover: is the Diversity-Stability Hypothesis supported?
There was a significant negative relationship between taxonomic richness and within-site turnover for both the
overall community (Fig. 5a) and the SAH sub-community (Fig. 5b). This meant that turnover was lower when
richness was higher, exactly as predicted by the DSH. The relationship was steeper and stronger for the SAH sub-
community, with a gradient of -0.0044 (or 0.44% less turnover per additional taxon in the community) and an R?

0f 0.279, compared to the overall vegetation community (gradient = -0.0018; R?=0.101).

Based on visual analysis of Fig. 5, the driver for the significant relationship between turnover and richness (and
thus the driver for the support found in this study for the DSH) appeared to be time — or, possibly more
accurately, other variables that change temporally (see Discussion). The position of the datapoints along the line
of best fit strongly linked to time, with older samples being “higher turnover, lower richness” and more recent
samples being “lower turnover, higher richness”. This was analysed by estimating the diagonal position of the
datapoints using Principal Components Analysis (PC1 passed through the centroid of the data cloud on the
longest axis, such that the PC1 score for each datapoint was broadly akin to the position of that datapoint on the
lines of best fit shown in Fig. 5a-b). PC1 was statistically negatively related to time expressed as years before
present for both overall community (Fy 37 = 25.045, P <0.001, R? = 0.404) and the SAH sub-community (F 37 =

64.658, P < 0.001, R? = 0.636): this meant that the relationship between richness (x) and turnover (y) was



causally related to time (z). This result triangulated with the temporal pattern for richness (higher in more recent

time periods; Fig 3a and b) and turnover (lower in more recent time periods; Fig 4a and b).
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Figure 5: Relationship between taxonomic turnover (higher = greater) between 39 sequential 100-year time
periods and taxonomic richness in the earlier of those time periods for 23 sites across Eurasia for: (a) overall
vegetation community, and (b) shrub and herb sub-community. In both cases, data points for sequential 100-year
periods falling between present day and 1,000 years ago are shaded black, those 1,000-1,999 years ago are shared
dark grey, those 2,000-2,999 are shaded light grey and those 3,000-3,999 are open circles. Note that scales differ
between graph panels.

Discussion

Analysis of paleoecologically-derived data from 23 sites across Eurasia and spanning a 4,000 year period
support some of the major spatial relationships (LDG, ADG) and interrelationships (DSH) within community
ecology. More importantly, they also demonstrate the integral importance of temporal processes, either directly
(taxonomic richness and rate of within-site turnover) or as mediating effects on LDG, ADG and DSH

relationships to create the complex spatiotemporal patterns summarised in Figure 6.
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Figure 6: Summary of patterns between taxonomic richness and within-site turnover relative to spatiotemporal
variables (time, latitude, altitude). Solid lines denote direct effects, dashed lines denote indirect effects where
one factor mediates relationships between other variables. LDG = Latitudinal Diversity Gradient; ADG =

Altitudinal Diversity Gradient; DSH = Diversity Stability Hypothesis.

Our data support the LDG and ADG, with taxonomic richness being greater at lower latitudes and altitudes.
Such patterns are common, although not universal, as previously shown by Hillebrand (2004), Fischer et al.
(2011), and Kinlock et al. (2018) for primary ecological data and palacoecological data (Reitalu et al. 2019).
Where these patterns occur, they can be driven by greater loss of taxa at higher latitudes and altitudes and/or
greater gain of taxa at lower latitudes and altitudes (Mannion 2020). However, our analysis also highlights that
time interacts with these relationships, as they have both become steeper over time. The casual mechanisms for
this are unclear. In one of the very few previous analyses of temporal change in the LDG, Silvertown (1985)
found the latitude-richness gradient became steeper over time for woody taxa across Europe over the last
interglacial period when analysed in 1,000-year increments. Silvertown ascribed natural spatiotemporal change
in climate to be the causal mechanism and concluded that the LDG steepening was due to flora readjusting after
the end of the last ice age. This was tangentially supported by research that demonstrated the lack of any LDG
immediately after prehistoric mass extinction events (MEEs), which were followed by strengthening gradients
over time (Mannion et al. 2014; Mannion 2020). This includes patterns for North American mammals following
the Cretaceous/Palaeocene MEE (Rose et al. 2011) and marine taxa following the Permian/Triassic MEE (Song
et al. 2020). However, as our current study spans 4,000 years of relatively stable climate (albeit with human-
accelerated climate change effects becoming apparent over the last couple of hundred years), climate change
cannot fully explain the observed patterns and combinations of natural and anthropogenic processes are likely to

be responsible as discussed below.

There are complex interactions between space and time in relation to richness (Giescke et al. 2019). Here, not only
does time mediate the spatial relationships in taxonomic richness, it has an important link to richness itself. The
finding that alpha richness has increased over the recent past towards the present day supports the contentious
previous studies using primary ecological survey data (Vellend et al. 2013; Dornelas et al. 2014), but using much
more robust datasets (longer time, higher resolution, more data rich, and consistent time periods analysed at all
sites). This accords with longer-term palacoecological studies (Berglund et al. 2008; Colombaroli et al. 2012;
Colombaroli and Tinner 2013; Schworer et al. 2015; Giesecke et al. 2019) that have shown similar patterns of
richness increase across the Holocene (the last 11,500 years). However, it should be noted that all of these

studies using palacoecological data — and indeed our analysis — are at a temporal resolution that will not allow



detection of very recent (>100 years) taxonomic richness declines. Moreover, this baseline temporal increase
should emphatically not be taken as evidence against the biodiversity crisis since site-specific (alpha richness)
trends do not to preclude catastrophic loss of biodiversity over a wider scale (gamma richness) (Gonzalez et al.
2016; Cardinale et al. 2018; Hillebrand et al. 2018). Trends could also be transitory as communities often gain new
taxa faster than they lose existing taxa (Jackson and Sax 2009). Moreover, it is possible that a component of the
temporal increase in richness is non-desirable biotic homogenisation (Sax and Gaines 2003; Clavel et al. 2011; Le
Viol et al. 2012; Giesecke et al. 2019), as well as being complicated by extirpation lag (Jackson and Sax 2009). It
is also important to highlight that temporal alpha richness increases are not universal (richness did not increase
over time at 26% of sites (overall community) and 48% of sites (SAH sub-community); some non-significant

patterns tended towards the negative, especially at higher latitudes and/or altitudes).

The factors that covary with time, and thus might be responsible for the temporal patterns in richness (and the
mediating effects of time on the LDG and ADG), are unclear. Thus, while intriguing spatiotemporal patterns
have been revealed by this paper, the causal mechanisms are more ambiguous. Speculative possibilities include
increases in non-natives (Sax and Gaines 2003) (although if this was the sole explanation an exponential pattern
would be expected rather than linear pattern across 4,000 years). A second possibility is change in landscapes
caused by human activity is creating habitat mosaics that increase richness, as found by Colombaroli et al.
(2012) and Colombaroli and Tinner (2013) in relation to more open landscapes being created in the mid-
Holocene. A third possibility is an increase in the number of generalist taxa within communities over time,
either with or without loss of more specialist taxa (Clavel et al. 2011; Le Viol et al. 2012): such a pattern could
result from increasing landscape simplification (Gamez-Virués et al. 2015) or anthropogenic disturbance
(Devictor 2008). Finally, it is likely that this pattern is at least partly driven by human-accelerated climatic
change altering fundamental and realised ranges, especially the loss of taxa at high latitudes/altitudes and the
poleward/upward expansion of other taxa into Europe at middle latitudes and altitudes) (Goodenough and Hart
2013; Walther et al. 2005). All of the above processes would involve arrival of new taxa at study sites over time
and/or slower rates of loss (i.e. giving a net positive balance, but possibly complicated by lag times meaning
that, at any one time, a site might be experiencing extinction debt or immigration credit: Jackson and Sax 2009).
Although in our study rate of within-site turnover is decreasing temporally, rates still remain at ~40% per
hundred years. This means that temporal decrease in within-site turnover is not at odds with processes that
involve turnover being responsible for richness increases over time — and indeed it could even be argued that a
slowing of turnover would be expected if biotic homogenisation (which, by definition, cannot be infinite) is

starting to plateau.



Given that higher richness is thought to drive higher stability (and thus lower turnover) (MacArthur 1955;
McNaughton 1977; Frank and McNaughton 1991; Tilman et al. 1996), and that our data support this, it is not
surprising that within-turnover has decreased over time while richness has increased over the same time period.
Moreover, the main driver for the DSH in our data appears to be time. While natural mechanisms (functional
diversity, competition and trophic connections) could be important as they decrease invasion and extirpation
risk, human activity might also be a contributory factor, with increased management of ecosystems potentially
partly supressing natural turnover. This accords with evidence from Vogel et al. (2012), who demonstrated that
a positive relationship between richness and stability in grassland communities only occurred in ecosystems that
were highly managed, not those that were dominated by natural processes and interactions. It should be noted
that there is also a potential artefact whereby turnover estimates might be higher when richness is lower as

change in one or two taxa has a higher relative impact.

Throughout this study, and indeed all studies using palaeoecological data, there is an implicit assumption that
vegetation diversity (richness and community composition) is equivalent to palynological diversity, or an
appropriate caveat. Where this has been empirically tested, agreement between vegetation community and
pollen community varies from there being no significant relationships in tropical environments of Africa and
South America (Gosling et al. 2017) significant positive relationships in Europe (Reitalu et al. 2019). Although
it recognised that pollen records might not be fully representative of vegetation communities, they are one of the
best data sources to evaluate inter-continental changes in community ecology over periods longer than of those

covered by primary ecological data.

Overall, our findings support and extend previous work, including widely-recognised biogeographical
relationships such as the LDG and ADG as well as more recent (and contentious) work on temporal increases in
alpha richness, using a robust dataset that is extensive both spatially and temporally. The casual mechanisms,
however, remain ambiguous and although this is indicative of the inherent complexity of ecological systems, we
suggest that more research into the drivers of these patterns is undertaken as a matter of priority. This is
especially important given the contexts of widespread biodiversity decline and strengthening extrinsic changes
including those to climate, non-native introductions, increasing homogenisation of generalist taxa, landscape

simplification and anthropogenic disturbance.
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6. Pollen as a provenancing tool: from forensic investigations to mapping avian
migration pathways

This chapter continues the theme of exploring the utility of pollen in contemporary
contexts, but with a particular focus on the use of pollen as a provenancing tool. Tracing the
source of an item, person, animal or sediment has many uses, including within forensics and
the study of species movement (mapping dispersal patterns and invasion pathways,
understanding the spread of disease and pests, identifying foraging locations, and mapping
seasonal movements and migration pathways). The first output presented here is a book
chapter on the use of biological techniques, including palynology, in forensic studies. (The
chapter is from Monckton-Smith et al. (2013), which is co-written by the PhD candidate and
covers practical detail on the process of criminal investigations from crime scenes through
to court for an undergraduate target audience (Figure 6.1)). The second output is a research
paper on forensic palynology (Webb et al. 2018), which considers limitations in commonly-
used laboratory procedures for retrieving palynological evidence. The final output, while not
forensic in focus, uses similar skills in identifying an origin — in this case mapping migratory
routes of Old-World warblers.

Hart A.G and Webb, J.C. Forensic Science Specialisms: palynology, entomology and DNA.

In: Monckton-Smith, J. Adams, T. Hart, A.G. and Webb, J.C. (2013) Introducing Forensic
and Criminal Investigation. Sage. ISBN 978-0857027528

INTRODUCING
FORENSIC ame

“GRIMINAL
" INVESTIGATION

Jane Monckton-Smith
Tony Adams !

Adam G Hart 1
Julia Webb -

Library of Congress Control Number: 2012047813

027511
ISBN 978.0-85702-752-8 (pbk)

Figure 6.1 Undergraduate textbook co-written by the PhD candidate. According to Amazon
sales rankings, 4,608 copies have been sold through their platform.
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Webb, J.C., Brown, H.A. Toms, H. and Goodenough, A.E. (2018) Differential retention of
pollen grains on clothing and the effectiveness of laboratory retrieval methods in forensic
settings. Forensic Science International, 288. 36-45.

Wood, M.J., Morgan, P.J., Webb, J.C., Goodenough, A.E., Chambers, F.M. and Hart, A.G.
(2014) Exploring the prevalence and diversity of pollen carried by four species of
migratory Old-World warbler (Sylvioidea) on arrival in the UK. Bird Study, 61 (3), 361-370.

6.1 Forensic palynology

Although studies investigating the provenance of pollen are undertaken within

palaeoecology to inform vegetation reconstructions (DeBusk 1997; Yang et al. 2016, 2019;
Luo et al. 2020) and to assess provenance of archaeological finds (e.g. tracing construction
locations of artefacts (Hu et al. 2007; Chester, 2009)), the most well-explored area utilising
pollen to locate provenance is within forensic studies (Bryant et al. 1990; Mildenhall 1990;

Horrocks and Walsh 1998; Mildenhall et al. 2006; Wiltshire, 2006).

While many criminal cases have been successfully solved (at least in part) by forensic
palynology (see Wiltshire (2006a) and Ochando et al. (2018) for some examples), there are a
surprising number of unresolved taphonomic considerations that if challenged, could render
evidence unusable in court (see Figure 2.4). In the second output in this chapter, Webb et
al. (2018) describes the variability of pollen ‘stickiness’ to clothing and finds not only that
different pollen morphologies adhere differently to different types of clothing but also that
standard procedures for harvesting pollen from exhibits is not as effective as commonly
assumed. Expert witnesses can be challenged in court in numerous ways, including facing
guestioning of continuity of exhibits and the cleanliness of the laboratory, before cross-
examination on the actual evidence has begun. It is therefore vitally important to
understand the role of taphonomy in relation to forensic cases to enable greater reliability
of palynological evidence in court, particularly as this is not simply about academic
understanding but something that can change the course of criminal investigations and
impact lives by achieving justice for victims, correctly convicting the guilty, and exonerating
the innocent. Webb et al. (2018) is an excellent example of this research, and goes further
than previous research (Wiltshire et al. 2015), but it is in itself restricted (it only assessed

the adherence properties of eight pollen types and three types of material). It would be
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prudent therefore in every criminal case to investigate the natural decay curve and adhesion
efficiency of the pollen on exhibits, and the types of clothing associated with the case before
testifying in court. This practice is not commonplace (owing to cost and time pressures) and
therefore reliance is placed on a palynologist’s knowledge of taphonomic variables,
seemingly often without empirical data to support testimonies. See the example given in
Wiltshire et al. (2015) whereby she attests that leather uppers on shoes only obtain a rich
palynomorph assemblage when they are scuffed through leaf litter, but this is not supported
by observations in a research setting. While her experience shows this is probably the case,

supporting evidence for this would be beneficial.

There is a huge body of research that could be completed investigating the adhesion of
pollen onto clothing, hair, carpets and skin. Several of the papers citing Webb et al. (2018)
begin to explore some of the under-investigated areas: Ménard et al. (2021) looks to build a
universal protocol for the transfer and persistence of trace evidence (including gunshot
residue, DNA, soil, blood etc); Procter et al. (2019) investigates the transfer of soil to
clothing; and Hunt and Morawska (2020) examine persistence of pollen on skin after
washing. While these papers present results that promote a greater awareness of
taphonomic variables in forensic palynology, there remains a huge scope for pollen and
fabric specific projects investigating the natural loss of pollen, the retention in weave and
the efficiency of washing, as results are not seemingly transferable between pollen types or
materials (Webb et al. 2018). It is not inconceivable that transferable skills from landscape
modelling in fossil pollen studies (for example POLLSCAPE (Sugita 1993; Gaillard et al. 2008);
LOVE (Sugita 2007a); REVEALS (Sugita 2007b)) be adapted and used to model palynological

data in forensic settings to overcome some of these taphonomic variables.

In an unexpected development, not only is the work presented in Webb et al. (2018)
valuable in forensic disciplines, the paper has also received traction from clinical settings,
with findings being used in recommendations for clothing choices for patients with pollen

allergies (Roubelat et al. 2020).
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6.2 Global transit routes

In the final paper of this thesis, transferable skills from forensic disciplines are used to
investigate the pollen diversity in bill encrustations on migrating birds (Wood et al. 2014).
Understanding breeding, stopover and migratory routes of birds is particularly important
given that habitat loss and climate change is reducing suitable locations for landfall,
particularly in regard to rare or declining species. Despite the large numbers of migratory
birds that are caught, ringed with unique identifiers and released in the UK, very few are
recovered on wintering grounds (Wernham et al. 2002), leaving a poor understanding of
migratory routes of migrant birds (Bairlein, 2003). Migratory birds foraging on nectar-rich
flowers (or, as is much more typical, insects feeding on flowers) often develop waxy
encrustations on the nasofrontal hinge between the base of the bill and forehead. This has
been highlighted by Cecere et al. (2011) as an opportunity to retrieve associated pollen from

the nectar as a proxy for provenance.

Although both the taxonomic and spatial resolutions reported in Wood et al. (2014) are not
sufficient for the authors to answer the initial aims of the paper of fully mapping migratory
routes, palynology is able to differentiate species, suggesting differences in foraging habits
and/or habitat (and thus migratory route). Thus, whilst Wood et al. (2014) are not able to
provide a refined provenance for Old-World warblers while on migration, the results of the
study provided the first pollen encrustation records from migratory birds — potentially
starting the first database of this type. Subsequently, the method employed in this paper
has been adapted by Dominguez-Vazquez et al. (2021) to compare pollen rain with pollen

adhering to feathers to successfully assess foraging behaviours of songbirds in Mexico.
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Chapter 7
Forensic science specialisms: palynology, entomology
and DNA

Introduction

Forensic science seeks to apply scientific principles and techniques to issues that are of interest to the
law. It is important to realise that forensic science is not, therefore, solely concerned with high-profile,
violent or emotive crimes. Any legal investigation that can be explored though the application of science
may need to call on a ‘forensic scientist’, even though the scientist in question may not be part of a regular
forensic team. Thus, an expert on certain chemicals may be called upon to advise an investigation into a
suspicious fire, and may even be required to act as an expert witness in court. For the purposes of the fire
investigation, such a scientist would be acting as a ‘forensic scientist’. However, there are other scientists
who specialise on the application of their field to legal issues and it is these scientists that are the focus
of this chapter.

We are bombarded with images and stories that combine forensic science-fact with forensic
sciencefiction. The result of this is to give an overall impression that science can ‘solve’ practically any
crime through the use of complex equipment, cutting-edge technology and brilliant (and generally
glamorous) forensic scientists. As is often the case with television and film, most of what is portrayed is
based in fact but the details, timescale and scope of the techniques shown are frequently exaggerated.
Forensic science is an extremely important component of the investigation process, but understanding
how it can be applied can often be as much about grasping its limitations as getting carried away with its
potential. However, with rapidly developing technology supporting a deepening understanding of much
of the science underpinning forensics, there is no doubt that the science-fiction observed in popular
television series may start to become more of a reality over the coming years.

The basic principle of forensic science was stated by one of the pioneers of the field, the French scientist
Edmund Locard (1877-1966). Locard became known as the ‘Sherlock Holmes of France’ and Locard’s
Exchange Principle (usually abbreviated to Locard’s Principle) can be summed up as ‘every contact leaves
atrace’. In essence, Locard’s Principle distils the idea that ‘criminals leave clues’ into a scientific principle.
By being at a crime scene, by touching objects and by contacting victims, a perpetrator leaves traces.
Whether that be DNA shed by blood, semen or skin cells left on door handles, mud from shoes left on the
ground, or pollen grains carried in on a trouser hem from the perpetrator’s unusually planted garden, it
is rarely possible to be involved with a crime scene without leaving traces of your presence. It is the job
of the forensic scientist to find and interpret these traces.

Pollen as trace evidence

As we walk along, the soles of our shoes are in contact with the ground surface and there is a simultaneous
exchange of traces from the shoes to the ground and from the ground to the shoes. Thus, footprints
potentially record a trace of the route taken, while shoes can carry a record of the ground over which
they have walked. It is this exchange of traces that is the basis of Locard’s Exchange Principle. To a forensic
scientist, the exchange of soil, dirt or dust to our soles can be useful in criminal investigations as the traces
exchanged can contain a wealth of information (depending on the surface walked upon) allowing us to
reconstruct recent movements. Key evidence contained within these traces are pollen grains and spores,
which may have originated from vegetation and fungi found along the route taken. To a forensic botanist,



or palynologist (someone that studies pollen grains and spores), these microscopic entities can play a
pivotal role in piecing together movements of forensically important items.

Pollen grains are generally microscopic particles produced by the male parts of plants and trees. Pollen
and spores are generally 20—-60 microns in size (there are 1,000 microns in a millimetre), often with a
highly ornamented outer shell. They can be identified (that is, the species that produced them can be
determined) by this ornamentation, the thickness of outer wall, the surface patterning of the grain and
by overall morphology (shape). Many of the plants producing pollen are so-called flowering plants
(angiosperms) that typically have conspicuous, brightly coloured flowers to attract insects and other
animals to them. These animals transfer pollen from plant to plant thereby fertilising those plants.
However, some trees that produce copious quantities of pollen do not have flowers but do produce pollen
and seeds. These include pines and other conifers (part of a group of plants called the gymnosperms) and
these trees use wind to transfer their pollen. The morphology of pollen tends to vary according to how it
is dispersed. Wind-pollinated grains are generally light, large and contain air sacs (to help with buoyancy
in their dispersal), whereas insect-pollinated grains tend to be spiky and sculptured to help them to attach
to insects and other animals. Spores are produced by a different group of more primitive plants that
include ferns and mosses, as well as by organisms that are not plants at all, such as some algae and fungi.

Pollen and spores are produced as part of the reproductive phase of the life cycle of a plant. Once spores
are released, most go on to germinate and develop into a new individual. Pollen grains, however, originate
from the male reproductive organs of the flower and are released into the environment to seek a suitable
female host to complete the fertilisation process. Both spores and pollen are highly variable between
species and it is this variation that makes them useful forensic indicators.

The method of release of the pollen varies between species; the two main dispersal mechanisms are by
wind and by insects. Those species that pollinate via the wind can produce millions of pollen grains to
raise the possibility of reaching a target female for fertilisation. The plant species that rely on insects for
pollination produce far fewer pollen grains as insects insure that the pollen will be transferred directly to
their destination. Information on pollen abundance of different species is very important to the forensic
palynologist as it helps to understand which species can be important in indicating presence at a site. For
example, insect-pollinated plant pollen might be transferred to a suspect’s jacket only by directly brushing
past a specific plant whereas the presence of wind-pollinated pollen on clothing might merely indicate
the presence of the suspect in the general vicinity of the site (collecting pollen and spores from abundant
wind-pollinated species by the so-called ‘pollen rain’).

The distance that an individual pollen grain will travel away from the parent plant depends on a variety of
factors. It is very important for the forensic scientist to understand these factors as they influence which
pollen types can be found at a particular place. Such factors include the method of pollen release (which
will impact on the distance the pollen will travel), the height the pollen is released from, any obstructions
in the vicinity (buildings, dense vegetation), the prevailing atmospheric conditions (wind, strength and
direction, updrafts and downdrafts, humidity and temperature), and also the morphology (shape and
structure) of the grain itself, which affects its aerodynamics.

Many pollen grains and spores do not reach their intended destination, but fall near to the source, settling
on to natural and man-made surfaces such as pavements, vehicles and buildings. Here they become
incorporated into the general dust, and can reside for long periods of time because of their tough outer
coating. The fragile reproductive nucleus of pollen and spore grains are lost relatively quickly, but the
outer shell of the pollen (made of sporopollenin) can persist for thousands of years given the right
conditions (ideally, anaerobic (lacking in oxygen) and/or acidic environments). It is this persistence that
makes pollen grains and spores useful in forensic archaeology and the reconstruction of past



environments. It is possible to examine archaeological remains, for example, to determine what plants
may have been cultivated in that area historically. It is also possible to ‘go back in time’, by extracting
sediments from deep underground and examining them for pollen, which will give an indication of the
plants (and therefore the environmental conditions) prevalent at a given point in history.

Ecologically, the environment around us is complex and dynamic, changing seasonally and spatially. It is
rare for soils, dust or sediments containing palynological evidence from different areas to be the same, as
plants and flowers vary from place to place, often uniquely. In a forensic investigation this can be a
valuable way to trace the presence of an item or person to a particular area. By assessing the pollen and
spores from objects of interest (clothes, shoes, bags, vehicles, etc.) it may be possible to reconstruct the
recent history of that object. It is easier to understand this with a simplified but illustrative example. If a
crime has been committed in a garden that contains an unusual assemblage of rare plants, then the
presence of pollen from this unusual group of plants on the clothing of a suspect would be highly
indicative that they (or at least their clothing) had recently been in the garden associated with the crime
scene. However, it is unlikely that the scene of crime was the only area visited by a perpetrator and so a

palynologist needs to be able to unpick the mixed array of sites represented by the pollen and spores on
an item, and be able to assess the assemblage of vegetation for the crime scene. The presence of rare
vegetation types (perhaps present at a crime scene) and grains from insect-pollinated plants (which are
far less dispersive than wind-pollinated grains) can be of particular importance in isolating an area.

Palynology has been used in the UK within legal cases since the 1950s with varied success. The success of
cases often relies, as with any case, on the strength of the evidence involved. There are a number of issues
to take into account when using palynology within criminal investigations and each of these has the
potential to overthrow a case.

Fabrics and pollen

The nature of the fabric of items trapping the pollen is an important factor when considering the
assemblage of pollen grains contained within and on them. Clothing with an open weave has a tendency
to trap more pollen and spores than a tightly woven fine fabric. Static electricity can also be a crucial
factor in determining how well a given fabric traps microscopic pollen and spores. Certain fabrics generate
a large amount of static electricity and these forces can attract pollen. Consequently, some clothing might
yield greater assemblages of pollen than other items. Static forces can also prevent transferral (or loss) of
pollen from a surface. For example, once trapped within a static-prone clothing material (such as synthetic
fleece fabrics), pollen may be reluctant to be transferred to another fabric. This may be important when
assessing whether two people have been in close contact (perhaps exchanging pollen and spores from
each other’s clothing). In fact, pollen in certain fabrics may be effectively irretrievably bound to that fabric.
Extracting the evidence from such materials for analysis is not a problem, as chemicals used in the
laboratory to retrieve pollen from fabrics reduce the static and release the pollen and spore grains.

Contamination

Contamination is a recurring theme in forensic science (see the section below on DNA evidence, for
example) and it is another hazard when dealing with pollen and spores. Ideally, samples for palynological
investigation should be collected as soon as possible after the crime has been committed, reducing the
potential contamination or inadvertent destruction of the scene or associated items. Sampling of the
crime scene must be done by an experienced Scene of Crimes Officer (SOCO) or palynologist. It is
important to remember the context of the crime when sampling soils, dust and sediments to ensure the
correct depth of the material is sampled. If a perpetrator has simply walked over a soil surface, then only
the very fine surface need be sampled, but if a struggle has taken place on the soil surface, it may be more



appropriate to take a range of samples to account for the depths of the soil that may have been disturbed.
The tools used in sampling, and the storage vessels for preserving exhibits need to be new, or cleaned
thoroughly after each sample is taken to avoid cross-contamination.

Once sampled, the storage of samples and seized exhibits is also important to avoid further
contamination. Bacterial and fungal activity in soils and fabrics need to be inhibited (by drying fabrics and
freezing soils) to avoid degradation of the pollen and spores or dilution of the palynological evidence from
the crime scene with fungal spores that can form after the evidence has been collected. The standard
protocols of detailed documentation of the movement of all samples must be undertaken to avoid any
suggestion of contamination and to establish a chain of continuity of the possession of the evidence at all
times.

Bodies and pollen

It is not only fabrics and objects relating to a crime scene that can be assessed for palynological evidence.
Various cavities and areas on bodies can also reveal useful pollen and spore evidence that can be useful
in determining the peri-mortem (at or near the time of death) fate of victims. The electrostatic properties
of hair (and association with styling products) make it a potential reservoir for pollen and spores. In a
murder case, the victim’s hair may provide a pollen history of the areas that the victim had visited before
death and being able to profile this area based on the pollen and spores trapped within hair can provide
important information to investigating teams. Wiltshire (2006) documents a case in 2001 where the hair
of a young female victim yielded garden flora that was starkly different from the woodland location where
her body was found. The pollen matched a key suspect’s garden vegetation and in July 2002 a guilty plea
was made and life sentence awarded.

Fingernails and nasal cavities can also yield good palynological evidence. In 1994 a mass grave was
discovered in Magdenburg, Germany. The origin of the victims was unknown, but it was thought that
either they were killed by the Gestapo in the spring of 1945 or by Soviet secret police during the summer
of 1953. Because nasal flushings from several of the victims matched the palynological profile from
volunteers’ handkerchiefs for mid-summer, it was concluded that the victims were killed by Soviet secret
police (Szibor et al. 1998). The application of palynology in criminal investigations is extensive. Not only
has it been used to link suspects or objects to scenes of crime, but also to find clandestine graves by
profiling the vegetation of the site from a suspect’s clothes, footwear or vehicle, and to trace the origin
of weapons, drugs and even illegal immigrants in cases of human trafficking.

The forensic palynologist

The forensic palynologist needs to be a botanist as well as having extensive knowledge of pollen and spore
identification. Being able to profile an environment from the mixed assemblage of pollen and spores
retrieved from key items is a vital skill that stems from extensive knowledge of the taphonomy (dispersal
and preservation) of pollen and spores and the nature of the vegetation and its pattern in the
environment. There are around 1,500 native species of flora in the UK (not including sub-species,
microspecies, forms or hybrids), and also countless exotic species bought in from overseas. This range of
species demonstrates the importance of having reference collections (identified samples of pollen from
different species) to aid comparisons. Currently there is no reliable computer recognition software to use
to identify pollen and spores, so identification relies solely on skilled human interpretation. Unlike DNA,
gunshot residues and fingerprints, there is no database available for the palynolopgist to consult for
national distributions of vegetation, so it is important to be in contact with local botanists to be able to
identify areas that are represented by the pollen found in an investigation. Often contemporary
knowledge and vegetation mapping is not enough when dealing with residual pollen in soils. In a murder



case in Wales, pollen from Juglans (walnut) persisted in the soil for nearly 80 years after the tree that had
produced it had been felled (Mildenhall et al. 2006). It highlights the importance of being able to make
comparisons from crime scene soil to offending articles, rather than from general vegetation surveys,
which might fail to indicate the presence of the single plant that may have produced the pollen of interest.

Looking to the future, there is the potential to form a national database using the DNA extracted from
pollen and spores to identify the parent plant, rather than using its morphological characteristics to
identify the species. Potentially, the DNA could link to the individual plant, just as human DNA can match
to an individual. The current plant DNA database is not large enough to be able to do this, and the task to
be able to register all plants is immense, so it is perhaps unlikely that this will be useful in the near future.

The potential of using the Fourier transform infrared (FT-IR) technique has been tested by Gottardini et
al. (2007) as an alternative method to the manual, time-consuming method of pollen identification.
Presently a library of 11 taxa has been developed using the microspectroscopy FT-IR method, which has
produced reliable results on clean, fresh pollen (Dell’Anna 2009). It is unlikely this will replace optical
identification as forensic samples are rarely fresh, but rather yield ‘dirty’ samples, with the pollen on the
microscope slides being shared with other debris, and the huge number of taxon would need to be
recorded in the library.

Box 7.1 Expert witness: Palynology profiling

Dr Patricia Wiltshire-Hawksworth has been actively engaged in forensic palynology and environmental
profiling for 17 years. She and has acted as a consultant for police forces throughout the England, Wales,
Ireland, Northern Ireland, Scotland, and abroad on over 200 investigations. Patricia began her career as a
botany graduate and laterlectured at King’s College principally in microbial ecology, but also in palynology
and ecology, with special responsibility for soil science. She was engaged in research in palaeoecology and
microbial ecology at King’s until, in 1988, With her research then concentrating on environmental
reconstruction in archaeology by palynology.

In 1994 Hertfordshire constabulary made contact with Patricia after they discovered a body dumped in a
ditch on the edge of an arable field. The police wanted to know if a particular car had been to that field
and, realising the vegetation could be useful, contacted Kew Gardens in London. Patricia was put in
contact with Hertfordshire police by Kew, and she visited the field and the car. She found that the pollen
and other microscopic evidence from the field edge was very similar to that in the car and this evidence
helped secure confessions from several individuals and led to their subsequent conviction.

Since then she has worked on cases involving rape, murder, theft and abduction. She has been involved
in many high-profile cases, including Operation Maple (the murder of Sarah Payne), Operation Fincham
(the Soham murders), Operation Sumac (the murder of five prostitutes in Ipswich) and Operation Ruby
(the murder of Amanda Dowler).

She feels that a background in botany, ecology, and particularly soil science, is critically important to a
forensic palynologist. Interpretation of palynological data requires a holistic understanding of the
environment, as understanding the environment and its ecology is paramount to profiling an area from
the assemblage of pollen retrieved from a seized item. ‘A career in forensic palynology is difficult to get
into, but a background in ecology and knowledge of applied sciences in criminal cases is a useful starting
point.’



Forensic entomology

To human beings, a human corpse can be many things: a loved one, a stranger, a victim, or perhaps a
potential health hazard that requires disposal. For many organisms, however, a human corpse is a
valuable resource and a rich and diverse ecosystem can develop to exploit that resource. In making use
of dead bodies, especially for nutrition, these corpse-associated organisms have a valuable role to play in
the decomposition process. However, some organisms involved in these post-mortem ecosystems can
also play arole in the forensic process. Of particular note here are the insects that are attracted to corpses,
and interpreting the insect fauna associated with a dead body to gain information relevant to a criminal
investigation forms the basis of the science of forensic entomology. Post-mortem interval

The most common use of insects in a forensic investigation is to determine the post-mortem interval
(PMI). Although the practical skills and knowledge required to undertake forensic entomological
investigations are complex and highly specialised, the ecological and biological principles that allow the
forensic entomologist to determine PMI are relatively straightforward.

Succession

The first principle to understand is ecological succession. Ecological succession describes the predictable
sequence of organisms that colonise a given location. Organisms are frequently highly specialised for
particular ecological niches, which is a term that encompasses an organism’s place and role in the
environment. When a new ‘environment’ becomes available, perhaps a tree falls down in a forest,
opening up a large gap, or, in the same forest, a body is dumped on the ground, this new resource is not
equally attractive to all species. Some species are good at colonising the resource, whereas other species
can only move in once these initial colonisers have led the way. In the case of forest plants, the initial
species are sometimes called ‘gap demanders’, whereas the species that end up filling the gap are called
‘late successional’ species, and they form a ‘climax community’. With a dead body, the succession pattern
of most interest concerns insects and can be more complex, because the insects occupying the body are
reducing the resources available from the body by consuming it, and because many of the insects that
colonise the body also themselves attract a fauna of insect parasites and predators. However, the general
principle, that bodies are colonised by a more or less predictable sequence of organisms over time, plays
an important role in forensic entomology.

Insect development

The second principle central to forensic entomology concerns the development of insects from egg to
adult. At this stage, it is useful to consider an actual insect, and one of the most important in this context
is the blowfly. The insects are divided into a number of different groups called orders. The common names
for many of these orders are familiar (for example, the butterflies and moths, or the beetles), although
the scientific names are less well known (Lepidoptera and Coleoptera, respectively). Blowflies, along with
a number of other flies involved in the colonisation of bodies, belong to an order called the Diptera.
Bluebottles, greenbottles, flesh flies, coffin flies and craneflies are well-known members of this order. The
Diptera, in common with a number of other insect orders (including the butterflies and moths of the
Lepidoptera) undergo a form of development called complete metamorphosis. In the butterflies, this is
familiar to most people as the sequence egg—caterpillar—chrysalis—adult. In more general terms, the
sequence runs egg—larva—pupa—imago (or adult), although of course in the flies the larva is often called a
maggot. The time it takes for an individual to pass through the stages of development varies according to
temperature but for any given temperature it is more or less fixed. Since it is possible to identify the
different insect stages under a microscope, it is possible to determine the oldest insect stage present on



a body and then ‘count backwards’ to work out when the egg must have been laid. This is often called the
‘earliest oviposition date’. Linking this to other information, such as how long through the decomposition
process a given species likes to lay eggs on a body, allows an approximation of the post-mortem interval
to be made. In fact, as we shall see, insects really only allow for an estimation of the ‘minimum time since
death’, but in certain investigations this can be extremely useful.

Box 7.2: The blowfly

Blowfiles are commonly known as bluebottles or greenbottles and belong to the family of flies called the
Calliphoridae. Commonly associated with corpses, they are very often the first insects to arrive at a fresh
corpse and they have been the insects most commonly used in forensic investigations. However, it is
important to realise that not all members of the Calliphoridae are associated with corpses, and that a
number of species of flies commonly associated with corpses do not belong to this family. Correctly
identifying the species that are present is an essential part of the process of interpreting forensic
entomological evidence. It is helpful at this stage to follow a blowfly through its development from egg to
adult.

It is the blowfly female that lays eggs on corpses, and a gravid female (one that is carrying fertilised eggs
ready to be laid) is attracted to a corpse by odour, especially the smell of blood. Blowfiles are early
successional colonisers and are attracted to fresh corpses (in fact many species lay eggs on the wounds
of injured animal before they die). Once they have arrived at a body they seek out openings in which to
lay eggs. These may be natural openings provided by the mouth, nose, eyes, ear, anus or genitalia, or the
flies may use openings created by injury or by scavengers. A body with extensive wounding that is dumped
in the open, during daylight and when ambient temperature is high will likely be found within minutes or
hours by blowflies, whereas lower temperature or a night-time dumping will mean flies will be slower to
colonise. Bodies dumped inside buildings with limited entry points for flies may also experience a slower
colonisation, and bodies that are buried will likely never attract blowflies. Having knowledge of the
ecology of the corpse site is thus of tremendous importance in interpreting the pattern of insects
associated with it.

Typically, females lay eggs in batches of up to 180 eggs, with females able to lay several thousand eggs
during their lifetime. If a body is found with eggs but no evidence of larvae, it is likely that the body is
fresh. Eggs can be collected and incubated in the laboratory under controlled conditions and, using such
a technique, it is possible, in some species, to estimate the time of egg-laying to within two hours.
Frequently, though, a mix of eggs and larvae are found together and it is the oldest larvae that can be
used to give a minimum time since death. It should be noted that it is all too easy to make simple and
incorrect assumptions regarding the insect fauna on a body. For example, the flesh flies (belonging to the
family Sarcophagidae) are viviparous, which means that instead of laying eggs on a body, they ‘lay’ larvae.
Consequently, it is entirely possible to have the eggs of one species and the larvae of an entirely different
species present on a body at the same time. The stages of each species can be used to provide forensically
useful information, but only if they are recognised as being of different species. It can be possible to
identify species from immature stages, but it can sometimes be easier, and more reliable, to rear up
immature stages until the adults emerge, at which point identification becomes much more
straightforward.

After a period of time, which depends on temperature, the eggs will hatch into very small and very delicate
first instar larvae. The larvae have strongly developed mouth-hooks made from chitin, the same material
that forms the tough exoskeleton of hard-bodied insects. Using these mouth-hooks and the backwards



pointing bristles that project from the body wall, the larvae begin to burrow into the corpse, feed and
grow. By moulting (where the outer skin of the larvae splits to release the next stage) the larvae grows
considerably and develops through the second instar and into the third instar. The moult after the third
instar sees the larvae develop into pupae, equivalent to the chrysalis of a butterfly caterpillar and the
stage when the body is rearranged to make the final stage, the adult or imago. Blowfly larvae leave the
body to pupate and so pupae are found on the ground, in crevices and in the soil around a body, rather
than on the body itself.

Larvae are growing rapidly and to support this they need to get rid of carbon dioxide and take in oxygen.
Larvae are able to perform this gas exchange through spiracles, structures at the end of the larva opposite
the mouth that are perhaps best thought of as snorkels. Fortunately for the forensic entomologist, the
number and shape of these posterior spiracles allows the identification of the instar stage. Within each
stage it is possible to narrow down the age further by measuring the length of the larva, although this is
not without problems. For example, the fluids commonly used to preserve insects can cause shrinkage
and so it is better to make any measurements on fresh specimens before preservation. It is also possible
to determine the age of a pupa, since pupae get progressively darker as they mature and the colouration
of a given sample can be compared with pupae of known ages.

Complications

In most situations corpses would be colonised by a number of different female blowflies over a period of
time and so multiple broods will be developing. To determine the time since eggs were laid, it is first
necessary to find, indentify and age the most developed stages, which of course may include pupae that
are no longer present on the corpse. It is also necessary to determine the temperature at the deposition
site since temperature has a strong influence on the developmental schedule of the immature stages. It
is then possible to use published data on the developmental times of species at different temperatures
to count backwards and calculate the minimum time since eggs were laid.

However, although this method is, in principle, very straightforward, a number of factors serve to
complicate matters. First, the research on the development of different forensically important insects
under different conditions (including temperature, but also degree of burial, presence of chemicals and
many other forensically likely scenarios) is by no means complete. Second, although measuring
temperature at a given point and a given time is easy, getting a temperature profile for a given site over
the time that a body has been there can be very difficult. Local weather stations are often situated far
away from the deposition site and, in any case, localised micro-climates can cause large differences in
conditions that can have serious knock-on effects for our calculations. Nonetheless, it is still usually
possible to make a best-estimate.

As well as variable temperatures, there are a number of other factors that can have a part a play in
confounding the forensic entomologist. Bodies can be stored (even frozen) before they are dumped, they
can be dumped in places with limited access for flies or during times of the year when flies are less active.
Bodies can be treated with insecticides either to confound entomological evidence or as a by-product of
other activity. For example, petrol and other accelerants used to burn bodies pre- or post mortem can
influence the attractiveness of bodies and the development time of eggs laid there. In some cases, flies
may be present before the death (a condition called myiasis) and if this occurs it can cause overestimation
of PMI. Even the maggot mass itself can cause issues for the forensic entomologist since their metabolic
activity produces heat which can reduce development time of maggots regardless of the ambient
temperature recorded outside the body.



Box 7.3
Dr Kate Barnes: Lecturer in Forensic Biology, University of Derby

| got into Forensic Entomology quite late on in my academic life. At school | changed my mind every five
minutes about what | wanted to do, but | always enjoyed science. | thought about studying Forensic
Science or Biology at university but ended up choosing a broader science degree to keep my options open.
| then went on to study an MSc in Bioinformatics, for which | had to complete a six-month research
project. | wasn’t very enthused by any of the titles offered so went to see a lecturer with an interest in
forensic science. He turned out to be an entomologist and | ended up entering the world of forensic
entomology! | remember being amazed by how much information a simple blowfly maggot could provide
and knowing this was exactly what | wanted to do for the rest of my life.

The experiments | conduct on pig carcasses help me understand what would happen to a human corpse
in a similar environment. | am on the local police database so | will be called out when entomological data
needs recovering and analysing from a crime scene.

What research are you involved with?

At the moment | am investigating the sequence of carrion-feeding insects that colonise a corpse in
woodland. | am also conducting research with students to investigate how drugs affect blowfly
development, how insect succession and decomposition rates vary on burned, frozen and wrapped
carcasses and if blowflies are active at night.

What’s the goriest thing you have to work with?

I’'ve worked with some pretty gory specimens but | think smell-wise the worst thing | have encountered
was a waterlogged decomposition site when | was looking at microbial and insect succession on pig
carcasses. The first two weeks were lovely, warm, sunshine-filled days; then it rained. The pig carcasses
were placed on trays filled with soil, but they were only shallow and became waterlogged quite quickly.
The combined result of decomposition plus anaerobic waterlogged soil is not something | want to smell
againin a hurry!

| feel very lucky to be working in the field of forensic entomology, especially as openings into this area are
few and far between. | think the best thing about my job is having so much variation and no two days are
the same. My research is quite varied and uses methods from lots of different disciplines, such as
entomology, microbiology, molecular biology and biochemistry. It also means that | work in both
laboratory and in the field.

In the UK, most Forensic Entomologists work at universities and museums and conduct consultancy work
for the police when requested. There are a few people who work for forensic companies who are
specialised in other forensic disciplines, such as blood splatter, but analyse the entomological evidence
when it is recovered. For someone who wants to get into this field, | would suggest joining their local
entomology and natural history groups. There are also really good national organisations, such as the
Amateur Entomological Society (AES). If you go to university, choose an undergraduate degree in
something like Forensic Science or Biology/Zoology and make sure it has an entomology module.

DNA evidence

Of all the techniques used by the modern forensic scientist, those involving DNA are perhaps the most
commonly identified with criminal investigations. There is something mysterious and, for some people,



even disturbing about our ability to analyse the ‘code of life’, yet a chain of developments in biological
science since the 1950s have led to increasingly powerful tools that can be used by forensic scientists.
Understanding DNA from a molecular perspective and grasping its function within organisms are crucial
to understanding how this extremely important molecule is handled in the laboratory and used
forensically. By developing a biologically rooted understanding of DNA, it is also possible to explore the
limitations and potential abuses of DNA evidence.

DNA

Living things are constructed from cells; microscopic, highly organised ‘packages’ that contain the cellular
machinery that power life. In complex organisms made up of many cells, individual cells tend to be
specialised for specific roles. Consequently, in the human body there are muscle cells for movement,
nerve cells (or neurons) for transmitting nervous impulses, cells in the stomach wall for secreting digestive
acid, and so on. Within cells are many different structures that play important roles in the functioning and
organisation of that cell, as well as a large number of different types of molecule that are used for different
purposes. Some of these molecules, and classes of molecules, are quite familiar to us from our everyday
lives, for example water, sugars and fats (also called lipids), whereas others, like phospholipids,
polypeptides and DNA, are familiar only within the context of biochemistry. The biochemistry, structure
and function of cells are so complex that considerable organisation has to take place within the cell for it
to function correctly. Furthermore, many cells produce a number of distinct products, for example
enzymes (proteins that act as catalysts, speeding up chemical reactions). DNA is the key to organising the
machinery of cells so that the right things are made in the right place at the right time. It is often referred
to as the ‘blueprint of life’ but this is misleading. Blueprints are used once, in the building of a structure,
whereas the information encoded in DNA is constantly being used by cells. It is perhaps more useful to
think of DNA as a trusted recipe book, in near constant use to ensure the end product is correct and
consistent.

DNA, or deoxyribonucleic acid, is an informational macro-molecule, which is to say that is it large and that
it contains information encoded within its structure. It is that information which is the key to its function
in the cell and its role in forensic science. The best way to think about DNA is to imagine a ladder with
many rungs. In DNA, the two vertical columns of the ladder are the so-called sugar-phosphate backbones.
The sugar we put in our coffee is a molecule called sucrose, which consists of two rings of carbon atoms
joined together to form what is called a disaccharide. However, there are many different types of ‘sugar’
(or saccharides), including a monosaccharide (with just one ring of carbon atoms) called deoxyribose, a
name that may be familiar from the full name of DNA — deoxyribonucleic acid. Deoxyribose is connected
to another molecule, phosphate, and together these alternate up the side of the ladder.

It is the rungs of the ladder where DNA becomes interesting. Connected to each unit of deoxyribose and
phosphate is a so-called ‘base’, and together this triple unit forms a new type of molecule called a
nucelotide. There are four kinds of base in DNA, called adenine (A), cytosine (C), guanine (G) and thymine
(T), and consequently there are four different nucelotides that make up the DNA molecule. Imagine that
our DNA ladder has been cut right down the middle, with the cut going through each of the rungs. Each
half of the ladder is now like a long chain of connected nucleotides, with the bases sticking out. To join up
the two halves of the ladder we need to get the bases to interact with other and make a stable connection.
The structure of the different bases is such that the only stable way for them to interact is through specific
base pairing, with A always pairing with T and C always pairing with C (and vice versa of course). Pairing
up the two halves of the DNA ladder following this so-called complementary base pairing completes the
DNA molecule. Properties of the different components of DNA mean that the final shape of the molecule
is an elegant double helix, as if our ladder has been twisted to make a spiral.



DNA as an ‘information molecule’

The bases that comprise the ‘rungs’ of the DNA ‘ladder’ are where genetic information is encoded. If we
think of DNA as a recipe book, then the end product of the recipe are molecules called proteins. Like DNA,
proteins are large molecules that are technically called polymers, since they are made by joining together
individual smaller building blocks called monomers. In DNA, the monomers are nucleotides, whereas
proteins are polymers made from around 20 different types of amino acid. Combining amino acids in
different sequences produces many different types of protein. Proteins have a huge diversity of function
within cells and organisms, forming structures (collagen in skin and connective tissue is a protein),
controlling biochemical reactions (most enzymes are proteins) and even regulating the use of DNA within
the cell. To manufacture a protein within a cell requires a complex interaction between molecules and
cell structures, joining the correct amino acid to a growing chain of amino acids that will eventually form
a specific protein with a specific role. The protein ‘assembly line’ uses DNA to direct the manufacture of
proteins. Along the length of DNA molecules are sequences of base pairs that code for a specific sequence
of amino acids that will combine together to form a specific protein; such sequences are called genes.
Each amino acid is coded by a sequence of three bases, a triplet which together specify which amino acid
goes where in the protein.

It is possible to ‘read’ the genetic code and, by knowing which amino acid corresponds to which triplet, it
is possible to determine the structure of proteins. Developing an in-depth knowledge of genetics is
incredibly important for many biological applications, including understanding and managing disease.
However, it does not provide much of use for the forensic scientist looking to identify individuals from
DNA left at crime scene. Being able to identify individuals requires that you analyse properties that differ
between people, and the basic genetic code for making proteins tends to be rather similar between
people and even between different species in many cases. What the forensic scientist requires are regions
of the DNA molecule that differ between individuals. Important coding components of DNA do not offer
much variation, but there are regions of DNA that do not seem to code for anything. These non-coding
regions may well have an important function in the cell, but for the forensic scientist they are especially
useful because of the variation they tend to show between individuals. The variation between people at
one part of the molecule may not be great, and it may not be possible to distinguish the DNA from many
people at just one site (or locus); it may be that 50 per cent of the population have one type of sequence
(called an allele), and 50 per cent another. You can say for sure that a specific sample of DNA did not come
from someone (if they are in the 50 per cent of the population that do not have a particular type), but
you cannot identify specific individuals within the other half of the population. However, if we can
examine enough loci (the plural of locus), then we start to narrow things down considerably. To use an
analogy, predicting the toss of a single coin correctly is possible 50 per cent of the time, but predicting it
correctly ten times would only happen once for every 1,024 times you tried.

DNA at a crime scene

DNA is found within the largest of the structures visible within a cell, the nucleus. Virtually all cells have a
nucleus (red blood cells are a common exception) and therefore contain DNA. We are constantly shedding
cells and a great deal of everyday activities, like combing our hair, brushing our teeth or lying in bed leave
behind large quantities of cells and therefore DNA. Specific activities, including those commonly
associated with crimes, may greatly increase the amount of DNA we leave behind through the shedding
of fluids and solids such as blood, saliva, semen and faeces (which contain cells from the digestive tract).
Modern techniques are able to recover and analyse very small quantities of DNA (even from a single cells
in some cases) and so DNA left at a crime scene can be recovered from all manner of physical traces,
including (but not limited to): cigarette butts, chewing gum, handkerchiefs, weapons, bite marks, cutlery,
plasters, used syringes, blood spots, fingernail scrapings, licked envelope and stamps, and activated



airbags in vehicles. The propensity for humans to shed DNA causes one of the biggest issues with forensic
DNA analysis; the contamination of samples from a crime scene with DNA from individuals associated
with the crime scene but not the crime. Extreme care must be taken to avoid investigator DNA becoming
mixed with perpetrator DNA and to prevent the possibility of a perpetrator deliberately contaminating a
crime scene with their DNA in order to explain its presence there following subsequent analysis.

DNA analysis

To analyse DNA, it is first necessary to identify and collect suspected DNA evidence at a crime scene.
Commercially available FTA® cards produced by Whatman International Ltd are used to collect DNA.
These cards contain chemicals that stabilise and preserve DNA, allowing it to be stored for long periods
(potentially years) at room temperature. Cards of different shapes and sizes can be pressed against
suspected DNA sources (like a blood spot), making DNA collection relatively straightforward and ensuring
stable transportation to the laboratory and subsequent storage. It is important to realise that although
DNA is used in high-profile crimes like rape and homicide, the relative ease and low cost of modern DNA
analysis means that it is also used in lower profile crimes, including burglaries, car crime and malicious
letter sending.

DNA fingerprinting

The technique most commonly associated with the forensic use of DNA is DNA fingerprinting, and the
most common way of doing that involves using sections of DNA called short tandem repeat markers
(STRs). Confusingly, these are also called microsatellites (or microsats) and simple sequence repeats
(SSRs). These are short lengths of non-coding sequences (they do not instruct for a sequence of amino
acids) that have fewer than 400 base pairs. In this sense, tandem means ‘one after the other’ and within
the sequence of base pairs in an STR there will be repetition of a particular sequence of base pairs. For
example, at one locus it may be that the sequence CATG is repeated many times; in some people it may
have 12 repetitions, while others may have 13, 16 and 18. Many of these STRs are highly variable, and
this variation is important. The different number of repeats represents different alleles and each allele
may be present unevenly within a population; 75 per cent of people might have 12 repetitions, whereas
only 2 per cent might have 18 repetitions. The forensic scientist uses techniques in the laboratory to
analyse the lengths of specific pieces of DNA, or, in technical terms, to identify the allele present at a
locus. Analysing the alleles present at multiple loci allows the forensic scientist to give a probability that
a given DNA sample came from a given person without the need to sequence the entire genetic code. If
enough sufficiently variable loci are examined, then the probability of matching a sample to a person
becomes greater and greater. Once a profile has been generated, it is very easy to store that profile
digitally, in principle forever. The use and storage of DNA profiles by law enforcement and other agencies
is a complex, emotive and controversial issue that has both political and scientific dimensions that are
beyond the scope of this chapter. However, understanding some of the limitations of DNA can assist in
understanding aspects of the controversy that DNA evidence can incite.

Match probability

Clearly, calculating the probability of a DNA sample (perhaps a blood spot from an injury to the
perpetrator) matching a particular individual (for example, the suspect) is of extreme importance. To
calculate the ‘match probability’ requires that we know the proportion of each allele at each locus found
within a population. From this, it is straightforward to calculate the probability that a person selected
from that population at random will have the same pattern of alleles as found in the sample. If our DNA
profile is based on a single locus, then comparing alleles may give us a fairly high proportion of people in
the population that could match. This might be useful in eliminating people that do not match, but there



is still a large number of people that do match. Adding in further loci makes a match with any given
randomly selected person much less likely. There are more than 2,000 STR markers that can be used for
forensic analysis, but in practice only a very small number are actually used to compile a DNA profile, or
fingerprint. In the UK, ten markers or loci are used, and the in USA, the FBI used 13 markers. The variation
at these loci, and the distribution of alleles within populations, is such that for a random person to match
a sample at all loci can have a match probability so low (one in billions) that we can be very confident our
suspect produced the DNA in question.

It is easy to get carried away with the reassuring ‘certainty’ of mathematics and numbers. However,
interpreting match probabilities requires a careful approach. First, using this technique, we can only ever
get a probability that a particular person matches a particular sample of DNA. It might be highly unlikely
that the DNA came from someone else, but it is still possible that it did. It is highly unlikely that you will
win the lottery, but you could. The second reason for caution is related to the careful use of ‘population’
in the discussion above. Many of the assumptions underlying the calculation of match probability come
from the science of population genetics and involve ‘ideal’ populations where everyone can ‘mate’ (to
use the language of population genetics) with everyone, where there is no immigration or emigration,
and so on. In most cases these idealised conditions do not apply to humans; we do not live in a
homogeneous, uniform population across the world. We have close relatives (who are more likely to share
alleles at STR markers than non-relatives), family groups, racial groups and geographical isolation. As a
consequence, the frequency of alleles might be higher or lower than expected in certain family, ethnic or
geographical populations. These issues do not negate the use of DNA evidence, but they do mean that
simple probabilities need to be treated with caution. An excellent example of this is sometimes called the
defender’s or defence attorney’s fallacy. Consider a violent rape that occurred in the UK and where DNA
evidence seems to connect the crime to the defendant. The match probability might indicate that 200
people in the UK would also match the DNA sample, and the defence attorney asserts that this pool of
potential matches is large enough to render the DNA evidence meaningless. However, are there really
200 people in the pool of potential matches? We know the perpetrator is male, so we can already
eliminate half the pool (the female matches), making only 100 people potential matches. We also know
that the perpetrator was not a child or an elderly man, so even allowing for potential problems of
misidentification of age by the victim, we can safely eliminate those males below 16 and over 60. It may
also be that the crime occurred in a small town where the suspect actually lives. Suddenly, our pool of
200 matches is starting to look much smaller than the defence would like.

Other techniques

STRs provide a simple, low-cost, high-volume solution to producing DNA profiles that are useful
forensically. They also serve to demonstrate the general principles and issues involved in forensic DNA
analysis. However, our ability to analyse DNA and related evidence has advanced greatly since the first
DNA profiling began and, although STR profiling is the most commonly used technique, other techniques
are available. Techniques to analyse sequences on the Y chromosome (carried only by males) can be used
in profiling samples of mixed male origin (such as in multiple rape), for example. Base pair sequences can
be identified using DNA sequencing techniques and variation in single nucleotides can be revealed by
analysing single nucleotide polymorphism (or SNP).

The DNA considered so far has been found in the nucleus, but short lengths of DNA are also found in
structures within the cell called mitochondria, involved in respiration. Analysis of the sequences in
mitochondrial DNA (mtDNA) has proved useful in the identification of old and badly degraded human (and
non-human) remains, including war and disaster victims and the identification of the remains of the
Romanov family, killed during the Russian Revolution. Finally, laboratory techniques to analyse very tiny
amounts of DNA, even DNA found in a single cell, are now possible. These low copy number DNA profiling



(LCN) techniques can allow for LCN profiling of fingerprints, lip marks, even a single flake of dandruff,
although such small samples can result in mixed profiles from more than one person, and are even more
susceptible to contamination than conventional profiles.

Case Study 7.1 Colin Pitchfork: Mass DNA screening

As a result of linking two unsolved murders of young girls which occurred in 1983 and 1986 in Narborough,
Leicestershire, the police asked for a DNA test to be performed on samples taken from the crime scenes.
DNA testing was not standard at this time.

A local man had admitted to one of the murders but denied being involved in the other. Because of the
knowledge he had about the murder he claimed to have committed, the police believed him. However,
the forensic analysis established that he was not the killer in either case, and he became the first person
ever to be exonerated by DNA testing.

The police then decided to perform DNA tests on 5,000 men in the area. After blood grouping, only 10 per
cent of the group needed to be tested — those who had the same blood group as the killer. The killer
convinced a friend to go and take the test for him, but the friend was heard talking about the switch in a
pub, and eventually the real killer, Colin Pitchfork, was charged and convicted of the two murders in 1988.
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Forensic palynology has been important in criminal investigation since the 1950s and often provides
evidence thatis vital in identifying suspects and securing convictions. However, for such evidence to be used
appropriately, it is necessary to understand the factors affecting taphonomic variability (i.e. the variability in
the fate of pollen grains before they are found during forensic examination). Here, we test the relative
amount of pollen retained on clothing after a period of simulated light or heavy wear based on pollen and

Keywords: ) fabric characteristics. We also test the efficiency of forensic laboratory protocols for retrieving pollen from
E(’”e“ _"malyS‘S fabrics for analysis. There was no statistically significant difference in retention of fresh or dried pollen on any
orensics

fabric type. There was a substantial difference in pollen retention according to wear intensity, with
considerably more pollen being retained after light wear than after heavy wear. Pollen from insect-
pollinated species was retained at higher concentrations than pollen from wind-pollinated species. This
pattern was consistent regardless of wear intensity but pollination type explained more of the variability in
pollen retention after light wear. Fabric type was significantly related to pollen retention, but interacted
strongly with plant species such that patterns were both complex and highly species-specific. The efficiency
of removing pollen with the standard washing protocol differed substantially according to plant species,
fabric type, and the interaction between these factors. The average efficiency was 67.7% but this ranged from
21% to 93%, demonstrating that previous assumptions on the reliability of the technique providing a
representative sample for forensic use should be reviewed. This paper highlights the importance of
understanding pollen and fabric characteristics when creating a pollen profile in criminal investigations and
to ensure that evidence used in testimony is accurate and robust.

Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
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Clothing

1. Introduction

Pollen produced by sexually reproducing plants is both
ubiquitous and resilient in the environment. As well as being
associated with parent plants, pollen grains from the species
growing in a particular area are found in the air, soils and
sediments within that locale. Thus, although there is always a
regional pollen signal caused by pollen dispersal over a wide area
[1], most sites have a localised pollen “fingerprint” superimposed
upon the regional signal. The study of pollen grains by
palynologists is, therefore, widely used to reconstruct past
landscapes and quantify environmental change (e.g. [2,3]. In
addition to fossilised pollen being used to understand historical
temporal change of specific sites, pollen profiling can also be used
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to answer contemporary spatial questions. One of the most novel
modern-day palynological applications involves analysis of pollen
attached to, or embedded within, items connected to a crime.

Since the 1950s, forensic palynology has enabled evidence from
pollen and other plant palynomorphs (such as spores associated with
plant reproduction) to assist criminal investigation and secure
convictions around the world [4-6]. Palynological investigation can
involve examining items potentially associated with crimes as
diverse as forgery, drug dealing, robbery, terrorism, assault, rape, and
homicide [7,8]. Analysis of fabric - including clothing, shoes, and
materials such as blankets and carpet - is particularly common in
forensic settings. The insights that can be provided by studying fabric
include: (1) matching clothing from a suspect to a crime scene; (2)
locating proceeds of crime or human remains; (3) analysing clothes
of a murder victim to establish peri-mortem fate and to differentiate
the scene of a crime from the scene of deposition; and (4) providing
evidence to support or refute alibis [9].

In many cases where palynological evidence isused to help solvea
crime or secure a conviction, the adhesion of pollen on fabric, and its
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subsequent retention on that fabric, is critical. In the case of clothing,
pollen can be transferred directly (e.g. by brushing up against
vegetation: [10] or indirectly (e.g. via contamination by soil or dust:
[11]. Following adhesion, pollen can be lost from clothing as a result
of everyday activities, including being rubbed or shaken off during
wear, generating a natural decay curve. Alternatively pollen can
remain on the surface of the fabric or become embedded within the
weave [12]. Ensuring that palynological evidence is robust requires
an understanding of the factors that influence adhesion and
retention of pollen [13]. This is vital to ensure that simplistic
assumptions about how pollen (of different species) is transferred to
and from clothing (of different fabric types) does not lead to incorrect
inferences being made by expert witnesses, which could affect
testimony and verdicts in courts of law.

Understanding the complexities of pollen-clothing interactions
requires an awareness of the biology of a pollen grain. In general terms,
the lack of mobility of individual plants is mitigated by production of
small, light, and highly-mobile pollen grains. The mobility of pollen
grains enroute totheirintended destination (the stigma of the flower
of an adult plant of same species) relies on one of four vectors to
transport the individual grains: the wind (anemophily); insects
(entomophily); mammals and birds (zoophily) or water (hydro-
phily) [14]. The latter two pollination vectors are uncommon for
angiosperms [15,16]. Following vector transfer, an important factor
determining eventual reproductive success is the adhesion of the
pollen grains to the recipient stigma. Adhesion efficiency can be
increased by the presence of pollinkitt, a viscous liquid coating the
exine (outer layer) of pollen grains [17,18]. Pollenkitt is present, in
varying quantities, on fresh pollen of all species, but is likely to be
most advantageous when an insect vector is involved [18]. From a
forensic perspective, it is important to note that pollenkitt degrades
with time. Thus it is possible that fresh pollen with abundant
pollenkitt may adhere to, and be retained on, clothing or other
exhibits to a greater extent than older, dehydrated pollen of the
same plant species (even if this is still from the same season).

Pollenkitt is not the only factor that influences the adhesion and
retention of pollen grains to various substrates. Firstly, the
morphology of the exine is vital. Pollen grains differ markedly
in their ornamentation and sculpturing, and this can link to
pollination vector mechanism [19-21]. For example, smooth pollen
grains tend to be associated with wind-pollinated species while
sculptured pollen grains, which might be more likely to adhere to
fabric and less susceptible to subsequent removal, tend to be
associated with plant species that rely on insect or animal vectors
[21-23]. Secondly, the size of the grain can be important, especially
in determining how likely a pollen grain is to embed within the
fabric [12]. Thirdly, the type of fabric might be important, with the
weave or electrostatic forces playing a role in pollen attraction and
retention [24,25]. Finally, the intensity of wear after pollen
adhesion could affect the proportion retained. This is an important
factor when assessing the natural decay curve of pollen from
clothing that will be utilised in a forensic investigation.

In addition to understanding the factors that affect pollen
adhesion and (non-deliberate) loss of pollen from fabrics before
they reach a forensic laboratory, it is also important to quantify the
efficacy of standard laboratory protocols to deliberately remove
pollen. It is vital that pollen adhering to pertinent objects in a
criminal case is removed in a systematic, thorough, efficient and
standardised manner. It is not possible to efficiently assess an
entire garment to count and identify pollen in situ, so pollen must
be removed for assessment under a light microscope. Often, due to
the destructive method of retrieval, palynology is the last in a line
of examinations undertaken by forensics teams [26]. Attempts
have been made to retrieve pollen in several different ways, for
example by: (1) refluxing small pieces of fabric in potassium
hydroxide [26], (2) using sticky-backed tape or roller [27], (3) using

avacuum [28], and (4) via hand washing retrieval techniques [29].
Retrieval rates are variable [30], and despite some methods being
quick and easy, such as using tape [27], hand washing retrieval
techniques are most efficient [12,31,32,28]. It is vital that forensic
retrieval techniques remove a representative sample of the pollen
assemblage on the clothing, even if they do not remove all grains.
Retrieval techniques need to be thorough enough to retrieve
stubbornly attached pollen grains which may be pertinent to a
case, particularly as pollen can still be recovered using hand
washing techniques after items have been washed in a mechanical
washing machine (with household detergent) and after commer-
cial dry cleaning. ([12]; Pers. Obs.)

Although taphonomic variability of pollen (i.e. variability in the
fate of pollen between leaving the parent plant and recovery in
forensic laboratories) has been studied previously, there are several
major gapsinknowledge. Wiltshire [ 13] highlights the importance of
analysing variables rather than assuming knowledge, however, to
date, most studies have focussed upon simple description of the
relationship between pollen and fabric rather than quantifying the
drivers responsible for those trends. Here, we build upon the work
donebyBulletal.[12] and Boi [33]. The former studied pollen loss on
different fabrics over time and found substantial differences, while
the latter examined loss of pollen of different species from different
fabrics but without a robust baseline from which to derive accurate
retention data. These studies did not investigate the mechanisms
driving the patterns they described, such that the potential effects of
taphonomic variables including pollen morphology and wear
intensity, were not examined. Moreover, neither Bull et al. [12] or
Boi [33] examined the efficacy of laboratory retrieval techniques.
Seemingly the only study to empirically test laboratory retrieval is
that of Jantunen and Saarinen [28] who examined taping and
vacuuming protocols, but not hand washing retrieval procedures.
There has seemingly been no comprehensive, holistic study of the
causal mechanisms behind taphonomic variability of pollen both
before clothing arrives at a forensic laboratory and during processing
at such a facility. Such research would be helpful in assisting forensic
palynologists, who are engaged in the complexities of interpreting
palynological data as part of a forensic reconstruction, by providing
an insight into multifaceted variability of pollen retention.

This study seeks to establish relative amount of pollen retained
on clothing after a period of simulated light or heavy wear based on
characteristics of the pollen (fresh versus dried; pollen morpholo-
gy; pollen grain size) and on characteristics of the clothes: (fabric
type). The specific hypotheses being tested are: (1) fresh pollen will
be retained on clothing more readily than dried pollen because of
the action of pollenkitt; (2) pollen retention will be lower on fabric
with (simulated) heavy wear than (simulated) light wear; (3)
pollen from insect-pollinated species will be retained on clothing
more readily than pollen from wind-pollinated species because of
its surface morphology; (4) small pollen grains will be retained on
clothing more readily than large pollen grains as they are likely to
embed deeper into the weave of clothing; and (5) pollen grains will
be retained at different concentrations on different fabric types
based on the weave of the material. We also test whether standard
laboratory procedures to retrieve pollen by washing are equally
effective regardless of species and fabric. Based on the results, we
highlight key limitations of using palynological evidence within
forensic settings and make recommendations on the importance of
understanding pollen and fabric characteristics.

2. Materials and methods
2.1. Laboratory methods

To explore potential variation in adherence and retention of
pollen on fabric, pollen was transferred directly from the flower
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anthers onto a microscope slide under laboratory conditions.
Eight different species were studied: grass (Poaceae), nettle
(Urtica dioca), ribwort plantain (Plantago lanceolata), common lime
(Tilia x europaea), Scots pine (Pinus sylvestris), catnip (Nepeta
cataria), common daisy (Bellis perennis), dandelion (Taraxacum
officinale). These species were selected to provide a range of grain

Table 1

sizes (18-65 m), variation in surface structure and ornamenta-
tion, and to represent both wind- and insect-pollinated species
(Table 1). In all cases, 500 + 30 grains were precisely counted on
the specific microscope slide; any adjustments needed were made.
Grains were then transferred from the slide to a piece of test fabric
(8.5cm x 3cm) by smoothing the slide across a pre-determined

Morphological characteristics of pollen types used in this study [34]. Sketched images derived from authors’ own photographs.

Species Size (approximate) Structure Surface pattern (ornamentation) Method of [llustration (not to scale)
pollination

Poaceae 40 pm Monoporate Psilate Wind
Grass

Urtica dioca 18 wm Triporate Scabrate Wind
Common nettle

Plantago lanceolata 35 pwm Periporate Verrucate Wind
Ribwort plantain

Tilia x europaea 45 pm Triporate Foveolate Insect
Common lime

Pinus sylvestris 65 pm (with sacs Saccate Grain body psilate, sacs with irregular Wind
Scots pine separate) reticulum

Nepeta cataria 35pum Polyzonocolpate Eureticulate Insect
Catnip

Bellis perennis 35um Inaperturate Conical echinate Insect
Common daisy

Taraxacum 45 pm Inaperturate Echinate in ridges or crests Insect
officinale

Dandelion
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and pre-marked target area (1 cm?). The slide was checked under
an optical microscope to ensure all grains had been transferred
and the transfer process was repeated if necessary. To explore
pollen retention on a range of different weave types, three
different test fabrics were used: cotton, denim and fleece
(photographs from Scanning Electron Microscope (SEM) shown
in Fig. 1 for illustrative purposes).

To mimic a person acquiring pollen on their clothes directly by
brushing past vegetation, fresh pollen (i.e. that collected from the
anthers of freshly-collected plants) was used. This pollen was still
influenced by a coating of pollenkitt. Six replicates were
undertaken for each species/fabric combination. Then, to mimic
a person acquiring pollen indirectly from soil or dust, six further
replicates were undertaken for each species/fabric combination
using pollen from plants that had been allowed to dry in paper
envelopes. In these samples, the pollenkitt had dehydrated. This
provided a total sample size of 288 (8 species * 3 fabrics * 12
replicates). Pollen grains were collected from anthers at various
stages of development to ensure grains of different maturity were
captured. Pollen was not acetelised or dehydrated in alcohol as this
causes damage to the pollenkitt, which might affect adherence
relative to natural conditions [35].

Once all test fabric samples had been prepared, they were split
equally between two wear intensity groups to mimic the natural
agitation that clothing undergoes whilst being worn. To simulate
light wear following pollen acquisition, 50% of test fabric samples
were shaken for one minute on a mechanical shaker (500
oscillations per min). To simulate heavier wear, the test fabric
was rubbed 20 times with a clean piece of cotton, mimicking
brushing of clothing or contact with upholstered surfaces. Cotton
was selected because of its neutral electrostatic charge. In all cases,
the number of pollen grains remaining on the test fabric after
treatment was counted under the microscope. The number (and
percentage) of grains retained relative to the number originally
placed on that particular piece of test fabric was then ascertained.

Finally, all fabric pieces were washed in mild surfactant (Multi
Purpose Detergent, Teepol, Orpington, UK) to retrieve the
remaining pollen from the fabric. As noted above, this process
is the standard recommended laboratory protocol for the retrieval
of pollen grains from clothing [36,29]. The number of residual
pollen grains on the fabric after washing was assessed by
counting under the microscope. The efficiency of the washing
technique was quantified by dividing the number of pollen grains
remaining after washing by the number on the test fabric after
simulated wear. The reciprocal was then taken and multiplied by
100 to give washing efficiency expressed as a percentage (e.g 80%
washing efficiency indicated that 80% of pollen grains were
removed after simulated wear by the washing action). All 288
test fabric pieces were washed in this way. Washing was always
done after simulated wear rather than after the pollen transfer
step in order to make the timeline of forensic analysis realistic

(i.e. clothing delivered to laboratories for processing would
typically have been worn after initial pollen transfer).

2.2. Statistical analysis

The first analytical step was to compare pollen retention rates
for fresh versus dried pollen both overall and for each individual
species using independent samples t-tests. This was done on the
basis that this not only tested the first research hypothesis, but
would also allow data from fresh and dried samples to be pooled in
the event of no statistical differences being found. The same
approach was used to test for any differences in pollen retention
according to wear intensity.

To analyse the effects of pollen and fabric characteristics on
pollen retention after light wear, a range of General Linear Models
(GLMs) was constructed. Specifically, univariate models were
created to analyse the effects of pollination type (insect-pollinated
versus wind-pollinated), pollen grain size, and fabric type (cotton,
denim, fleece) in isolation. Ultimately, a fourth univariate model
was constructed based on species. Multivariate GLMs were then
constructed for combinations of factors (1= pollination type and
fabric; 2 = grain size and fabric; 3 = pollination type, grain size and
fabric; 4 = species and fabric). In all cases, all two-way interactions
were also entered. To compare between the different competing
models, Akaike’s Information Criterion (AIC) was calculated using
the formula AIC = -2 (log-likelihood) +2 K, where K = the number of
predictor variables. This allowed identification of the model that
best balanced explanatory power (model fit) with parsimony
(minimising the number of variables in the model). The model with
the smallest AIC value (AAIC=0) was considered the optimum,
with any other model within AAIC <2 regarded as essentially
having the same support as the optimum, models with AAIC of 3-4
having strong support, models with AAIC having 5-9 considerably
less support, and models with AICA >10 having essentially no
support [37].

All analysis used raw data (pollen grains retained after
simulated wear relative to those initially added), which were
normally distributed. Graphical presentation of data used per-
centage for clarity. All analysis was undertaken in IBM SPSS (v22.0).

3. Results
3.1. Fresh versus dried pollen

Pollen retention after simulated wear was 42.9% on average.
However, contrary to prediction, there was no statistically
significant difference in retention of fresh or dried pollen either
for all species combined (fresh=44.9% +2.4% SEM; dry=41.0%
+2.4% SEM; t=1.290, d.f=286, p=0.198) or for any individual
species (p>0.05 in all cases; tests not shown). Accordingly, data
from both fresh and dried replicates were pooled on a per-species

Fig.1. SEM image at x200 magnification demonstrating how imbedded individual pollen grains can become in the weave of different fabrics (left: dandelion on denim; right:

daisy on cotton).



40 J.C. Webb et al./Forensic Science International 288 (2018) 36-45

100 1~

90 A

80

60 -

HH

50 A

40

30 A

Percentage of pollen retained
HH

10 ~

Light Heavy

Fig. 2. Pollen retention after light intensity and heavy intensity wear.

basis to double the sample size and thus increase the robustness of
subsequent analyses.

3.2. Wear intensity

As expected, there was a substantial difference in pollen
retention according to wear intensity, with considerably more
pollen being retained after light wear than after heavy wear (59.0%
versus 26.5%, respectively, Fig. 2). This was statistically significant
(t=11.637, d.f=286, p <0.001).

3.3. Pollen retention following wear: effect of pollen and fabric
characteristics

As predicted, pollen from insect-pollinated species was
retained at higher concentrations than pollen from wind-
pollinated species (50.4% and 35.0%, respectively). This pattern
was consistent regardless of wear intensity (Fig. 3a-b), but
statistically pollination type explained more of the variability in
pollen retention after light wear (R?=0.175) than after heavy wear
(R2=0.035) (Table 2).

Contrary to expectation, there was no clear linear relationship
between pollen size and its retention following wear (Fig. 3c-d).
Despite this, retention was higher for some size categories (35 pm
and 45 pm) than others, such that size was a significant predictor
of pollen retention for both light and heavy wear (R?=0.188 and
0.073: Table 2). These non-linear patterns were consistent
regardless of wear intensity, which suggested that findings might
relate to underlying links to pollen sculpturing rather than size per
se. This was borne out by echinate pollen occurring in the high
retention groups (35 pwm=daisy; 45 pwm=dandelion), whereas
species in the size classes with the lowest retention (18 wm and
40) included nettle and grass, which, although different in their
fine sculpturing, have a much smoother surface. Accordingly, a new
analysis was undertaken whereby pollen retention was related
directly to species. Species identity explained a high proportion of
the variation in the retention of pollen for light and heavy wear
(R%=0.343 and 0.198 respectively), which was substantially higher
than the variance explained by either pollination type or grain size
(Table 2). The species retained in the highest concentrations were
consistent regardless of wear intensity (dandelion and catnip) but
species with the lowest retention differed (Fig. 3g-h). Very broadly
though, pollen retention increased as the surface morphology
became rougher or more echinate (i.e. following the order in which
species are presented in Table 1 and Fig. 3g-h).

As expected, fabric type was significantly related to pollen
retention regardless of wear intensity but the effect size differed
substantially (light wear R?=0.082; heavy wear R%=0.259:
Table 2). Following light wear, fleece retained less pollen than
cotton and denim, which were approximately equal (Fig. 3e).
Following heavy wear, pollen retention on fleece and cotton were
approximately equal but retention on denim was substantially
higher (Fig. 3f).

The optimal univariate model for predicting pollen retention
after light wear was based on plant species (AAIC=0 and
R?=0.343; no other models with AAIC < 10; Table 2). The model
that explained the least variability (and had the highest AAIC
score) was that based on fabric type. This suggests that: (1) when
clothing had only been lightly worn, pollen characteristics were
more important than fabric characteristics in determining reten-
tion but also that: (2) this was highly species-specific such that
pollination type and grain size were too crude to meaningfully
predict retention. Conversely, the optimum univariate model for
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Fig. 3. Pollen retention following wear and the effect of pollen type, size and fabric characteristics.
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Table 2

General Linear Models of pollen retention on fabric following light or heavy wear according to pollen and fabric characteristics. Delta Akaike’s Information Criterion scores are
used to compare all models (AAIC') and to compare univariate models only (AAIC?) as per the Methods.

Light wear intensity

Heavy wear intensity

F df P R? AAIC! AAIC? F df P R? AAIC! AAIC?

Univariate models
1 Pollination Type 27.552 1 <0.001 0.175 49.435 14.263 5.216 1 0.024 0.035 59.418 16.468
2 Size 7.352 4 <0.001 0.188 48.431 13.259 2.753 4 0.031 0.073 56.907 13.957
3 Species 9.254 7 <0.001 0.343 35172 0 4.753 7 <0.001 0.198 47.9872 5.0372
4 Fabric 5.725 2 0.004 0.082 56.139 20.967 24.608 2 <0.001 0.259 42.95 0
Multivariate models
1 Pollination Type 31.535 1 <0.001 6.965 1 0.009

Fabric 7.615 2 0.001 2543 2 <0.001

Pollination Type* Fabric 3.106 2 0.048 0.371 2 0.691

Overall 10.633 5 <0.001 0.297 41.442 11.713 5 <0.001 0.298 41.462
2 Size 9.913 4 <0.001 3.995 4 0.004

Fabric 12.227 2 <0.001 23.048 2 <0.001

Size*Fabric 5.428 10 <0.001 2.05 10 0.045

Overall model 7.251 17 <0.001 0.465 24.392 6.336 17 <0.001 0.407 30.946
3 Pollination Type 24.539 1 <0.001 0.08 1 0.777

Size 7.539 4 <0.001 2.102 4 0.084

Fabric 11.507 2 <0.001 18.944 2 <0.001

Pollination Type*Fabric 5.636 2 0.005 1.94 2 0.148

Size*Fabric 4728 10 <0.001 2.447 10 0.017

Overall 8.517 20 <0.001 0.559 14.185 5.491 20 <0.001 0.426 31.01
4 Species 13.179 7 <0.001 9.328 7 <0.001

Fabric 12.358 2 <0.001 42.973 2 <0.001

Species*Fabric 4.536 14 <0.001 4.352 14 <0.001

Overall 8.257 23 <0.001 0.637 0 9.225 23 <0.001 0.639 0

predicting pollen retention after heavy wear was based on fabric
type (AAIC=0 and R%?=0.259; no other models with AAIC <5;
Table 2). This suggests that following heavy wear, fabric character-
istics were more important than pollen characteristics in
determining retention.

While it is instructive to examine pollen and fabric character-
istics separately, in reality these factors co-occur and interact with
one another. The optimal model for both light and heavy wear was
that which combined both plant species and fabric type, as well as
the interaction between them (AAIC=0; R?>=0.640; Table 2). As
expected given the univariate results, the relative contribution of
these factors to the overall model depends on wear intensity, with
species being the larger contributing factor for light wear and
fabric being the larger contributing factor for heavy wear. The other
multivariate models all had AAIC values >10 and substantially
lower R? values. The complexity of the interaction between species
and fabric in determining pollen retention following both light and
heavy wear is shown in Fig. 4. For example, following light wear,
almost all (>94%) dandelion pollen was retained on cotton and
denim versus just 58% on fleece, while 90% of pine pollen was
retained on denim versus 60% on cotton and 54% on fleece.
Retention of pollen following heavy wear was always lower than
following light wear, but interactions between species and fabric
were similarly complex. Particularly substantial differences were
evident for grass, which ranged from 50% retention on denim to
just 7% on cotton and 2% on fleece, and lime, which was retained in
approximately equal amounts on denim and fleece (~24%) versus
7% on cotton.

3.4. Effectiveness of laboratory pollen removal techniques

Surprisingly, efficiency of washing was lower than expected:
only 67.7% of pollen was removed following standard laboratory
protocols, rather than the 100% often assumed. Moreover, this
overall mean percentage was subject to considerable variation

based on previous wear intensity (78.5% versus 58.9% washing
efficiency following light and heavy wear, respectively). Even more
concerning, the efficiency of this washing protocol differed very
substantially according to plant species, fabric type, and the
interaction between these factors (Table 3). These interactions are
shown in Fig. 5. Particularly striking are the differences between
washing efficiency for dandelion on all fabrics after both light wear
(mean =97%) and heavy wear (87%) versus the very low efficiency
for nettle (39% and 45%, respectively). Generally, pollen retention
followed a similar species pattern on all fabrics following light
wear, although the efficiency of washing for retrieval of lime pollen
varied considerably according to fabric type, both in absolute terms
and relative to the other species (Fig. 5a—c). The efficiency of
washing following heavy wear was much more variable according
to both species and fabric; the results of grass (high retrieval on
denim, low on cotton and fleece) and plantain (high retrieval on
cotton, low on denim and fleece) are particularly notable in this
regard (Fig. 5d-f).

4. Discussion

As with most types of forensic evidence, the timing of
palynological analysis is critical. Given that almost 60% of the
pollen that adheres to clothing is lost through subsequent wear,
pertinent objects need to be seized quickly if palynology is likely to
be important in forensic reconstruction. This study has also shown
that loss versus retention of pollen on clothing varies substantially
according to pollen characteristics and fabric type. As such,
differential loss of pollen of different species during normal
activity could mean that the pollen assemblage found during
analysis does not fully align with the plant assemblage encoun-
tered at the scene. This might be of particular importance in cases
where the absence of a specific species in a garment’s palynological
profile can be explained by taphonomic variables. For example, in a
case where an accused assailant flees a scene of crime through an
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Fig. 4. The complexity of the interaction between species and fabric in determining pollen retention following both light and heavy wear.

area of flowering grasses, it might be assumed that analysis of
trouser material below the knee should reveal abundant grass
pollen. However, our results show that grass pollen is easily lost
from cotton garments during running or walking, or by simply
brushing the area that has been in contact with the flowers, such
that the absence of grass pollen might not be surprising. It is also
vital to understand the effect of wear intensity on pollen retention,
since this not only affects the amount of pollen that is retained

Table 3
General Linear Models of pollen retention on fabric after hand washing revival
according to plant species and fabric typ

Light wear intensity Heavy wear intensity

F df P R? F df P R2
Fabric 9948 2  <0.001 12149 2 <0.001
Species 30449 7  <0.001 1354 7 <0.001
Fabric*Species  6.98 14 <0.001 6.365 14 <0.001
Overall 1428 23 <0.001 0681 9.811 23 <0.001 0.575

overall, but also the relative proportion of different species that
will be found in forensic analyses.

4.1. The importance of pollen characteristics

Pollen characteristics affect retention on all fabric types, and at
both high and low wear intensities. Surprisingly however, and
contrary to our hypothesis, general patterns between pollen
retention and simple categories such as pollination type or grain
size were comparatively weak. For example, although pollen from
insect-pollinated species was retained at higher levels than pollen
from wind-pollinated species overall, and this was statistically
significant, this finding was too variable to be particularly helpful
in palynological interpretation (as demonstrated by the low R?
values, especially in comparison to models using full species
information (Table 2)). Similarly, although grain size was also a
significant predictor of pollen retention, this was not a linear trend
as suggested by Bull et al. [12]. Thus, there was no generally-
applicable pattern that, for example, smaller grains are always
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Fig. 5. Efficiency of handwashing using standard laboratory protocols for retrieving forensic palynology evidence. The washing efficiency was quantified by dividing the
number of pollen grains remaining post-washing by the number on the test fabric after simulated wear. The reciprocal was then taken and multiplied by 100 to give washing

efficiency expressed as a percentage.

likely to be retained more readily, and at higher levels, than larger
grains. The lack of the generality of findings can also be applied, to a
large extent, to pollen sculpturing. For example, given the high
ornamentation of dandelion and daisy grains (Table 1), it is unusual
for them not to share more similar retention properties [20].

The models that were most useful in explaining variability in
retention all included species identity, rather than general pollen
characteristic variables. This shows that pollen retention is highly
species-specific and underlines the complexity of pollen:clothing
relationships. Accordingly a forensic palynologist should be careful
in inferring likely retention of pollen from one specific species
based on data from another species — even one pollinated in the
same way, of a similar size, and of similar sculpturing. As such,
detailed understanding would require species-specific empirical
testing rather than application of general principles from other
experimental data.

One general finding that does seem to hold, though, is that the
age of the pollen does not affect retention and should not confound

palynological forensic evidence. This is despite the fact that fresh
pollen is characterised by the presence of pollenkitt, a viscous
liquid coating the exine, which can affect adhesion [17,18]. Our
finding that there is no difference in retention of pollen according
to whether it is fresh or dried suggests that pollenkitt is less
important than previously thought in terms of adherence to, and
retention on, clothing. This means that in a case where an accused
assailant has brushed against flowering vegetation and/or come
into contact with dried dusty surfaces, the prosecution and defence
teams can be assured that there is no differential loss of pollen
based on pollen state.

4.2. The importance of fabric characteristics

Alongside the influence of pollen characteristics, fabric type is
extremely important in explaining pollen retention, especially
following heavy wear. This is in contrast to Zavada et al. [32] who
found fabric type did not affect the amount of pollen that adhered
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to clothing from natural pollen rain. Even more importantly from a
forensic evidence perspective, our findings show that there is a
significant interaction between species and fabric type, which
extends the descriptive findings of Bull et al. [12] and Boi [33]. For
example, 86% of lime pollen was retained on cotton fabric versus
only 33% on fleece, while 68% of nettle pollen was retained on
denim versus 25% on cotton. Such findings mean that, as with
pollen characteristics, there are few if any “rules of thumb” for
fabric characteristics that can be used by forensic palynologists to
predict the likely retention level for any given fabric. As such, the
gold standard in palynological evidence would involve simulations
like those presented in this paper to model retention for the pollen
type in question on the same fabric worn by the accused to provide
a baseline for comparison with actual exhibits. However, this
would add substantially to the cost of forensic investigations and
the time needed to prepare evidence, possibly prohibitively so.

One such case where a simulation of pollen retention might
have been useful is a sexual assault case in New Zealand reported
by Mildenhall [ 7], where more pollen was discovered on the thighs
of the victim’s denim jeans than the knees. This might suggest that
weave depth has an influence on the amount of pollen retained on
a garment, as suggested in our data by the difference in retention
between cotton and denim fabrics where weave depth is different.
In Mildenhall’s [ 7] case the weave depth is due to the age and state
of the jeans where the knees have become worn down over time.
This therefore suggests that, in addition to fabric type being
important, the age and condition of the fabric might also have an
effect and needs to be factored into any simulations.

In addition to weave, the differential retention across fabric
types could be influenced by their electrostatic state, relative to
that of pollen grains [24,25]. There has been very little research
conducted in this area. Vercoulen et al. [38] assessed the
electrostatic charge of birch (Betula) and cocksfoot grass (Dactylis),
and finds that they are weakly negatively charged, but it is possible
that different species might have different electrostatic states.
Cotton is relatively neutrally charged, so would attract negatively-
charged pollen grains [38], whereas polyester fleece is negatively
charged and so would repel oppositely charged pollen grains. If
pollen grains have different charge states, and given that different
fabrics themselves have different charges, this might also partly
explain the species:fabric interactions. For example, catnip pollen
may be more positively charged and so fleece may have retained
more of the pollen than other fabrics due to the electrostatic
attraction. [39] have previously highlighted the importance of
understanding relative electrostatic forces when interpreting
forensic evidence, in relation to negatively charged explosives
ions in relation to fleece fabric. Further study on possible
differences in the charge of pollen grains of different species,
and in relation to different fabrics, is recommended as an area for
future research.

4.3. Effectiveness of laboratory pollen removal techniques

Laboratory pollen harvesting from clothing or fabrics is
undertaken on the basis that it should be almost 100% efficient
(i.e. remove all pollen grains remaining on the fabric upon receipt
of the clothing for processing), or at least remove a representative
sample. It has previously been reported that handwashing items is
the most efficient method of pollen retrieval [12,31,32], but has not
been included in previous research on methods of retrieval of
pollen from fabrics [28]. However, our study on hand washing
retrieval has shown that across the pollen types and fabrics used
here there is great variability (range of 21-93% efficiency on cotton
fabric between species). Palynological interpretation must only be
undertaken with extreme caution as this study shows that the
commonly used approach for retrieving pollen from a garment,

might not yield a representative assemblage. For example, analysis
of clothing from a suspect accused of being at a crime scene
characterised by abundant dandelion could be misleading. At face
value, if high levels of dandelion were retrieved during forensic
investigation, this would be strong circumstantial evidence placing
the suspect at the crime scene. However, given that results here
show that dandelion is extremely well retained on fabric following
wear but also extremely easy to remove via laboratory washing
retrieval, a defence barrister might argue that the residual
dandelion pollen on the suspect’s clothes is present from historical
(and innocent) movements, rather than being an indicator that the
suspect has been to the crime scene.

4.4. Moving forwards: conclusions and recommendations

One potential way forward here is to utilise Bayesian techniques
as palynological evidence is often assessed using Bayes’ Theorem.
Indeed, [4] discuss the importance of insuring that the pollen
profile from a suspect’s clothing matches that to a crime scene and
outlines a likelihood ratios framework for assessing the extend of
that match and its likely significance. However, although this takes
into account unequal abundance of different species, it does not
account for potential differential retention of the species on the
fabrics. One the strengths of a Bayesian approach is the ability to
weight different lines of evidence in a model [40,41]. In theory
therefore, it would be possible to use general trends relating to
pollen or fabric characteristics, as well as important taphonomic
variables (such as pollen productivity) to improve the efficiency of
the model in characterising the strength of the evidence. In reality,
the findings here demonstrate that pollen retention patterns are so
complex, and so species specific, it would be difficult to rigidly
apply a set of general principles in this way. However, results do
suggest that focussing primarily on pollen of insect-pollinated
species in forensic palynological investigation may be advanta-
geous.

Forensic palynology is an important field within forensic
analysis. However, to ensure that such evidence is maximally
useful, it is important to ensure interpretation is based upon
empirical simulations rather than being predicated upon simplistic
assumptions about how pollen (of different species) is transferred
to and from clothing (of different fabric types). This is vital to
ensure that incorrect inferences do not confound evidence given by
expert witnesses, and thus affect testimony and verdicts in courts
of law.
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Capsule Pollen encrusted around the bill of migrating warblers can reveal marked differences in foraging
ecology between bird species.

Aims To examine patterns of the prevalence and diversity of pollen in four species of warbler, and explore
the potential of pollen to act as an indicator of recent foraging behaviour.

Methods By isolating pollen from bill encrustations using laboratory palynological techniques and
identification by light microscopy, we examined variation in the prevalence of the five most common
pollen taxa, and variation in pollen assemblages in four species of warbler arriving on the south coast of
England.

Results All samples contained abundant pollen, with 19 floral taxa identified. Sylvia warblers tended to
carry Prunus and Citrus pollen, while Phylloscopus warblers mainly carried Eucalyptus pollen. Pollen
assemblages varied markedly between bird species.

Conclusion Commercial and garden flowering trees are an important resource for migrating warblers.
Pollen may be such a valuable resource that flowering plants might be included in the conservation
management of stopover sites. The use of pollen to resolve migratory routes may be problematic
however, requiring detailed knowledge of both the distribution and flowering phenology of plants en route.

Migratory birds have breeding, stopover and wintering
sites connected by migratory routes through different
climatic zones. This makes them especially vulnerable
to habitat and climate change, such that even small
changes can have large population-level effects
(Newton & Brockie 2008, Carey 2009). Recent
declines in many UK migrant passerines, especially
trans-Saharan migrants such as Willow Warblers
(Morrison et al. 2010), emphasize this vulnerability.
The geographical complexity of migration and the
historical imbalance in the effort devoted to the study
of birds that migrate between breeding grounds in
northern European countries and southern wintering
quarters (an imbalance especially marked in sub-
Saharan migratory species) leaves much to be done to
improve the patchy understanding of the migratory
routes and ecology of migrant birds (Bairlein 2003,
Newton & Brockie 2008).

*Correspondence author. Email: mjwood@glos.ac.uk

© 2014 British Trust for Ornithology

To date, over 36 million birds have been marked
with individually numbered rings in the UK
(Newton 2010) but, despite the large numbers of
migratory passerines ringed, few reliable connections
have been made between breeding and wintering
sites, although fascinating new insights have recently
emerged from studies of species large enough to carry
geolocators (McKinnon et al. 2013). For example,
the Willow Warbler Phylloscopus trochilus, a sub-
Saharan migrant commonly breeding in North-
Western Europe, has more than a million ringing
records in the UK, yet only three birds ringed on
breeding sites have been recovered on wintering
grounds in Central West Africa (Wernham et al.
2002). Knowledge of the wintering grounds of
migrant passerines is, therefore, limited, particularly
for birds wintering in inaccessible or remote habitats
such as tropical rainforest. Informed conservation and
management interventions for smaller species such as
passerines (Goodenough et al. 2009) endorse the
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development of innovative empirical approaches
(Bairlein 2003, Hobson 2008).

A proportion of migratory passerine birds are seen
carrying pollen encrustations around the bill and
forehead (Ash 1959, Laursen et al. 1997, Cecere et al.
2011a) presumably resulting from the exploitation of
flowering plants as a fuel source on migration (Cecere
et al. 2011b). Morphological differences between
pollen from different plant taxa mean may, therefore,
provide information on the plants the birds have used
for foraging. The most comprehensive studies of pollen
on migrant birds have focussed on a migration
stopover site, the Italian island of Ventotene (Cecere
et al. 2010, 2011a, 2011b). Behavioural observations
showed that warblers foraged for nectar on locally
available flowers, confirmed by palynology (the
analysis of pollen) which also showed that stopover
migrants carried pollen from plants not in flower on
Ventotene Island, such as Citrus pollen, from foraging
activity before arrival (Cecere et al. 2011a). A pollen
encrustation, therefore, has the potential to act as a log
of the previous behaviour of its bird ‘vector’. Where a
suitably diverse, or distinctive, pollen assemblage is
identified, it may also be possible to use plant
distribution maps to provide information on potential
migratory routes, analogous to the use of pollen to
provide information in forensic applications and
reconstructing vegetation patterns in climate studies
(Prentice & Webb 1998, Mildenhall et al. 2006).
Thus, palynology has the potential to provide both
ecological information on migrant bird foraging and
geographical information on wintering grounds,
migration routes and stopover, albeit within the
potentially broad geographical areas defined by the
temporal and spatial distributions of pollen-bearing
plants.

Avian palynology studies in migratory species have
either examined pollen in the respiratory system, a
lethal technique (Tamisier, cited in Laursen et al.
1997), or pollen clipped from the feathers around the
bird’s beak (Ash 1959, Ortega-Olivencia et al. 2005),
which has the advantage of being non-lethal. This
technique has been applied to warblers captured at
sites in the UK and France (Ash 1959, Ash et al.
1961), Denmark (Laursen et al. 1997), in addition to
more in-depth studies of opportunistic nectar feeders at
stopover sites in Italy (Cecere et al. 2010, 2011a) and
mechanisms of nectar uptake in Denmark (Holm &
Laursen 1982). Bird ringers at Portland Bird
Observatory on the south coast of England have
become aware of the continued appearance in spring of
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apparently pollen-bearing migratory birds (P.J. Morgan
& M. Cade, pers. obs.), first noted by John Ash at
Portland in the 1950s (Ash 1959). We, therefore,
screened apparent pollen encrustations using modern
palynological techniques to assess the prevalence and
diversity of pollen carried by four species of Old World
warbler (Sylvioidea). By comparing two pairs of
congeneric species with similar foraging behaviour but
different migratory strategies (wintering in the
Mediterranean versus sub-Saharan Africa), we aimed
to examine how (1) the prevalence of pollen and (2)
pollen assemblages carried by warblers, varied between
bird species, migratory strategy and foraging strategy.

METHODS
Study site and species

Pollen samples (encrustations attached to feathers
around the bill) were clipped carefully from birds using
clean, fine scissors. Sampled birds were a subset of
those trapped in mist-nets and ringed by licensed
ringers at Portland Bird Observatory (50° 31’ 10.8”N,
2° 27 4.1"W) between April 2006 and June 2008.
The site is ideally located for the spring passage of
migrant birds. It is situated on the southernmost tip of
the Isle of Portland, a conspicuous outcrop of
limestone 6 km long by 2.4 km wide jutting lengthwise
into the English Channel.

Two congeneric pairs of bird species frequently
trapped and ringed at Portland were selected for study.
The warbler species in each pair are closely related
(Sibley & Ahlquist 1990, Beresford et al. 2005,
Alstrom et al. 2006), and have similar foraging
behaviours and bill and tongue morphology (Holm &
Laursen 1982), but have contrasting migratory
strategies: one of each pair is a sub-Saharan migrant,
the other a Mediterranean migrant (Cramp &
Simmons 1983). The Phylloscopus pair comprised
Willow Warblers P. trochilus and  Chiffchaffs
Phylloscopus  collybita, and the Sylvia pair comprised
Blackcaps Sylvia atricapilla and Garden Warblers Sylvia
borin. Willow Warblers are thought to migrate from
the UK to tropical West-Central Africa, with
Chiffchaffs wintering in the Western Mediterranean
(Wernham et al. 2002). When on breeding grounds,
both Phylloscopus species feed on small insects from
leaves of trees and shrubs. The Sylvia warblers forage in
dense forest undergrowth, scrubland and woodland
edges when on European breeding grounds, with
Blackcaps migrating to the Mediterranean and Iberia



and Garden Warblers migrating to sub-Saharan Africa,
thought to be Central West Africa (Cramp and
Simmons 1983, Wernham et al. 2002).

Pollen screening

Samples (n=113) were stored dry in air-tight Eppendorf
tubes at 4°C, until processing and screening in the
laboratory following standard protocols (Moore et al.
1991). Each sample was treated with cold 10%
hydrochloric acid to disaggregate particles and to
dissolve any carbonates. Excess sporopollenin and
residual cellulose within the samples were removed by
acetolysis (Erdtman 1960) to aid identification and
comparison with type slides. Pollen grains were stained
with basic fuchsin and mounted in glycerine jelly for
microscopic examination. Ten traverses on each slide
were scanned under a light microscope (Nikon
Optiphot, x400 magnification) and the taxa present
identified using Moore et al. (1991). Taxa present were
recorded.

Statistical analysis

The presence or absence of each of the five most
common pollen taxa on individual warblers was
analysed in relation to the following predictors: (1) the
‘host’ bird species; (2) sampling date; (3) year; (4)
their interactions. A global binary Generalized Linear
Model (GLM) was simplified using the information
theoretic  approach by the backward-stepwise
elimination of non-significant predictors, beginning
with higher order interactions at each step (i.e.
beginning with species:date:year in this case). If the
removal of a predictor resulted in a non-significant
change in model deviance (i.e. SAIC <2), the
predictor was eliminated from the model (Crawley
2013). Global and final models were broadly similar,
and the individual reinsertion of prior deleted
predictors into the final model made no difference to
the results of analyses. To summarize variation in the
pollen assemblages identified among the birds sampled,
a Principal Components Analysis (PCA) was carried
out on the presence/absence of all 19 pollen taxa. The
resulting first two principal components (PCs) were
used, in separate analyses, as the dependent variable in
generalized linear modelling. GLM analyses were
conducted in R v3.01 (R Core Team 2013).

Where bird species was identified as a significant
factor, three classes of orthogonal a priori treatment
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contrasts were introduced (Crawley 2013) to test
hypotheses regarding the contributions of (1) bird
genus (Phylloscopus vs. Sylvia), (2) migratory strategy
(Mediterranean vs. sub-Saharan) or (3) bird species
per se to pollen assemblage variation. These treatment
contrasts are a useful analytical approach, because
species, genus and migratory strategy could not be
incorporated in a single model: in our case of two pairs
of species, each with one sub-Saharan migrant and one
Mediterranean migrant, ‘species’ would be equivalent
to a ‘genus:migratory strategy’ interaction, and thus
analytically intractable. The first class of treatment
contrasts examined genus and migratory strategy (i.e.
‘genus’ contrast=Blackcap and Garden Warbler vs.
Chiffchaff and Willow Woarbler; migratory strategy
contrast = Blackcap and Chiffchaff vs. Garden Warbler
and Willow Warbler); and the second examined
treatment contrasts between species. In summary, these
orthogonal contrasts relate to the same final models
(in which bird ‘species’ is retained as a factor), and
simply vary the structure of the levels (i.e. contrasts)
relating to that factor.

To establish whether pollen diversity might be useful
to classify birds according to species, genus or migratory
strategy, Discriminant Function Analysis (DFA) was
undertaken using spss version 16.1, on the basis that a
high level of classification accuracy was good evidence
of substantial interspecific differences. A full DFA was
run using presence/absence data for all pollen taxa,
with classification power being ascertained using a
jackknife cross-validation procedure. The model was
calculated repeatedly, each repetition involving the
omission of a different individual case that is classified
by the model and compared to the known outcome;
this means that power was tested using a different data
point to those that generated the model (Shaw 2003).
This procedure was used because the sample size
precluded the wuse of the preferred split-sample
validation process (McGarigal et al. 2000). As sample
sizes differed between species, classification accuracy
was compared with prior probabilities calculated from
the data. To determine the pollen genera that were
the most important in creating pollen assemblage-level
differences, a stepwise DFA was run (criterion to enter
a=0.05 and criterion to remove a=0.10). Separate
full and stepwise DFAs were also run with bird genus
(Sylvia  or Phylloscopus) and migration —strategy
(Mediterranean or sub-Saharan) as binary classifying
variables. The recommended case/variable ratio of 3:1
(Tabachnick & Fidell 2007) was met in all cases. All

means are presented *1 se.
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RESULTS

Each of 113 suspected pollen encrustations collected from
Willow Warblers, Chiffchaffs, Blackcaps and Garden
Warblers contained abundant pollen. Nineteen
different taxa were detected, varying considerably in
prevalence (Table 1): the majority of samples (n=70)
contained Eucalyptus pollen, whereas other taxa were
found in very few samples (e.g. Umbelliferae, n=3 and
Picea (spruce) spp., n=2).

Variation in pollen prevalence

We conducted separate analyses of the prevalence of the
five most prevalent pollen taxa: Eucalyptus, Citrus,
Quercus, Prunus and Pinus (Fig. 1a—e). Warbler species
was the only statistically significant predictor of the
presence of the most prevalent pollen taxon,
Eucalyptus (Fig. 1a: Wald ;(2=52.9, df=3, P<0.0001),
with Chiffchaffs carrying significantly more Eucalyptus
than other warblers (z=4.2, P<0.0001). Migratory
strategy and genus were found to be statistically
significant species contrasts: Mediterranean migrants
carried more Eucalyptus pollen than sub-Saharan
migrants (z=4.1, P<0.0001) and Phylloscopus more
than Sylvia warblers (y=3.4, P<0.001). The presence
of pollen from another commercial tree species, Citrus
(Fig. 1b), also varied markedly between species

(Wald *=26.6, df=3, P<0.0001), but differently in
each year (species:year interaction, Wald y*=11.7, df
=5, P=0.039). Species contrasts indicated that
Chiffchaffs (y=—4.1, P<0.0001) and, to a lesser
extent, Blackcaps (y=-2.4, P=0.004) carried more
Citrus pollen than Garden Warblers and Willow
Warblers. Similarly, Mediterranean migrants carried
less Citrus pollen than sub-Saharan migrants (z=—4.4,
P <0.0001).

Quercus pollen (Fig. 1c) also varied between warbler
species contingent on year (species:year interaction,
Wald y*=15.4, df=1, P=0.009). Although species
was not retained in the model as a main effect, species
contrasts revealed that Chiffchaffs had significantly
lower levels of Quercus pollen than other species (z=
—2.2, P=0.028). Contrasts of migratory strategy and
genus were not supported (P >0.05). Prunus pollen
(Fig. 1d) varied significantly between warbler species
(Wald ;(2=20.9, df=3, P=0.0001), Blackcaps carrying
Prunus more frequently than other species combined
(x=2.0, P=0.04). Genus was the most preferred
species contrast (y=-3.2, P=0.016): Sylvia warblers
carried more Prunus pollen than Phylloscopus warblers.
The overall prevalence of Prunus pollen also varied
between and within years (sample date:year
interaction; Wald )(z=6.3, df=2, P=0.044). Lastly,
Pinus pollen (Fig. le) showed a complex pattern of
variation: Pinus prevalence varied between species and

Table 1. Prevalence of pollen in four species of Old World warbler (Sylvioidea) on spring passage at Portland Bird Observatory. The 19 pollen taxa
collected were found in 113 samples in Spring 2006-2008, they are shown with their PC loadings. Prevalence is shown + standard error (se), with
statistical significance of correlations (Pearson’s correlation coefficient, r,) between the first two PCs and their loading variables (***P < 0.001, **P
< 0.01, *P < 0.05). The five most prevalent pollen taxa were analysed independently (Results; Figs Ta—e).

Pollen taxon Prevalence se PC1 PC2
Eucalyptust Gum tree spp. 0.61 0.046 0.78*** -0.11
Citrust Orange, lemon, lime, grapefruit spp. 0.26 0.024 —0.60*** -0.10
Quercus’ Oak spp. 0.21 0.020 —0.77***
Prunus® Cherry, blackthorn, plum, peach, almond spp. 0.16 0.015 0.21**
Pinust Pine spp. 0.15 0.014 —0.54***
Salix Willow spp. 0.062 0.0058

Poaceae Grass family 0.053 0.0050

Acer Maple spp. 0.044 0.0042

Alnus Alder spp. 0.044 0.0042

Myrtilus-Corylus Myrtle spp. or Hazel spp. 0.035 0.0033

Umbelliferae Carrot family 0.027 0.0025 —0.15%**
Betula Birch spp. 0.018 0.0017

Chenopodiaceae Goosefoot family 0.018 0.0017

Ericaceae Heather family 0.018 0.0017

Lychnis Campion spp. 0.018 0.0017

Picea Spruce spp. 0.018 0.0017

Corydalis Corydalis spp. 0.0089 0.00083

Fagus Beech spp. 0.0089 0.00083

Fraxinus Ash spp. 0.0089 0.00083
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Figure 1. The prevalence of pollen carried by four warbler species sampled at Portland Bird Observatory. Variation in the five most prevalent
pollen taxa is shown: (a) Eucalyptus, (b) Citrus, (c) Quercus, (d) Prunus and (e) Pinus pollen, followed by (f) variation in pollen assemblages
captured by PCA (PC1, see main text). Warbler species legend: BC = Blackcap S. atricapilla, CC = Chiffchaff P collybita, GW = Garden Warbler

S. borin, WW = Willow Warbler P trochilus.

years (Wald ;(2= 13.6, df=5, P=0.019), and tended to
be found earlier in samples from Sylvia warblers than
Phylloscopus warblers (species:date interaction; Wald
=8.65, df=1, P=0.034).

DFA allowed individual cases to be correctly classified
to species with 54.1% accuracy using presence/absence
of the 19 different pollen taxa found in this study,
compared to 37.8% accuracy a priori (i.e. by chance,
using prior probabilities based on sample size). This
increased to 56.8% when only the presence of
Eucalyptus pollen was entered into the model, and to

62.2% when only Eucalyptus and Prunus were entered,
reflecting the importance of species in the GLM
analysis of these two pollen taxa (Figs la & 1d).
Misclassifications in the full data set arose mainly
because Willow Warblers could not be differentiated
from other species on the basis of pollen assemblage,
but there was also some confusion between Blackcaps
and Chiffchaffs. In the stepwise analyses, classifications
of Blackcap and Chiffchaff were excellent (85.6%),
but Willow Warblers still could not be distinguished.
This was likely because this species had a similar
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prevalence of Eucalyptus to Blackcaps, and although
Willow Warblers carried Prunus pollen far less
frequently than Blackcaps and Garden Warblers, the
overall prevalence of Prunus was only 16% (Table 1),
such that this pollen taxon could not be used to
differentiate (classify) all cases. In contrast to the
PCA, birds could be classified to the correct genus
using DFA with 74.3% accuracy using the complete
pollen data set (compared to 51.4% a priori). This
increased to 81.8% when only Eucalyptus and Prunus
were entered. There was no bias as to where
misclassifications arose in any analysis (ca.18% of
Sylvia classified as Phylloscopus and vice versa).

Variation in pollen assemblages

PCA of pollen assemblages (19 pollen taxa present)
resulted in the first two component scores (PC1 and
PC2) explaining 43.2% of total variance; if the
presence/absence of the 19 pollen taxa were randomly
distributed among the PCs, the first two PCs would
have accounted for 15.4% of total variance. PC1 and
PC2 were most strongly influenced by PC loadings
with the five most prevalent pollen taxa (Table 1).
The first component score (PCl) was significantly
correlated with the two most prevalent pollen taxa:
the presence of Eucalyptus and the absence of Citrus
pollen (Table 1). Low values indicate the use of
Eucalyptus, and high values the use of Citrus. PC2 was
significantly correlated with the absence of (1) Quercus
(oak spp.), (2) the presence of Prunus pollen and (3)
the absence of Pinus (pine spp.) pollen, and non-
significantly correlated with the absence of three less
prevalent pollen taxa (Table 1). The ecological
interpretation of PC2’s five factor loadings is complex,
but a focus on the three highest loadings indicates that
PC2 can be thought of as an ordination of the
exploitation of forest habitats: low values are associated
with use of oak and pine.

Pollen assemblage variation (as described by PC1)
varied significantly between warbler species (GLM:
Wald 4*=88.7, df=1, P<0.0001; Fig. 1f). This
pattern varied between years (species:year interaction;
Wald 4*=12.0, df=1, P<0.0001). Garden Warblers
were distinct from other species in PC1 variation (a
priori species treatment contrasts: =—2.4, P=0.019),
having less Eucalyptus and more Citrus than other
warbler species. Species treatment contrasts to examine
variation by migratory strategy or genus were not
found to be statistically significant descriptors of pollen
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assemblages. PC2 did not vary between warbler species
as a simple main effect (GLM: Wald ;(z=2.0, df=1,
P=0.57): variation between species was contingent
both on year (species:year interaction; ;(2 =20.9, df=1,
P=0.0008) and sample date (species:date interaction;
Wald ;(2= 10.4, df=1, P=0.015). The most preferred
species contrast was between Chiffchaffs and other
species (z=-2.8, P=0.006); other contrasts between
other warbler species, migratory strategy or genus were
not supported (P>0.05). These effects suggest
complex variation in the prevalence of pollen taxa
contributing to PC2.

Birds could not be classified to migratory strategy using
DFA on the basis of their pollen assemblages at rates
much above that expected by chance (full data set=
74.3% accuracy; a priori chance=73.0% accuracy).
The stepwise analysis entered Eucalyptus and then
Quercus, but classification accuracy was still low
(78.4%). In all cases, the majority of Mediterranean
migrants were classified correctly, but classification
accuracy for sub-Saharan migrants was low.

DISCUSSION

All 113 putative pollen samples collected from the
encrustations at the base of the bills of migratory
warblers at Portland Bird Observatory were found to
contain abundant pollen. Pollen grains were identified
from 19 different taxa, with marked differences in
relative abundance across the samples. The phenology
of flowering plants was not detected in our analyses,
because sampling date did not predict the presence of
pollen on warblers (likely due to the importance of
warbler species as a predictor). Some of the taxa
represented, including Citrus, were found in previous
studies of pollen in migrant warblers (Ash 1959, Ash
et al. 1961, Laursen et al. 1997, Cecere et al. 2010,
2011a) and are consistent with birds passing through a
southern European flora en route to the UK, while
others were not reported in previous studies at
Portland Bird Observatory (Ash 1959, Ash et al.
1961). We did not detect pollen taxa with sufficiently
restricted range distributions to enable the inference of
migratory routes. As in a previous study (Cecere et al.
2011a), short and long distance migrants varied in the
pollen they carried: we found that Mediterranean
migrants carried more Eucalyptus and less Citrus pollen
than sub-Saharan migrants.

[t is notable that pollen from Eucalyptus, a tree genus
native to Australia, was especially prevalent in this

study, present in 70 (61.9%) of 113 birds sampled.



Eucalyptus species (the current study was not able to
differentiate to species level) are now commonly
cultivated in Africa and Iberia, where they are used for
low-cost furniture and pulpwood (Doughty 2000).
Indeed, the replacement of cork oak Quercus suber
forests with commercial FEucalyptus has attracted
conservation concerns (Doughty 2000). However, this
study suggests that such non-native forests may be
important as a foraging resource for some bird species.
Eucalyptus is wind-pollinated, so to understand the
significance of Eucalyptus pollen carried by migrant
warblers it may be important to distinguish the
accumulation of pollen dispersed over long distances,
up to 1600 m from an individual tree (Barbour et al.
2005), from that accumulated directly by foraging on
Eucalyptus flowers. Blackcaps and Chiffchaffs winter in
the Mediterranean (Wernham et al. 2002) and are
known to feed on the flowers of Eucalyptus, Citrus
(J. Pérez-Tris, pers. comm.), and exotic garden plants
(including Aloe spp. at Strait of Gibraltar Bird
Observatory; C. Perez, pers. comm). Indeed, Laursen
et al. (1997) and Cecere et al. (2011a) found that both
Eucalyptus and Citrus were most prevalent in their
studies, indicating the continued importance of
arboriculture to warblers in more easterly Afro-
Palaearctic migratory corridors. The  Phylloscopus
warblers carried the most pollen: the relatively light,
hanging flowers at tips of branches found in Eucaplytus
may suit the foraging techniques of these smaller birds.

Bird species was the strongest predictor of pollen
prevalence and diversity, in both DFA and GLM
approaches, with different bird species carrying
different pollen assemblages. For example, Phylloscopus
warbler pollen assemblages were dominated by
Eucalyptus, while sub-Saharan migrant assemblages
were dominated by Citrus. While Eucalyptus and Citrus
are commonly found in spring migrant warblers
(Laursen et al. 1997, Cecere et al. 2011a), we did not
find the pollen of Brassica spp., Malvaceae and
Cyperaceae found by Cecere et al. (2011a). Given that
variation exists between species in pollen assemblages
(as shown by the PCA), it is unsurprising that, overall,
species should be an effective predictor in the
univariate analyses of the five most common pollen
taxa. In the PCA, the PC1 was significantly correlated
with the two most prevalent pollen taxa: the presence
of Eucalyptus and the absence of Citrus pollen (Table
1). PCl might be considered, therefore, as an
ordination of the exploitation of Iberian arboriculture
by warblers: low values indicate the use of Eucalyptus,
and high wvalues the wuse of Citrus. PC2 was
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significantly correlated with the absence of (1) Quercus
(oak spp.), (2) the presence of Prunus pollen and (3)
the absence of Pinus (pine spp.) pollen, and non-
significantly correlated with the absence of three less
prevalent pollen taxa (Table 1). The ecological
interpretation of PC2’s five factor loadings is complex,
but a focus on the three highest loadings indicates that
PC2 can be thought of as an ordination of the
exploitation of forest habitats: low values are associated
with use of oak and pine.

DFA was successful in correctly classifying ‘unknown
cases’ to genus, suggesting that pollen assemblage
differs substantially on this basis, but the same
approach indicated that migratory strategy was not a
good predictor of pollen assemblage. Overall, ‘species’
was a more powerful predictor of pollen assemblages
than either genus or migratory strategy. However, it is
important to note that ‘species’ as a factor in this
model is, in effect, the factorial of ‘genus’ and
‘migratory strategy’.

A key development of this study would be the
consideration of further warbler species, but further
species carrying pollen are not seen at Portland Bird
Observatory in sufficient numbers to allow comparison
(e.g. we have only a handful of pollen samples from
Whitethroats Sylvia communis and Lesser Whitethroats
Sylvia curruca). Despite this limitation, DFA was
successful in correctly classifying the majority of
‘unknown cases’ to genus, suggesting that pollen
assemblage differs substantially on this basis. The GLM
approach suggests that there are particularly strong
between-genera differences in the amount of Pinus and
Prunus pollen. Given that the two warbler genera
studied here differ in their foraging behaviour (but that
both pairs had a representative from each migratory
strategy), pollen assemblages may be predicted by
foraging behaviour rather than by migratory strategy.
As a caveat to this, the ecology of a migrant at one
stage in its migratory cycle (e.g. foraging on breeding
grounds) is not necessarily an indicator of its ecology
at other stages, such as on wintering grounds just
before migration or on stopover sites, when the pollen
encrustations collected in this study were likely to be
formed. According to DFA, migratory strategy was not
a good predictor of overall pollen assemblage.
However, there were significant differences in the
occurrence of Citrus and Eucalyptus pollen between
Mediterranean and trans-Saharan migrants.

The pollen found on different bird species indicates
the foraging ecology of birds during their migration,
via feeding on the nectar and/or pollen of the flowers
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of insect-pollinated plants such as Citrus, passing
through the habitat of anemophilous (wind-pollinated)
plants such as oaks and eucalypts, or insect-gleaning at
flowers of both pollination strategies. Foraging
resources exploited by migratory birds at this crucial
stage in their life history are poorly understood, but
studies of the importance of nectar feeding in the
stopover ecology of migrant warblers (Cecere et al.
2011b) indicate that the availability of flowering
plants are a potentially important food source for
migrant warblers. For example, in an experimental
study of the drinking methods of warblers, examination
of oral cavity morphology and estimation of fluid speed
of a sucrose solution showed that the stomach of a
Garden Warbler, with a volume of about 0.2 cm® can
be filled in about 1 second, illustrating that feeding on
nectar is a rapid and effective method of feeding when
taking the energetic value of nectar into account
(Holm & Laursen 1982). Cecere et al. (2011b) found
that nectar uptake by warblers was not restricted to
birds in poor condition, and may be an important
water and energy source: uptake was followed by an
increase in plasma glucose levels. The availability
on migration of diverse and abundant flowering
plants could play a role in the conservation
management of long-range migratory warblers by
providing strategically located stopover sites en route;
the identification and support of these sites may be of
considerable importance.

Pollen sampled from migrant warblers at the same site
in the late 1950s (Ash 1959) found that all 11 putative
pollen samples from whitethroats (S. communis, n=5),
Blackcaps (n=4), a Willow Warbler and a Chiffchaff
contained Citrus pollen. The small sample sizes
preclude statistical comparison with this study, but the
absence of Eucalyptus is noteworthy. In a later study of
warblers sampled in southern France, Ash et al. (1961)
found that Blackcaps, Willow Woarblers, Chiffchaffs
and Orphean Warblers Sylvia hortensis all carried
pollen that contained mostly Citrus, with some pine
Pinus, maple Acer and bog myrtle Myrica. Ash et al.’s
(1961) data indicate that between 1.3% and 12% of
Blackcaps carried visible pollen, with variation linked
to date within a given year. Laursen et al. (1997), in a
study at five sites in Denmark, found that warbler
species differed in the prevalence of pollen (between
0.4% and 4.4%). Notably, samples collected from
Phylloscopus  warblers arriving in Denmark were
dominated by Eucalyptus pollen (as was the case for
Phylloscopus warblers sampled in this study). The
majority of these previous studies were based on small
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samples of migratory birds analysed for pollen diversity
(n=3, Ash 1959; n=44, Ash et al. 1961; n=38,
Laursen et al. 1997). With these relatively small
sample sizes, we can only speculate on the potential
role of changing vegetation distribution patterns in the
intervening decades, but the detection of Eucalyptus
pollen in later studies (Laursen et al. 1997; Cecere
et al. 2011a; this study) might reflect an increase in
the planting of Eucalyptus around the Mediterranean
since the 1950s for use in paper production and in
drainage projects (Doughty 2000).

At the outset of this study, the aim was to detect
pollen from plant taxa that would allow location of
wintering grounds. This was not possible, for three
reasons. First, the taxonomic specificity of microscopic
examination of pollen was not sufficiently detailed to
allow use of plant distribution data to indicate bird
distribution. More detailed microscopic examination
may cast light here. The molecular identification of
pollen to reveal hidden taxonomic diversity may also
be useful, analogous with the cryptic molecular species
diversity of parasites (Bensch et al. 2004). Second, the
ranges of plants in potential wintering grounds are not
mapped at a sufficiently fine geographic scale to be
informative: a ‘ground-truthing’ restriction. Third, it
remains unclear whether warblers carrying pollen on
arrival in the UK are representative of the wider
population. The absence of pollen on the majority of
birds ringed at Portland Bird Observatory (~95%, P.J.
Morgan & M. Cade, pers. comm.) may indicate that
flowering plants are unavailable en route (unlikely
given the timing of migration) or that most individuals
do not need to land and take advantage of the high
energy nectar and/or insect resource offered by
flowering plants. It may be that those individuals
collecting pollen are taking respite during bad weather
or are individuals that need to ‘top up’ reserves, i.e.
individuals migrating sub-optimally. Palynologists
know that some pollen taxa are more adhesive than
others. For example, Citrus (F. M. Chambers, pers.
comm) and Eucalyptus (Girijashankar 2010) are
known to be sticky, explaining why they are most
commonly found on the birds we sampled (Fig. 2).
Little is known about the loss of pollen from subjects,
certainly not birds (although Laursen et al. 1997 note
that pollen encrustations may be retained from
previous seasons until feathers are moulted), and so
this is an area requiring further research in forensic
palynology. Some pollen taxa may, therefore, be more
useful than others as geographical markers. The search
for African pollen taxa, a hope that tantalized earlier
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(b)

Figure 2. Typical pollen encrustations found on warblers at Portland Bird Observatory. (a) Blackcaps S. atricapilla are most commonly found with
orange, waxy pollen encrustations (probably from Citrus), while (b) Chiffchaffs P collybita typically carry brown-black pollen (probably from

Eucalyptus).

researchers (Ash 1959, Laursen et al. 1997), was
unsuccessful in the current study, suggesting that
pollen analysis might be useful only as an indicator of
migratory behaviour in the short term, and not of
migratory wintering quarters. This seems more likely to
be a reflection of foraging ecology than a systematic
short-coming of the technique, with pollen
representing recent flower foraging activity when en
route, rather than a record of overwintering foraging
activity.

Whatever the experience of the minority of birds
carrying obvious pollen encrustations, there remains the
potential to study the remaining majority of ‘clean’ birds,
by examining small amounts of pollen trapped in
feathers. The microscopic structure of feathers appears to
trap pollen (J.C. Webb, pers. obs.) potentially enabling
the study of birds that may be more representative of the
population and so increasing sample size. In order to
yield sufficient pollen samples for analysis, this study was
limited to two congeneric species pairs of warblers.
Wider sampling of ‘clean’ feathers from a larger number
of congeneric species pairs would be feasible, and may
provide enough pollen to examine more robustly the
contributions of foraging ecology (genus) and migratory
strategy to pollen assemblages. Increased sample size may
detect more uncommon pollen taxa, which when
combined with vegetation distribution mapping, for
example, Atlas Florae Europeae (Jalas & Suominen
1988), may enable the identification of wintering
grounds in a way similar to that used for forensics and

the reconstruction of past vegetation patterns (Huntley
& Birks 1983, Delcourt & Delcourt 1991).

Pollen encrustations on migratory warblers act as log
of the migratory ecology of their avian carriers,
revealing marked differences in foraging ecology and
the potential importance of arboriculture as a resource
on migration. But inferring migratory routes by the use
of pollen studies remains elusive: significant advances
in both field and laboratory are required, particularly
for small passerines, to combine fieldwork focussed on
suspected wintering areas with innovative analytical
approaches.

ACKNOWLEDGEMENTS
We thank the warden of Portland Bird Observatory and Field

Centre, Martin Cade, and its many visiting bird ringers for
their support and assistance with sample collection, in
particular Emma Cockburn, Denis and Val Jackson, Hannah
and Glenn Thomas, Liz Kerr and lain Dodd. John R.G.
Daniell carried out laboratory pollen identification in the
Centre for Environmental Change and Quaternary Research

(CECQR) at The University of Gloucestershire.

FUNDING

We thank the British Ecological Society for funding from a
Small Ecological Project Grant (ref. 702/815).

REFERENCES

Alstrom, P, Ericson, PG.P, Olsson, U. & Sundberg, P 2006.
Phylogeny and classification of the avian superfamily Sylvioidea.
Mol. Phylogenet. Evol. 38: 381-397.

Ash, J.S. 1959. Pollen contamination by birds. Br. Birds 52: 421-426.

© 2014 British Trust for Ornithology, Bird Study, 61, 361-370



370 M.J. Wood et al.

Ash, J.S., Jone, PH. & Melville, R. 1961. The contamination of birds by
pollen and other substances. Br. Birds 54: 93-100.

Bairlein, F. 2003. The study of bird migrations — some future
perspectives. Bird Study 50: 243-253.

Barbour, R.C., Potts, B.M. & Vaillancourt, R.E. 2005. Pollen dispersal
from exotic eucalypt plantations. Conserv. Genet. 6: 253-257.

Bensch, S., Pérez-Tris, J., Waldenstrom, J. & Hellgren, O. 2004.
Linkage between nuclear and mitochondrial DNA sequences in
avian malaria parasites: multiple cases of cryptic speciation? Evol.
58: 1617-1621.

Beresford, P, Barker, FK., Ryan, P.G. & Crowe, T.M. 2005. African
endemics span the tree of songbirds (Passeri): molecular systematics
of several evolutionary ‘enigmas’. Proc. R. Soc. London, Ser. B 272:
849-858.

Carey, C. 2009. The impacts of climate change on the annual cycles of
birds. Philos. Trans. R. Soc., B 364: 3321-3330.

Cecere, J.G., Matricardi, C., Frank, B., Imperio, S., Spina, F,
Gargallo, G., Barboutis, C. & Boitani, L. 2010. Nectar
exploitation by songbirds at Mediterranean stopover sites. Ardeola
57: 143-157.

Cecere, J.G., Cornara, L., Mezzetta, S., Ferri, A., Spina, F. &
Boitani, L. 2011a. Pollen couriers across the Mediterranean: the
case of migrating warblers. Ardea 99: 33-42.

Cecere, J.G., Spinq, F.,, Jenni-Eiermann, S. & Boitani, L. 2011b.
Nectar: an energy drink used by European songbirds during spring
migration. J. Ornithol. 152: 923-931.

Cramp, S. & Simmons, K.E.L. (eds) 1983. The Birds of the Western
Palearctic. Oxford University Press, Oxford.

Crawley, M.J. 2013. The R Book. John Wiley & Sons, Chichester.

Delcourt, H.R. & Delcourt, PA. 1991. Quaternary Ecology: A
Paleoecological Perspective. Springer, New York and London.

Doughty, R.W. 2000. The Eucalyptus: A Natural and Commercial History
of the Gum Tree. Johns Hopkins University Press, Baltimore.

Erdtman, G. 1960. The acetolysis method, revised description. Svensk
Bot. Tidskr. 54: 561-564.

Girijashankar, V. 2010. Effect of Eucalyptus pollen isolation methods on
pollen viability, debris content, quantity isolated and pollen density per
stigma. J. Plant Breeding Crop Sci. 2: 273-279.

Goodenough, A.E., Elliot, S.L. & Hart, A.G. 2009. The challenges of
conservation for declining migrants: are reserve-based initiatives
during the breeding season appropriate for the Pied Flycatcher
Ficedula hypoleuca? Ibis 151: 429-439.

Hobson, K.A. 2008. Using endogenous and exogenous markers in bird
conservation. Bird Conserv. Int. 18: S174-S199.

Holm, E. & Laursen, K. 1982. Observation and experiments on the oral
apparatus and its function in some warbler species (Sylviidae). Zool.
Anz. Jena 209: 224-246.

Huntley, B. & Birks, H.J.B. 1983. An Atlas of Past and Present Pollen
Maps for Europe: 0-13000 Years Ago. Cambridge University Press,
Cambridge.

Jalas, J. & Suominen, J. (eds) 1988. Atlas Florae Europaeae. Distribution
of Vascular Plants in Europe. Cambridge University Press, Cambridge.

Laursen, K., Holm, E. & Sorensen, I. 1997. Pollen as a marker in
migratory warblers, Sylviidae. Ardea 85: 223-231.

Mcgarigal, K., Cushman, S. & Stafford, S.G. 2000. Multivariate Statistics
for Wildlife and Ecology Research. Springer, New York and London.
Mckinnon, E.A., Fraser, K.C. & Stutchbury, B.J.M. 2013. New
discoveries in landbird migration using geolocators, and a flight

plan for the future. Auk 130: 211-222.

Mildenhall, D.C., Wiltshire, PE.J. & Bryant, V.M. 2006. Forensic
palynology: why do it and how it works. Forensic Sci. Int. 163: 163-
172.

Moore, PD., Webb, J.A. & Collinson, M.E. 1991. Pollen Analysis, 2nd
edn. Blackwell Scientific Publications, Oxford.

Morrison, C.A., Robinson, R.A., Clark, J.A. & Gill, J.A. 2010. Spatial
and temporal variation in population trends in a long-distance
migratory bird. Divers. Distrib. 16: 620-627.

Newton, 1. 2010. Bird Migration. Collins, London.

Newton, I. & Brockie, K. 2008. The Migration Ecology of Birds.
Academic Press, London.

Ortega-Olivencia, A., Rodriguez-Riano, T., Valtuena, FJ., Lopez,
J. & Devesaq, J.A. 2005. First confirmation of a native bird-pollinated
plant in Europe. Oikos 110: 578-590.

Prentice, 1.C. & Webb, T. 1998. BIOME 6000: reconstructing global
mid-Holocene vegetation patterns from palaeoecological records.
J. Biogeogr. 25: 997-1005.

R Core Team 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
http://www.R-project.org.

Shaw, PJ.A. 2003. Multivariate Statistics for the Environmental Sciences,
Arnold, London.

Sibley, C.G. & Ahlquist, J.E. 1990. Phylogeny and Classification of Birds:
A Study in Molecular Evolution. Yale University Press, New Haven, CT.

Tabachnick, B.G. & Fidell, L.S. 2007. Using Multivariate Statistics, 5th
edn. Allyn & Bacon, London.

Wernham, C.V,, Toms, M.P, Marchant, J.H., Clark, J.A.,
Siriwardena, G.M. & Baillie, S.R. 2002. The Migration Atlas:
Movements of the Birds of Britain and Ireland. T. & A.D. Poyser, London.

(MS received 22 January 2014; revised MS accepted 16 June 2014)

© 2014 British Trust for Ornithology, Bird Study, 61, 361-370


http://www.R-project.org

7. Conclusion

The papers presented in this thesis unite to demonstrate the breadth and scope of
palynology. Knowledge is advanced in traditional palaeoecological studies by providing a
vegetation history of two exposed islands off the Pembrokeshire coast, Wales (Webb et al.
2017; Webb et al. 2022a). Long-standing questions regarding the natural baseline
vegetation on the islands before human occupation have been answered, and the pollen
records are used to inform management of the island, and archaeological investigations.
Examples of the temporal and spatial scope of palynology is demonstrated through Webb
and Goodenough (2021) and Webb et al. (2022b) whereby two short past climate
perturbations are reviewed spatially. These unique studies provide further evidence of the
importance of spatial data in palaeoecology to explore the role of climate and
anthropogenic forced events across wide (multi-site) areas, particularly when understanding
regional or global events. Understanding the past is key to understanding future
environmental events of similar scales (as predicted to occur in the near future (Christensen
and Christensen 2007)) and this theme is carried forward into Webb and Goodenough
(2018); Goodenough and Webb (2022); and Goodenough and Webb (submitted) where
palaeoecological data is employed to answer contemporary questions or to test ecological
theory. The innovative approach in Webb and Goodenough (2018) to evaluate the Ancient
Woodland Indicator system demonstrates that this commonly used approach in
contemporary ecology has limitations. Importantly, this paper also illustrates that
opportunities should be built upon between ecologists and palaeoecologists to further
strengthen ecological research over timescales that are not recorded by observations.
Finally, the breadth of palynology is supported by Hart and Webb (2013); Wood et al. (2014)
and Webb et al. (2018) by using pollen as a provenancing tool. Webb et al. (2018) advances
knowledge in forensic palynology by illustrating the importance for empirically testing
taphonomic variables before testifying in court, and Wood et al. (2014) investigates the

pollen from bird bills to establish trace evidence of migratory foraging stops.

While the papers presented in this thesis are on different topics within palynology, they are
united together by their demonstration of the utility of pollen analysis in differing fields.

Each paper advances knowledge within the various sub-disciplines, but they also unite in the
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progression towards sharing data with non-traditional palynologists, whether that is

archaeology, contemporary ecology, or forensics.

7.1 Future plans

The culmination of this thesis does not mark the end of my active research. It has been a
good exercise to reflect on my experiences so far and to remind myself of the as yet
unexplored possibilities for research and collaboration. My research ‘niche’ remains broad
and | continue to span multi-discipline areas encompassing traditional palaeoecology,

modern ecology and forensics.

Future plans include a paper exploring another ecological theory (much like Goodenough
and Webb (Submitted)) — this time in comparing past Coleopteran richness with pollen
richness. Gaston (1996) and Brunbjerg et al. (2018) report that vascular plant species
richness is a good indicator of multi-taxon species richness in modern ecology. However,
this theory has not been fundamentally tested against palaeoecological data, but it is
assumed that the principle of uniformitarianism applies. Data mining the Neotoma
database, and calling on data submissions from PalaeoSIG members, Coleopteran and
palynological data is being retrieved jointly within robustly dated time horizons. The paper
aims to explore whether beetle and pollen richness in the past is as strongly correlated as
the present day (of course there are several caveats here to unravel: plant richness and

pollen richness are not the same; beetle data is localised and pollen can be regional).

Another project in the pipeline takes advantage of the mutually-beneficial practice of
researching with student collaborators. This project, which follows on from Wiltshire
(2006b) and investigations | was involved with relating to the Ipswich murders in 2006/7,
will consider the natural accumulation of pollen in hair. In Wiltshire (2006b) a case study
from a murder investigation reports the palynological profile from a victim’s hair. Wiltshire
is able to disentangle the assemblage of pollen of an unkempt garden from the background
signal of pollen from the victim’s burial site. What is unknown throughout this investigation
is the ‘natural’ signal of pollen picked up by hair during routine events, and how much is lost
through normal washing procedures. In the reported case Wiltshire considers there is
unlikely to be pollen rain on the victim’s hair as the victim went missing in November, but if

this case was in spring the pollen signal in their hair would be confounded by the natural
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pollen rain, making successful connections between the victim and pertinent places difficult.
The project with student collaborators involves rinsing water from tri-weekly hair washings
being collected throughout spring to assess the natural accumulation of pollen in hair during
normal daily events (in an urban setting). To further explore the difference made by hair
contacting the ground surface (as in many criminal cases), hair washings will also be
collected after: (1) contact with (lying on) grassy parkland; and (2) contact with (lying on) a

forest floor.

Finally, this autumn and with the spring tide, | plan to return to Pembrokeshire and explore
the submerged forest stumps in the sound. Mapping also looks promising for possible coring
sites in the wetland heath and slacks beyond Marloes Sands to potentially find the missing
Mesolithic sequence. | will be collaborating with a coastal geomorphologist and diatomist,
and hoping to supplement palynology with diatom studies to support the reconstructions of
the changing coastline throughout the Holocene. Mike Alexander, long-term Skomer Island
volunteer (Pers. Comm.) remains very keen to find a longer palynological record on the
Island — given the extensive bathymetric survey of the Island that | completed in 2012 to
find suitable coring locations, | don’t think that will be the case, but | stand ready to
support! The CHERISH project is funded for one more year (unless extended owing to the
pandemic hiatus) and may also yield opportunities to collaborate on other coastal locations
in a bid to find a longer Holocene sequence and investigate the Mesolithic loss of woodlands

in the area.

Regardless of the nature of the research, the projects in my research niche are united by the
application of palynology to explore new and understudied areas. While palynology is
expensive and time consuming as it is heavily reliant on human power (“a week in the field
equals a year in the lab”), palynology has been instrumental in answering so many research
guestions in the last 100 years (Bryant and Jones 2006; Willis and Birks 2006; Birks and

Berglund 2018) and continues to do so.

So, to answer Jacquelyn Gill’s question in her blog (Gill 2013): Is pollen analysis dead? I'd say

III

“no... at least, not yet
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