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Abstract: A multi-proxy palaeoenvironmental dataset (LOI, pollen, charcoal, grain sizes and the
humification index) was extracted and radiocarbon dated from a sedimentary sequence from Spur
Bog, central South Haven Peninsula (Dorset, southern England) to reconstruct ecological and envi-
ronmental changes within the last ~900 years. These analyses reveal highly unstable environmental
conditions at the site, evidencing the occurrence of multiple, often rapid changes during this pe-
riod. The results significantly expand upon the existing palaeoenvironmental and geomorphological
frameworks of the South Haven Peninsula which previously relied upon sparse, vague historical
records prior to ~1750 AD. The multi-proxy dataset of Spur Bog sediments recorded a primary “de-
velopment” phase (~1150-1470 AD) during which marine processes were the dominant control upon
environmental conditions at the site, resulting in marked geomorphological changes that lead to the
progressive eastward expansion of the South Haven Peninsula. This is followed by a secondary “mat-
uration” phase (~1470-1880 AD) during which the Spur Bog sequence exhibits significant ecological
changes in response to fluctuations in sea level, coastal erosion and human activity, demonstrating
the vulnerability of the site to future climatic and anthropogenic pressures.

Keywords: ecology; wildfire; landscape changes; Spur Bog; South Haven Peninsula; southern
England; late Holocene

1. Introduction

Due to their sensitivity to rapid geomorphological and ecological changes [1,2], coastal
environments are acutely vulnerable to the impacts of anthropogenic pressures and future
climate uncertainty, such as sea level rise, coastal flooding and groundwater salinisation [3].
In addition, coastal environments are of significant socio-economic-ecological importance,
presenting significant risks to environmental processes and human activities should these
areas become destabilised [4,5]. The South Haven Peninsula, Dorset (southern-central
England), supports numerous internationally important habitats, including Spartina salt
marshes, sand dunes, wetlands, peat bogs and heathlands, resulting in substantial research
focus upon the area [6—10]. Historical records reaching back to the late 16th century AD
indicate rapid geomorphological changes in this area which were most likely accompanied
by significant environmental changes, although the exact timings and driving mechanisms
of which are currently uncertain.

Today, much of the South Haven Peninsula is a National Reserve and forms part of
the Dorset Area of Outstanding Natural Beauty, which, due to its rich biodiversity, attracts
millions of visitors each year. In response to the rapid geomorphological changes at the
Peninsula and in light of current climate change, i.e., rising sea level and increasing storm
frequency, a ‘Shifting Shores’ coastal change policy was launched by National Trust in 2005
in order to aid the recognition and planning of coastal properties in the Purbeck/Studland
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area, to ensure that continuing tourism does not impede upon the conservation of natural
habitats [11]. One active management strategy is controlled burning to preserve heathland
habitats near the study site [11].

The aim of this study is to provide quantitative evidence and a timeline for past
geomorphological and ecological changes in response to rapid climate and environmental
change by applying a multi-proxy approach (pollen, charcoal, humification, and grain
sizes) on a sediment core from Spur Bog located on the south-central part of South Haven
Peninsula. These results are critical for better understanding and facilitating the effective
mitigation of the risks by the National Trust associated with future climate uncertainty and
anthropogenic pressures in these regions.

2. Study Site
2.1. Location of Spur Bog and Geology of South Haven Peninsula

Spur Bog is an area of wetland situated on the south-western shore of the coastal fresh-
water lake ‘Little Sea” on the South Haven Peninsula in Dorset, southern England (Figure 1).
The site is located within the Studland and Godlingston Heath National Nature Reserve
(SSSI) and managed by the National Trust. Presently, environmental conditions at the Spur
Bog are that of an ombrotrophic lowland bog supporting wet acidophilus heath and shrubs.
The Spur Bog is constrained by an area of Betula- and Pinus-dominated woodland to the
south referred to as “Twelve Acre Wood’, whilst dry heathland of Spur Heath, the Little Sea
and Ferry Road constrain the Spur Bog to the north, east and west, respectively.

The geology of the South Haven Peninsula is characterised by Palaeocene sedimentary
rocks in the western part, specifically by the Broadstone Clays and overlying Parkstone
Clays and Sands of the Eocene Poole Formation (formerly ‘Bagshot Beds’), which are locally
overlain by Pleistocene fluvial terraces [12-14]. The geology of the central and eastern part
of the Peninsula is entirely made up of young (>400 years) dune ridges (aeolian sand),
beach sands and gravel deposits (Figure 1d).

The cliffs of the Poole Formation east of Bournemouth and in the south of Studland
Bay (Figure 1c) are the main sources of material that have continuously supplied the
accumulation of sand and gravel along the mostly wind-protected eastern shore of the
South Haven Peninsula over the last >400 years [14,15]. Figure 1c (see below) depicts the
main sediment transport processes within the Studland Bay area. The original coastline was
located at the western shore of Little Sea, which is today marked by 6-9 m rises in elevation
onto the Plateau Heath (Figure 1d) [14]. Though most of the South Haven Peninsula is
sheltered from prevailing south-westerly winds and storms, some considerable erosion
occurs at the southern shores of Studland Bay and at the northern end of the Peninsula
(Figure 1c). Eroded sediments from the south are transported northwards along the
shoreline (littoral drift that aligns with prevailing winds; yellow arrow in Figure 1c) and
deposited in the north-eastern part of South Haven Peninsula, predominantly forming
the long-term extension of the spit [11,16]. Seasonal weather fluctuations can furthermore
initiate wave-driven sediments to be pushed up the beach (blue arrows in Figure 1c). These
sediments are either supplied by strong tidal currents from Poole Harbour (red arrow in
Figure 1c) or derive from cliff and dune erosion east of Bournemouth and at the northern
tip of South Haven Peninsula (orange arrow in Figure 1c) [11]. Furthermore, sediment
accumulation at the Peninsula also occurs by aeolian transport, forming dunes (green
arrows in Figure 1c).
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Figure 1. (a,b) Google Earth (2021) satellite images showing the study area in southern England.
(c) Aerial image (Google Earth, 2021) of the South Haven Peninsula with the coring location at Spur
Bog (red star). Coloured arrows indicate the main sediment transport processes in Studland Bay,
based on the SCOPAC Sediment Transport Study [16], modified from [11]. (d) Geological map of
South Haven Peninsula (modified from [14]).

2.2. Historical Records of the Geomorphological Developments of South Haven Peninsula

The earliest surviving contemporary depictions of the South Haven Peninsula date
to the late 16th and early 17th centuries AD [17-21] (Figure 2). These sources depict the
presence of a long, thin peninsula extending north easterly across Poole Harbour, with
little evidence of sediment build up further east than its present-day western shore and
no reference to the presence of freshwater bodies such as the Little Sea [6] (Figure 2a,b).
Although no scale is defined within these sources, it is likely that the width of the peninsula
ranges from 700 yards (640 m) at its widest to the south and <300 yards (<275 m) at
its narrowest point protruding into Poole Harbour, whilst the vegetation status of the
peninsula at this time is thought to have been predominantly heathland [6].
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Figure 2. Physiological maps of the South Haven Peninsula during (a) the late 16th century AD [17];
(b) the mid-17th century AD [20,22]; (c) and the early 18th century AD [6,23].

Contemporary sources from the late 17th and early 18th centuries AD depict the
formation of a wide, sandy beach along the eastern shore of the peninsula [24], whilst
the development of additional dune ridges is noted behind Studland Beach and drainage
channels running from the bay to an area shielded from Studland Bay by a thin sand bar
protruding across the southern half of the inlet is evident in the work of [6,23] (Figure 2c).
The aforementioned sand bar is approximated to be ~1000 yards (900 m) in length [6].

The development of this landform is further detailed during the late 18th century
AD [25], by which time the beach had expanded eastward, becoming approximately half a
mile (~800 m) wide [6] (Figure 3a). The system of drainage channels presented in the work
of [6,23] appears to have developed into a lagoon, now referred to as ‘Little Sea’, which
is noted to become inundated at high water due to the continued presence of drainage
channels stretching from the lagoon into Studland Bay. The illustration by [26] of the South
Haven Peninsula (Figure 3b) depicts further expansion of the South Haven Peninsula,
including the development of an extensive dune system along the shore of the Little Sea
and South Haven point. The expansion of these dune systems significantly encroaches upon
Studland Beach, which is bisected by a sand ridge noted to be covered only at very high
tide. The northern and southern halves of the Little Sea are split by a channel extending
into Studland which facilitates tidal in-wash at high water, temporarily connecting these
areas. Ecologically, the peninsula is characterised by dune environments in the west and
heathland to the east, whilst marshland conditions are indicated around the Little Sea.

STUDLAND STUDLAND

BAY . BAY

1(a) 1785 AD | | (b) 1849 AD © | s HEa ~ . (c)1925AD

Figure 3. Physiological maps of the South Haven Peninsula during (a) the late 18th century AD [25];
(b) the mid-19th century AD [26], retrieved from Diver [6]; and (c) the early 20th century AD (1925
AD), retrieved from [27].
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The study by Diver [6] notes significant geomorphological changes to the peninsula
between the late 19th and early 20th centuries AD, including rapid erosion of the north-
eastern tip of the peninsula, receding southward by 200 yards (180 m) between 1886 AD
and 1924 AD (Figure 3c). In contrast, sediment accretion is noted along the eastern coast of
the peninsula, resulting in eastward propagation out into Studland Bay by approximately
80 yards (72 m) during this time, attributed to the alteration of sediment transport pathways
due to the construction of the Pier and coastal defences at Bournemouth [14]. Marked
changes in environmental conditions are also noted within the interior of the South Haven
Peninsula during this time, including in the reconnection of the northern and southern
sectors of the Little Sea into a contiguous body of water totalling 35,400 m? by 1912 AD [6,10].
This lake was completely isolated from marine in-wash as a result of the aforementioned
eastward propagation of the peninsula’s eastern shore during the late 19th/early 20th
centuries AD, with freshwater conditions (0.17 kg m 2 NaCl) established within the Little
Sea by 1932 AD [6]. Meanwhile, the formation of a further water body on the peninsula a
short distance eastward of the Little Sea, referred to as ‘Eastern Lake’, is also noted to have
occurred between 1894 AD and 1900 AD (Figure 3c).

Geomorphological changes to the South Haven Peninsula throughout the mid/late
20th and early 21st centuries AD are well documented as a result of extensive aerial
photography of the area in addition to the monitoring of sediment accretion/erosion rates
and the conduction of various geomorphological and ecological surveys [6,10,28-30]. These
records evidence significant erosion of the north-eastern shores of the peninsula, recorded
to be 0.5 m yr_1 between 1933 AD and 1970 AD [31] and 0.4 m yr‘1 between 1951 AD and
2001 AD [32], contrasted by records of rapid sediment accretion along the south-eastern
shore of the peninsula—ranging between 2.15 and 4.3 m yr~! (1936-1970 AD; [31]) and
1.12 to 2.43 m yr—! (1963-1970 AD; [33]). The interior of the peninsula also evidences
significant geomorphological changes throughout the 20th century AD, including marked
degradation of the dune systems to the east of the Little Sea as a result of military exercises,
the construction of coastal defences and high levels of footfall [10], whilst a significant
amount of WW2 era ordnance was dumped into the Little Sea [11]. Presently, the South
Haven Peninsula is threatened by the disruption of sediment supply associated with the
construction of Bournemouth Pier in the early 20th century AD [14] and relative sea level
rise in the region [9,34,35].

2.3. Material and Methods

Fieldwork included transect mapping and coring and was carried out on Spur Bog in
June 2018. A south-easterly transect consisting of twelve sampling points approximately
one metre apart from one another was carried out across the centre of the bog using an
auger gouger (Figure 4).

Of these sampling sites, transect point 4 (N 50°39'31.248", W 001°57/46.512") yielded
the deepest gouger depth (132 cm) and thus was targeted for coring. Five contiguous,
10 cm overlapping sediment cores were taken at this transect point using a Russian Peat
Corer of 50 cm length and a 6 cm diameter. A contiguous composite profile, SPUR-A, of
129 cm length was constructed for the sequence, excluding truncation of the sequence at
0-7 cm and 10-17 cm due to waterlogging (Figure 5). The cores were photographed, and
the sedimentology was described prior to processing for multi-proxy analysis (loss on
ignition (LOI), charcoal, pollen, humification, and grain size).

The composite profile SPUR-A was sub-sampled (~1 cm?) contiguously at 1 cm reso-
lution (with the exception of the truncated sections at 0-7 cm and 10-17 cm) to quantify
sediment organic matter content, achieved via LOIL Samples were dried in an oven at
105 °C for 24 h, then combusted in a furnace at 550 °C for 2 h with mass loss recorded
between each step to enable the calculation of organic matter.
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Figure 4. Location map of the NNW-SSE transect and sampling points of Spur Bog. The composite
core SPUR-A has been taken from transect point 4 (yellow square).

The composite profile was additionally sub-sampled (~1 cm?) for pollen analysis
to reconstruct vegetation changes at ~7 cm resolution between 23 cm and 128 cm, with
sampling in the upper 23 cm sequence limited by a lack of suitable material. Sample
preparation was achieved following the standard extraction technique of sieving and
acid digestion [36]. Processed samples were then mounted on microscope slides, and all
pollen grains (56-563 grains per sample; see Supplement Table S1) were quantified and
identified under a Zeiss transmitted light microscope at 400x and 1000 x magnification
to the lowest taxonomic level possible by morphology following [37] and comparison
against reference collections available at the Physical Geography Laboratory of the School
of Environment, Geography and Geosciences, University of Portsmouth. Raw pollen
counts were categorised according to vegetation type (e.g., arboreal, dwarf shrub, herb and
aquatic) and converted into relative abundance values for each taxon. Relative abundance
assemblages were plotted stratigraphically using the ‘Rioja’ (v. 0.9-21) package for RStudio
(v. 3.6.1) [38]. Following this, correlation analysis was performed to determine statistical
relationships between microcharcoal, macrocharcoal, pollen concentration and pollen taxa
to reconstruct sediment influx and ecosystem fire response (see Supplementary Table S1).

Down-core macrocharcoal and microcharcoal concentrations, defined as >125 um
and <125 um, respectively [39], were quantified to reconstruct local sediment influx and
fire regime. The composite sequence was sub-sampled (~1 cm®) contiguously in 1 cm
increments between 20 cm and 129 cm and (where possible) between 0 cm and 20 cm
for macrocharcoal analysis, whilst microcharcoal analysis was carried out using samples
prepared during the aforementioned pollen analysis. Samples prepared for macrocharocal
analysis were sieved to remove material <125 um, submerged in a sodium hypochlorite solu-
tion for five minutes, diluted and transferred to a gridded agar plate for counting. Counting
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was completed at low magnification (10-20x) using a stereoscope, with macrocharcoal
concentrations expressed as a raw count of total observed fragments. To account for vari-
ability in macrocharcoal concentrations due to sediment deposition flux, sedimentation
rates (cm yr—!) were applied to raw macrocharcoal concentrations cm 2, enabling the
calculation of annual charcoal accumulation rates (CHAR, particles cm =2 yr~1).

SPUR-A Composite Legend:
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0
gap
10 peat

o organic-rich sediment
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30
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Figure 5. Lithology of composite profile SPUR-A, composed of five overlapping sediment cores SPUR-
A-1 to SPUR-A-5 from Spur Bog, and positions of plant macrofossils sampled for radiocarbon dating.

Grain size analysis was carried out on detrital sediments of the composite profile
contiguously between 109 cm and 128 cm at a resolution of 1 cm. Sub-samples of 1 cm?
were mechanically stirred in solution with deionised water and underwent laser diffraction
analysis using a Malvern Mastersizer 3000 to quantify sediment grain sizes within each of
the samples. The process was repeated on each sample three times, from which an average
reading was calculated to reduce the effect of anomalous readings upon the dataset.

Humification analysis was limited to peat and organic-rich sections of the Spur Bog
composite profile and undertaken at 10 cm resolution between the depths of 26 cm and
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86 cm (Figure 5). The humification index (absorption value) has been obtained by using
spectrophotometry, following the standard methodological process detailed in [40]. The
measurement of each sample was repeated three times, from which an average absorbance
value was calculated.

During sub-sampling of the composite profile for the aforementioned analyses, two
plant macrofossils suitable for 1*C dating were extracted from the sequence at depths of
51 cm and 109 cm, respectively. These samples were analysed using Accelerator Mass
Spectrometry (AMS) at Beta Analytic, Florida (USA). The AMS radiocarbon ages returned
from this analysis were calibrated against the IntCal20 curve [41], whilst an age-depth
model was developed using Bayesian modelling with OxCal v4.4.4 [42] (Table 1, Figure 6).

Table 1. AMS radiocarbon dates for samples extracted from the Spur Bog composite profile SPUR-A.

14C Age (a BD), Calibrated Age (cal BP), Modelled Age (cal

Sample ID Material Depth (cm) 2 o Error 2 o Error (Median) BP/cal AD)
Beta-507699 Wood macrofossil 51 130 £ 30 143 £ 135 (116) 250/1700 AD
Beta-501273 Wood macrofossil 109 860 + 30 793 + 104 (758) 740/1210 AD

0 i
Dafe-Stifac

501 R_Dafe Beta-507

Sediment depth {cm)

100

R_Date Beta-5012

117 em (bottom)—

P_Sequence(1,0.9,U(-0.2,0.2),

1 I I 1
800 1000 1200 1400 1600 1800 2000
Modelled date (cal AD)

Figure 6. Bayesian age-depth model of composite profile SPUR-A from Spur Bog (excluding the
Eocene clays at 117-129 cm depth). The model used the IntCal20 calibration curve [41] and the OxCal
v4.4.4 software [42].

Detailed information of the age-depth model and multi-proxy raw data are provided
in Supplementary Table S1.
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3. Results
3.1. Lithology

The composite profile SPUR-A is composed of clays, sands, silts, organic-rich sediments
and peats (Figure 5). The basal sediments of the Spur Bog sequence (129-117 cm) consist
of a beige-greyish claystone bedrock, identified as the Eocene Poole Formation—formerly
‘Bagshot Beds’ [12-14]. A sharp lithological boundary is visible at 117 cm, marked by the
transition from claystone bedrock to brownish coarse sands and fine gravels which persist
until 109 cm, where a diffuse transition towards brownish mixed silts and sands is noted.
A second diffuse transition is noted at 88 cm from silts/sands to organic-rich sediments,
followed by an abrupt transition to peats at ~62 cm depth. These peats persist throughout
the remainder of the upper sequence with the exception of 17-10 cm and 7-0 cm, where the
profile is truncated due to waterlogging.

3.2. Chronology

The chronological framework for the Spur Bog sequence is based on interpolation us-
ing the two AMS radiocarbon dates of 142 + 133 cal BP (~1700 cal AD) and 798 & 103 cal BP
(~1210 cal AD) at 51 cm and 109 cm composite depth, respectively (Table 1). The con-
structed age model (Figure 6) indicates that the deposition of sediments upon the Eocene
Bagshot Bed Formation at 117 cm depth at the site likely began during the late Holocene
at ~900 cal BP (~1150 cal AD). However, this age model does not consider the lithological
changes at 109 cm from silts/sand to sand/gravel and at 117 cm from sands/gravel to the
Eocene clays and silts, and hence the modelled ages below 109 cm composite depth only
represent rough estimates which require further confirmation. According to the age model,
the transition from silts/sands to organic-rich sediments at 88 cm composite depth is dated
at ~550 = 100 cal BP (~1390 cal AD = 100 years), continuing until the deposition of peats
~340 £ 100 cal BP (~1610 cal AD =+ 100 years) until the present day.

3.3. LOI (Organic Matter Content)

LOI values within the basal Eocene clays (129-117 cm) are extremely low (<5%) and
remain low (<10%) throughout the sand/gravel and silt/sand lithological layers within
the lower sequence (117-88 cm depth, ~1150 to 1390 cal AD; Figures 6 and 7). A slight
increase in LOI values to 15% is evidenced following the transition from silts/sands to
organic-rich sediments at 88 cm (~1390 cal AD; Figures 6 and 7). LOI values increase
steadily to 40% between 86 and 82 cm (~1400-1440 cal AD; Figures 6 and 7), followed by
an abrupt decrease to 14% between 82 and 80 cm (~1440-1455 cal AD; Figures 6 and 7). At
79 cm (~1470 cal AD), LOI concentrations rebound quickly to 67% and remain relatively
high (40-70%) throughout the remainder of the organic-rich sediment layer, with further
peaks of 67-68% noted at 77-76 cm (~1480-1490 cal AD), 68 cm (~1560 cal AD), and 63 cm
(~1600 cal AD; Figures 6 and 7). A further abrupt increase in LOI values to 80% occurs
in the sequence at 62 cm depth (~1610 cal AD; Figures 6 and 7), corresponding to the
lithological transition from organic-rich sediments to peats. LOI values are extremely high
~80-95% following this transition until 52 cm (~1610-1690 cal AD), before declining to
61% at 36 cm (~1800 cal AD; Figures 6 and 7). LOI values increase once again throughout
the peaty sediments, recovering to ~90% prior to truncation of the sequence at 17 cm
(~1910 cal AD; Figures 6 and 7).

3.4. Pollen

The pollen assemblage of the Spur Bog profile is composed largely of Pinus, Betula,
Calluna, Poaceae and Sphagnum, accounting for >80% of the total pollen (TP) grains within
the sequence (Figures 7 and 8). Fluctuations in the pollen assemblage vary significantly
throughout the sequence, indicating highly variable ecological conditions at the site in
response to climate and environmental changes (Figures 7 and 8). Pollen assemblages
of the Eocene bedrock are clearly distinguishable from those of historical sediments
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(~1150-1880 cal AD) which can be further subdivided into five main pollen zones based
solely on visual inspection (Figure 8).
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Figure 7. Lithology, loss of ignition (LOI), selected pollen species/groups data, charcoal, the humi-
fication index, and grain size data of Spur Bog core SPUR-A on a time scale and interpretation of
multi-proxy data with regard to climatic and environmental changes (for detailed references, see
Section 4.2). Dotted lines indicate major lithological changes. Abbreviations: LIA = Little Ice Age;
MWP = Medieval Warm Period.
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Figure 8. Pollen percentages of selected arboreal, shrub, herbaceous and aquatic pollen types in Spur
Bog compared to lithology, total AP and macro- and microcharcoal fragment counts. See Figure 7 for
the key of the lithological log.
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3.4.1. Eocene Bedrock (128-117 cm)

Eocene clays and silts are typified by extremely low pollen concentrations (<100 grains
per cm?) and low species diversity. Arboreal pollen (AP) accounts for 19-27% of total pollen
and is comprised of Pinus (8-9%), Betula (5-13%), Corylus (1-5%) and Quercus (0-4%). Dwarf
shrub totals 20-25%, consisting of Juniperus (7-17%) and Calluna (8-13%), whilst herbaceous
pollen is dominant at 52-54% due to high values of Poaceae (43-53%), Potentilla (9%) and
low concentrations of Artemisia (0-1%). Sphagnum (1-2%) accounts for the remainder of the
pollen total in this sediment.

3.4.2. Pollen Zone 1 (117-109 cm; ~1150 to ~1210 cal AD)

Pollen zone 1 corresponds to the sand/gravel unit situated directly above the Eocene
bedrock. In contrast to the Eocene clays, this zone evidences high levels of AP (49%),
due the marked elevated values of Betula (31%), Pinus (7%), and Corylus (4%), and the
establishment of Quercus (5%) and Alnus (2%). Subsequently, dwarf shrubs decline to
13% due to reduced concentrations of Juniperus (4%) and Calluna (9%). Herbaceous pollen
consisting of Poaceae (24%), Potentilla (11%) and a low appearance of Artemisia (1%) decrease
to 36%, whilst aquatic pollen species such as Sphagnum are sparsely present (2%).

3.4.3. Pollen Zone 2 (109-88 cm; ~1210 to ~1390 cal AD)

Pollen zone 2 covers the entire sediment unit of brownish mixed silts and sands
between 109 cm (~1210 cal AD) and 88 cm (~1390 cal AD). AP remains dominant, accounting
for 38% of observed grains consisting of Pinus (11%), Betula (17%), Corylus (7%), and Quercus
(1%). Dwarf shrub totals double to 26%, consisting largely of Calluna (24%) and just 2%
of Juniperus. In contrast, herbaceous pollen totals are at their lowest value within the
sequence (20%) due to the disappearance of Potentilla, the decline of Poaceae (16%) and low
values of Artemisia and Taraxacum which makes its first appearance in the sequence (2%,
respectively). Conversely, a significant increase in Sphagnum concentrations is noted, rising
to 16% (Figures 7 and 8). Mid-zone 2 at ~1260 cal AD cm evidences marked changes in
pollen concentrations. Whilst AP counts remain stable at 38%, the composition of arboreal
species alters dramatically, with the expansion of Pinus (17%) and Quercus (4%) noted at the
expense of Betula (10%), Corylus (7%) and Alnus which disappear from the record. Dwarf
shrub pollen concentrations decrease to 14%, reflected in the decline of Calluna to 10%,
while Juniperus values slightly increase to 4%. Herbaceous pollen totals increase to 39%,
due to the expansion of Poaceae (35%) and the maintenance of Artemisia (2%) and Taraxacum
(1%) species. Aquatic pollen, represented by Sphagnum, declines to 9%. The upper part of
zone 2 at ~1350 cal AD evidences the highest AP values of the record (49%), consisting of
Pinus (9%), Betula (19%), Corylus (15%), Quercus (1%), and Alnus (2%). Dwarf shrub values
increase to 18%, comprised of Juniperus (2%) and Calluna (16%), whilst herbaceous pollen
percentages decline sharply to 22% due to the reduction in Poaceae to 18% in addition to the
stabilisation of Artemisia and Taraxacum at 2%, respectively. Conversely, Sphagnum recovers
to 15%, comparable to its abundance at the beginning of the zone.

3.4.4. Pollen Zone 3 (88-53 cm; ~1390 to 1680 cal AD)

Pollen zone 3 is the largest zone in the sequence, spanning from the transition from
silts/sands to organic-rich sediments at 88 cm (~1390 cal AD) to the lower part of the
peat unit at 53 cm depth (~1680 cal AD). A marked decline in AP totals from 45% to
32% is noted in this zone (Figure 7). The reduced AP values are associated with lower
quantities of Betula (10%) and Corylus (6%), despite minor increases amongst Pinus (2%),
Quercus (1%), and Alnus (2%). Dwarf shrub totals increase to 21%, reflecting increased
Juniperus values (5%), whilst Calluna remains stable at 16%. Herbaceous pollen totals exhibit
an increase from 22% to 34%, largely due to the expansion of Poaceae to 30%, becoming
the dominant pollen type with Artemisia (2%) and Taraxacum (2%), and Sphagnum (14%)
remaining relatively stable. Until ~1470 cal AD, AP values increase to 36%, corresponding
to the expansion of Betula (12%), Pinus (16% TP) and Quercus (3%), counteracting declines
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in Corylus (3%) and Alnus (2%). Calluna and Juniperus values decrease to 4% and 12%,
respectively, resulting in reduced dwarf shrub pollen values (16%). Herbaceous species to
become the dominant vegetation type (38%) as Poaceae values increase further to 33% with
Artemisia (2%) and Potentilla (1%) retain marginal species, whilst Sphagnum declines to 11%.
The upper part of zone 3 (~1470-1680 cal AD) shows a gradual decline in AP values from
36% to 20% consisting largely of Pinus and Betula (16% in total), in addition to marginal
(>2%) populations of Corylus, Quercus, Alnus and Ulmus, appearing for the first time in the
record. Dwarf shrub totals vary throughout upper zone 4, initially rising to 22% (Juniperus
6%, Calluna 16%), before declining to a minimum value of 8% (Juniperus 1%, Calluna 7%)
prior to the zone 3/4 boundary. In contrast to AP, herbaceous pollen evidences a gradual
increase from 38% to 49%. This is driven by a rise in Poaceae values from 33% to 43%, whilst
Artemisia and Taraxacum values fluctuate between 2% and 4%. Sphagnum retains moderate
values throughout this zone before rising to a maximum value of 22% at the transition to
zone 4, exhibiting an inverse relationship with dwarf shrub concentrations (Figure 8).

3.4.5. Pollen Zone 4 (53-38 cm; ~1680 to 1780 cal AD)

Pollen zone 4, situated in the lower to middle part of the peat unit, is characterised
by extremely low AP concentrations (<20%), comprised largely of Pinus (9%) and Betula
(5%, alongside low (<2%) concentrations of Corylus, Quercus and Ulmus in lower zone 5,
whilst in upper zone 4 AP values consist of Pinus (6%), Betula (3%), Ulmus (6%) and low
values (<2%) of Corylus, Quercus and Alnus. Dwarf shrub values recover to 12% throughout
zone 4, owing to the expansion of Juniperus (9%) despite the decline of Calluna (4%). A
marked increase in herbaceous pollen totals occurs within this zone, increasing to 65% due
to the rise in Poaceae to 61%, whilst Artemisia and Taraxacum account for the remaining 4%.
Conversely, an abrupt decrease in Sphagnum pollen is noted, declining from 22% at the
onset of zone 4 to 4% at the zone 4/5 boundary at ~1780 cal AD.

3.4.6. Pollen Zone 5 (43-23 cm; ~1780 to 1880 cal AD)

Pollen zone 5 is the youngest zone in the record, pertaining to the middle to upper
parts of the peat unit prior to truncation of the sequence. This zone evidences the recovery
of AP values, becoming the dominant pollen type at the upper bound of the zone (45%)
due to the expansion of Pinus (13%), Betula (13%), Quercus (9%), Alnus (5%), and the
reappearance of Corylus (4%). This is contrasted by dwarf shrub values, which decline from
21% (Juniperus 2%, Calluna 19%) to 14% (Juniperus 7%, Calluna 7%) throughout zone 5. An
abrupt decrease in herbaceous pollen also occurs at the transition of zones 4 and 5 from 65%
to 38% due to the decline of Poaceae (33%) and Taraxacum (1%), despite the reappearance of
Artemisia (4%). Throughout zone 5, herbaceous pollen continues to decline gradually to
34%, as Poaceae and Artemisia fall to 32% and 2%, respectively, whilst Taraxacum disappears
from the record. Sphagnum values fluctuate throughout zone 5, initially recovering to 12%
before declining to 7% at the top of the zone.

3.5. Macro- and Microcharcoal

Similar to pollen assemblages, macro- and microcharcoal concentrations within the
Spur Bog sequence exhibit significant variability (Figures 7 and 8). Macrocharcoal and
microcharcoal concentrations in the basal Eocene clays (129-117 ¢cm) are generally low
(<70 and <100 fragments per cm 3, respectively), with macrocharcoal excursion peaks
at 129 cm (136 fragments cm~2), 122 cm (175 fragments per cm~3) and 121 cm depth
(205 fragments cm ).

Macrocharcoal concentrations increase significantly within pollen zone 1 (117-109 cm;
~1150-1215 cal AD), with concentrations >100 fragments cm 3 (~5.5 cm 2 yr~!) of macrochar-
coal observed throughout this zone, rising to between 140 and 190 fragments per cm >
(7.5-10 cm~2 yr~!) throughout the middle and upper part of zone 2 (114-109 cm; ~1170-1215 cal
AD). Similarly, microcharcoal concentrations increase to 129 fragments cm~2 in the middle of



Quaternary 2022, 5,27

13 of 23

zone 2 (113 cm; ~1180 cal AD) and 724 fragments cm—3 at the zone 2/3 boundary (109 cm;
~1215 cal AD) (Figures 7 and 8).

Within pollen zone 2 (109-88 cm; ~1215-1390 cal AD), macrocharcoal concentrations
are variable, initially remaining at levels comparable to upper zone 1 (>100 fragments cm 3,
~7 cm~2 yr~1) between 109 cm and 107 cm (~1215-1230 cal AD), before falling to < 80 frag-
ments cm 3 (<4 cm 2 yr~!) between 106 cm and 105 cm (~1240-1250 cal AD). Macrochar-
coal concentrations increase to ~110 fragments cm =3 (~5.5 cm~2 yr~! within the middle
of zone 2 (104-100 cm; ~1260-1290 cal AD), with a minor peak of 132 fragments cm 3
(6.5 cm_zyr_l) recorded at 102 cm depth (~1270 cal AD). Following this, macrochar-
coal concentrations increase throughout the middle and upper part of zone 2 (99-92 cm;
~1300-1360 cal AD), exceeding 130 fragments cm 2 (>6.5 cm~2 yr~!) and peaking at
196 fragments em 3 (9.6 cm ™2 yr‘l) at 92 cm (~1360 cal AD). Macrocharcoal concentra-
tions decline sharply thereafter to ~100 fragments cm 2 (~5 cm 2 yr~!) in the upper part of
zone 2. In comparison, microcharcoal concentration in lower zone 3 is low (121 fragments
cm~? at 103 cm; ~1260 cal AD) before rising in the middle to upper part of zone 2 to
548 fragments cm 3 (93 cm; ~1350 cal AD) in phase with macrocharcoal (Figures 7 and 8).

A decrease in macrocharcoal concentrations to ~50 fragments cm =3 (2.5 cm =2 yr~1)
is noted immediately above the pollen zone 2/3 boundary at 87 cm (~1400 cal AD).
Following this, a significant peak in macrocharcoal concentrations of ~200 fragments
cm 3 occurs between 85 cm and 84 cm (~1410-1420 cal AD). Throughout the remainder
of pollen zone 4 (83-53 cm; ~1430-1680 cal AD), macrocharcoal concentrations remain
low (10-98 fragments cm ~3). In contrast, charcoal accumulation rates are highly variable
throughout zone 4, ranging from 45 cm~2 yr~! within the aforementioned peak in the
lower part of zone 4 to 2.3 cm~2 yr~—!. Microcharcoal concentrations within zone 3 are
moderate (240-286 fragments cm~3), with an excursion peak of 684 fragments cm 2 noted
at 78 cm depth (~1470 cal AD) (Figures 7 and 8).

The upper part of pollen zone 3 and the lower part of pollen zone 4 (55-50 cm;
~1660-1710 cal AD) exhibit significant variability in macrocharcoal concentrations, with
peaks of 110, 149 and 90 fragments cm 2 (26, 35 and 21 cm 2 yr~!) at ~1670, ~1680, ~1690
and 1710 cal AD, respectively, interspersed by lower counts of 68 cm~> and 40 cm 3.
Macrocharcoal concentrations in upper zone 4 (49-44 cm; ~1710-1740 cal AD) fall to
low, stable values between 21 and 32 fragments cm 3 before rising to 55 fragments cm 3
at the zone 4/5 boundary. Microcharcoal concentrations decline throughout zone 4 to
153 cm 3 (53 cm; ~1680 cal AD) and 83 cm ™3 (48 cm; ~1720 cal AD) (Figure 7). The
lower zone 4 exhibits similar low macrocharcoal concentrations (<50 fragments cm 3,
<10 cm~2 yr~!). However, macrocharcoal peaks of >80, 65 and 103 fragments cm > (20,
15 and 24 cm ™2 yr’l, respectively) are evident at 43-42 c¢cm (~1750-1760 cal AD) and
immediately following the zone 4/5 transition at 38 cm—-36 cm (~1780-1790 cal AD) and
29 cm (~1840 cal AD), respectively.

The upper pollen zone 5 (28-23 cm; ~1840-1880 cal AD) reveals low macrocharcoal
concentrations (14-39 fragments cm 3, <10 cm 2 yr~!) comparable to the rest of zone 5
and upper zone 4 (Figures 7 and 8).

3.6. Grain Size

Sediment grain sizes within the lower sequence (128-109 cm) evidence multiple
changes to the type of sediments deposited at the site (Figure 7). Within the basal Eocene
clays (128-117 cm), mean sediment grain sizes are within the clay and fine silt fraction
(<10 um) and maximum grain sizes typically do not exceed 250 pum, indicating a low-
energy depositional environment. In contrast, mean sediment grain sizes of the overlying
historical sediments at 117 cm depth (~1150 cal AD; Figures 6 and 7) increase to <12 um
and maximum grain size increases significantly to > 2000 pm. Sediment grain size remains
relatively stable between 117 cm and 114 cm (~1150-1174 cal AD; Figures 6 and 7), consisting
mainly of silts and fine sands (mean grain sizes of ~10-30 um. This is followed by an abrupt
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increase in sediment grain sizes to >90 pm (mean) and >500 pm (maximum) between 112
and 109 cm (~1190-1215 cal AD; Figures 6 and 7).

3.7. The Humification Index

Humification indices have been obtained for organic-rich sediments and peats between
86 and 26 cm depth (~1410-1860 cal AD; Figures 6 and 7) to document the development of
the bog and to determine natural climate processes (wetness/dryness) at the site (Figure 7).
The lowermost sample at 86 cm depth has a spectral absorption value of 0.084%, and levels
rise continuously to up to 0.211% throughout the remainder of the organic-rich sediments
and into the peat layer at 56 cm depth (~1660 cal AD), indicating a relatively constant
increase in humification of deposited organic material. This increase in humification occurs
synchronously to a marked increase in LOI values from 15% at ~1390 cal AD to a maximum
value of 93% by 1660 cal AD. Humification levels slightly regressed throughout the late
17th and early 18th centuries AD, evidenced by a spectral absorption value of 0.175% at
46 cm depth (~1730 cal AD). Humification levels constantly increased again during the
late 18th and mid-19th centuries AD, evidenced by absorption values of 0.197% at 36 cm
(~1795 cal AD) and 0.254% at 26 cm depth (~1860 cal AD).

4. Discussion
4.1. Relationships between Pollen Taxa and Wildfire Regime

Microcharcoal concentrations observed within the Spur Bog sequence exhibit a sig-
nificant positive correlation with pollen grain concentrations (r? = 0.88), reflecting the
potential for these proxies to capture variations in climatic variables (e.g., temperature,
precipitation, and aeolian processes) and their impact upon the deposition of organic mate-
rial. The analysis of statistical relationships between respective pollen taxa, microcharcoal
and macrocharcoal evidences marked variation between the development and maturation
phases of the site (Figure 9). Macrocharcoal and microcharcoal concentrations exhibit posi-
tive to strong positive correlation with all pollen taxa (with the exception of Quercus and
Potentilla-microcharcoal only), indicating that the deposition of charcoal fragments and most
pollen taxa during the developmental phase of the site occurred simultaneously during
high-energy depositional events (e.g., coastal flooding) [43]. In contrast, pollen/charcoal
abundance relationships during the maturation phase of the Spur Bog exhibit clear varia-
tions according to vegetation type. Arboreal pollen types respond positively (r* = 0.45-0.87)
to microcharcoal—excluding Ulmus (r? = —0.26)—and neutral-negatively (r? = 0-0.45) with
macrocharcoal—with the exception of Corylus (r? = 0.20). Non-arboreal pollen types are also
positively correlated with microcharcoal (r? = 0-0.54) and, to a lesser extent, macrocharcoal
(12 = 0.06-0.18)—with the exception of Sphagnum (r2 = —0.06). This indicates that the mech-
anisms associated with microcharcoal deposition at the Spur Bog are also conducive to the
deposition of pollen—particularly species adapted for long-distance pollen dispersal, Pinus
and Betula—whilst the negative relationship between macrocharcoal and arboreal pollen
indicates that fire events (natural or otherwise) inhibited the development of woodland
species, with the notable exception of Corylus due to its adaptation for post-fire recolonisa-
tion [44,45]. In contrast, dwarf shrub and herbaceous pollen types responded positively to
macrocharcoal concentrations due to its association with fire events and human activity
which prevent ecological succession. The weak negative relationship between Sphagnum
and macrocharcoal suggests that climatic conditions had a negligible effect on the frequency
and intensity of fire events, thus presenting human activity as the main driver of the site’s
fire regime.
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Figure 9. Statistical relationship between the abundance of pollen taxa and macro-/microcharcoal
fragment frequency during the development (left panel) and maturation (right panel) of the Spur
Bog. See Supplementary Table S1 for further details.

4.2. Climate and Environmental Changes at Spur Bog since ~1150 cal AD

Based on the age-depth model, deposition of young (historical) sediments upon the
Eocene bedrock at Spur Bog started at ~1150 cal AD, during the ‘Medieval Warm Period’
(MWP). The basal coarse-grained, inorganic sediments (gravel/sands) indicate a high-
energy coastal depositional environment at that time, possibly influenced by flooding
during severe storm events recorded in the southern North Sea and the English Channel in
1134 AD and/or 1178 AD [46], both of which fall within the 2 o uncertainty range of the Spur
Bog age-depth model (Figure 6). Pollen assemblages of zone 1 between ~1150 and 1210 cal
AD reflect a typical brackish coastal dune environment with sparse pioneer communities of
Calluna, Poaceae and Sphagnum, and distal arboreal pollen most likely deposited by marine
processes. High amounts of macro- and microcharcoal fragments support this hypothesis.
The rapid deposition of inorganic, marine-derived sands between ~1190 and 1210 cal AD
possibly indicates that the initial development of the South Haven Peninsula was associated
with an extreme high-energy depositional environment, consistent with extensive coastal
flooding in the region between 1200 and 1219 AD noted in contemporary records [47,48].

At ~1210 cal AD, at the onset of pollen zone 2, the marked variation in pollen as-
semblage occurs simultaneously to the lithological transition from coarse sands to finer
silts and sands and an increase in LOI to 15%, thus presenting strong evidence of abrupt
environmental changes. These changes are interpreted as the decline in marine influence at
the site as the South Haven Peninsula continued to develop, facilitating the establishment
of a brackish coastal floodplain environment populated by typical pioneer communities
of Calluna, Poaceae and Sphagnum, which are indicative of less saline conditions [49-51].
High volumes of arboreal pollen and macro- and microcharcoal fragments, which are
interpreted as having a larger, regional source during this time, as well as low LOI values
indicate continued periods of inorganic sediment input, possibly deposited as a result of
coastal flooding events recorded during the first half of the 13th century AD [46,48,52,53].
Between ~1250 and 1390 cal AD, at the termination of the MWP, pollen assemblages at
Spur Bog indicate an increasingly brackish environment but strongly influenced by marine
processes. This is supported by the stagnation of LOI values at ~7% and contemporary
records of severe storm surge events affecting south-eastern England during 1362 AD and
1374-1375 AD [46,53].

A significant reduction in the influence of coastal processes upon the Spur Bog is
visible from the pollen record (zone 3) starting at ~1390 cal AD, facilitating the establish-
ment of grassland and wet heathland environments consisting of Juniperus, Calluna, Poaceae
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and Sphagnum. This interpretation is supported by the lithological transition from silts to
organic-rich sediments between ~1390 cal AD and 1430 cal AD (Figure 7). Pollen changes
at ~1470 cal AD present strong evidence for the development of a mature terrestrial envi-
ronment devoid of marine influences, resulting in the establishment of wet heathland, dry
heath, and grassland near Spur Bog which was likely facilitated by sheltering of the site by
a coastal landform (e.g., sand bar and dune system). Furthermore, reduced local wildfire
activity is inferred by the rapid decrease in macrocharcoal fragments at ~1430 cal AD. Cli-
matic amelioration in the region throughout the late 15th century AD [53,54] also facilitated
the development of medial-distal woodlands possibly located south from Spur Bog.

Between ~1490 and 1550 cal AD, cooler/wetter conditions resulted in the decline of
nearby woodland environments and subsequent expansion of grassland and wet heath-
land at Spur Bog, which is also evidenced by a notable decrease in LOI values (Figure 7).
The climatic deterioration inferred from the Spur Bog record conforms strongly to con-
temporary accounts from southern England which detail cold winters, wet summers and
frequent coastal storms throughout the 16th century AD [46-48,52,53], typically associated
with the onset of the ‘Little Ice Age” (LIA) cooling period experienced across Europe at
~1500 AD [55,56]. Low wildfire activity at the Spur Bog and surrounding area during the
late 15th and 16th centuries AD, evidenced by reduced macro- and microcharcoal fragment
counts, are furthermore indicative of the climatic deterioration identified across Britain and
north-western Europe during the early LIA [57-59]. Climatic conditions lasted at Spur Bog
until ~1610 cal AD as supported by continuing decreasing arboreal pollen and increasing
Poaceae concentrations and stagnating values in LOI (Figures 7 and 8). The onset of peat
deposition at that time indicates the establishment of a terrestrial wetland environment at
Spur Bog.

The pollen record at the transition of zone 3 and 4 (~1670-1700 cal AD) presents strong
evidence of a vegetation succession from wet heath to a dry heath/grassland and further
decline of woodland, consistent with a proposed cold and arid climate as also implied
by high peat humification values and macrocharcoal counts (Figure 7). Contemporary
evidence suggests that southern England experienced a prolonged period of extremely
cold conditions throughout the mid- and late 17th century AD [60-63], including a period
of drought between 1684 and 1686 AD [44,49,50,54], which coincided with the ‘Maunder
Minimum’ of the LIA. However, the possibility of anthropogenic activity impacting upon
environmental conditions at the site cannot be discounted, due to the intensive removal
of peat and timber from southern England for fuel, building materials and agricultural
practices throughout the 16th, 17th and early 18th centuries AD [64—67].

At ~1720 cal AD, a climatic shift towards warmer and likely slightly wetter condi-
tions following the ‘Maunder Minimum’, conforming with increasing arboreal pollen taxa
(zone 4) and decreased peat humification values and reduced wildfire activity observed in
the Spur Bog sequence and regional climate records at this time [47,52,53,68,69]. Elevated
macrocharcoal counts between ~1750 and 1760 cal AD coincide with unusual warm and
dry conditions during October 1752 AD and July 1757 AD [53,70], which could have facili-
tated a natural fire event near Spur Bog. Alternatively, these charcoal peaks could reflect
anthropogenic activities, such as arson [71] or land reclamation [67].

The marked shift in the pollen record at ~1780 cal AD (the onset of zone 5) of the
Spur Bog suggests vegetation succession towards mixed woodland and reduced grassland
and wet heathland communities, indicating drier climatic conditions corroborated by
increasing peat humification values and elevated macrocharcoal counts at Spur Bog as well
as historical records from the region [47,52,70,72,73]. This period coincides with the ‘Dalton
Minimum’ of the LIA which was characterised by general cooler winters and variable
dry and wet summers in England [47,52,53]. It also coincides with the intensification of
agricultural and industrial activities in the region, resulting in the clearance of one quarter
of all heathland habitats within the Poole Basin between 1760 AD and 1811/17 AD to
facilitate the construction of roads, livestock grazing and planting of Pine forests [72-74].
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The pollen assemblage exhibits climatic amelioration during the early-mid 19th cen-
tury AD, facilitating the expansion of mixed woodland and wet heathland communities
at the Spur Bog. These vegetation changes occur simultaneously to a period of relatively
high mean temperatures and increased precipitation between 1830 AD and 1860 AD [69],
further supported by reduced fire activity at Spur Bog (Figures 7 and 8) and instrumental
records detailing prolonged warm, wet conditions throughout the winter of 1845/46 AD
and summer of 1846 AD in the region [47,52,75]. A macrocharcoal peak at ~1840 cal AD
may be either in response to exceptional dry conditions recorded during 1834/35 AD or
1840 AD [53,70,74] or reflect anthropogenic activity.

The encroachment of mixed woodland at the Spur Bog facilitated by a warmer, wetter
climate in England following the end of the LIA at ~1850 AD [53,70,76,77] is supported by
contemporary historical records, which document the expansion of the “12 Acre Wood” and
other woodlands within the Poole Basin, facilitated by the decline of livestock grazing and
peat/furze cutting in the region [6,73]. Throughout the late 19th century AD, generally low,
stable macrocharcoal concentrations are exhibited, corresponding to a period of relatively
low temperatures and wet summers in the region [69,70]. Two notable charcoal peaks occur
at ~1890 AD and ~1976 AD during periods of hot, dry summers [69,70,78]—the former of
which may be linked to the fire which damaged Brownsea Castle in 1896 [79,80].

4.3. Geomorphological Changes of the South Haven Peninsula since ~1150 cal AD

The aforementioned reconstruction of climatic and environmental conditions at the
Spur Bog reveals that ecological and geomorphological changes at the South Haven Penin-
sula have been extremely rapid during the last ~900 years (Figure 10).

Sediment accretion at the site is thought to have begun at ~1150 cal AD, associated
with the deposition of coarse sands and fine gravels observed in the Spur Bog record. It is
hypothesised that these sediments have been deposited in a coastal environment, i.e., within
the intertidal zone (Figure 10a), which is also supported by low organic matter content and
high concentrations of distally transported arboreal pollen and charcoal fragments. This
type of environment is indicative of a marked shift in regional sediment transport pathways,
enabling the formation of a sand-bar around which further sediment coalesced over time
as proposed by [6,10,81]. The development of such a landform was likely facilitated by
a period of relative sea level fluctuation around Poole Harbour, resulting in a period of
enhanced sediment deposition in the region between 750 AD and 1150 AD [9], the timing
of which correlates closely with the ~1150 cal AD age attributed to the basal sands and
gravels of the Spur Bog sequence.

The lithological transition between sands/gravels and silts/sands in the Spur Bog
core at ~1210 cal AD is interpreted as a decline in marine sediment supply, which is in
accordance with the proposed reduced marine sediment deposition in the area at ~1150 AD
likely as a result of eastward propagation of the peninsula into the English Channel [9], and
hence general lower-energetic depositional conditions at Spur Bog (Figure 10b). This type
of environment is corroborated by increased concentrations of dwarf shrub, herbaceous and
aquatic pollen taxa in the Spur Bog sequence, in contrast to reduced arboreal pollen taxa
and macrocharcoal concentrations between ~1210 and 1270 cal AD. Throughout the late
13th and the entire 14th century AD, continuously high macrocharcoal concentrations and
the presence of saline tolerant pollen taxa indicate that the site continued to be significantly
influenced by marine processes, i.e., by frequent coastal flooding, which prevented further
ecological succession.

The diffused boundary within the Spur Bog sequence between silts/sands to organic-
rich sediments at ~1390 cal AD, which is accompanied by a slight increase in bioproductivity
and marked reduction in distally transported arboreal pollen and charcoal fragment con-
centrations, is indicative of the development of a wetland environment at the site which is
possibly protected by a sand bar or a developing dune system (Figure 10c). This resulted
in the decreased influence of marine-coastal processes due to further gradual sediment
accretion around this landform and subsequent eastward propagation of the peninsula.
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Severe coastal flooding events at ~1420 AD and ~1460 AD are inferred from abrupt de-
creases in organic matter and elevated macrocharcoal concentrations, evidencing continued
vulnerability of the Spur Bog to the intense coastal storm activity which is documented
throughout the early 15th century AD across north-western Europe [46-48,82]. This period
is followed by a cessation of marine influence upon the site. Higher levels of bioproductiv-
ity associated with a fully established terrestrial environment at Spur Bog (Figure 10d) are
evidenced between ~1470 cal AD and 1610 cal AD. This is supported by high concentrations
of Calluna, Poaceae and Sphagnum pollen associated with wet heathland, dry heathland and
grassland environments. An increase in bioproductivity at Spur Bog indicates a more ma-
ture terrestrial environment, i.e., the development of a peat bog at ~1610 cal BP (Figure 10e).
Cooler and likely more arid conditions across Britain and north-western Europe during
the ‘Maunder Minimum’ [65,66,83] lead to the expansion of grassland and the decline of
woodland and wet heathland communities between ~1640 and 1720 cal AD, accompanied
by increased local wildfire activity. During this time period, increased marine sediment
accumulation and/or possibly fluctuating sea levels lead to the establishment of a mature
dune system and the development of the ‘Little Sea Lagoon’ east of Spur Bog (Figure 10e,f).
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Figure 10. Schematic maps and cross-section models (not to scale) depicting geomorphological
changes at the South Haven Peninsula and landscape/ecological changes at the site of Spur Bog (red
star) during the last ~900 years. (a) The period ~1150-1210 AD: intertidal zone; (b) ~1210-1390 AD:
coastal floodplain with saline tolerant grassland; (c) ~1390-1470 AD: sporadically flooded coastal
wetland; (d) ~1470-1610 AD: dune-protected coastal wetland and heathland; coastline defined
by using the map from [17]; (e) ~1610-1720 AD: spur peat bog development in an expanding
grassland environment; increase in wildfire activity; coastline defined by using the map from [6,23];
(f) ~1720-1780 AD: spur peat bog development; transition from grassland to mixed woodland;
development of Little Sea; decrease in wildfire activity; coastline defined by using the map from [6,25];
(g) ~1780-1880 AD: spur peat bog fully established; further development of Little Sea; further
expansion of woodlands; coastline defined by using the map from [6,26].
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Between 1720 AD and 1780 cal AD, vegetation at the Spur Bog transitioned from a
grassland environment to a mixed woodland (Figure 10f), indicative of a climatic shift
towards warmer and slightly wetter conditions, which is also supported by relatively low
local wildfire activity. Throughout the late 18th and 19th centuries AD, woodlands in
the southern periphery of the Spur Bog expanded further, as inferred from the continued
increase in arboreal pollen and the decrease in herbaceous pollen concentrations. The
significant increase in arboreal pollen values noted within the Spur Bog sequence are likely
to reflect increased pollen transport from local woodland within the catchment area of the
Little Sea (e.g., “Twelve Acre Wood’), which at that time developed from an open lagoon
to a brackish lacustrine environment (Figure 10g). Stable aquatic pollen counts between
~1780 AD and 1880 cal AD in addition to the maintenance of high bioproductivity indicate
the full establishment of the peat bog at Spur Bog and the recovery of wetland communities
in this region as recorded in contemporaneous accounts [6,26]. Throughout much of the
19th century AD, low wildfire activity around the Spur Bog exhibit strong evidence of mild
and relatively wet climatic conditions at the site, conforming to significantly increased
precipitation and warmer temperatures noted across southern England and north-western
Europe at that time [65,66,84].

According to historical records, environmental conditions at the Spur Bog continued
to change throughout the 20th century AD, in response to the significant modification
and intensification of human activities in the area, including the cessation of hunting and
peat/furze cutting on heathlands in the Poole Basin by 1900 AD and 1918 AD, respec-
tively [73], in addition to the construction of the Ferry Road adjacent to the Spur Bog in
1924 AD [6]. As such, by the 1930s, the Spur Bog and surrounding areas consisted of
diverse mixed woodland, dry heathland and wet heathland habitats [6,85]. Land use of
the South Haven Peninsula was altered dramatically once again during the Second World
War when the area was used for military exercises, resulting in significant damage to
Studland Beach, dune system and Little Sea—much of which is still evident in the present
day [10,11]. Following the end of the Second World War, heathland habitats throughout the
Poole Basin underwent grazing and were frequently burned, including a notable burning
event in close proximity to the Spur Bog during the period 1959-1960 [73]. The Studland
and Godlingston Heaths, containing the Spur Bog, were designated as a SSSI in 1954 [86].
Despite this, degradation of the heathland habitats in the area continued throughout the
late 20th century AD due to poor management, anthropogenic pressures and climatic
variability [57,67,87-89]. Following this, management of the Studland Heath was adapted
to ensure the preservation and regeneration of heathland habitats, beginning in 1990 AD
with the re-introduction of heathland flora and fauna, resulting in the expansion of stable
heathland habitats on reclaimed Pine plantations within 14 years [89]. In addition, exist-
ing and regenerated areas of heathland are maintained through the periodic clearances
and controlled burning [11], particularly to the benefit of dry heathland habitats, whilst a
shift in climate towards warmer and wetter winters has facilitated the expansion of wet
heathland /marshland since the 1930s [90,91]. These active management techniques have
also been complemented by extensive ecological surveying of the Studland Heaths [90-93],
against which the success of the aforementioned management strategies can be assessed.

5. Conclusions

The analysis of multi-proxy data extracted from the sedimentary sequence of the Spur
Bog has enabled the reconstruction of environmental conditions in the area over the last
~900 years, significantly improving our understanding of the geomorphological formation,
development and ecological conditions of the South Haven Peninsula during this time,
which has previously relied upon sparse contemporary sources. Furthermore, the findings
of this study demonstrate the sensitivity of the area to environmental changes associated
with climate forcing and anthropogenic activity.

This study demonstrates that the Spur Bog sediments capture significant environmen-
tal variability, exhibiting a primary development phase (~1150-1470 cal AD) during which
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marine processes were the dominant control upon environmental conditions at the site, fa-
cilitating the development of the South Haven Peninsula supporting coastal wetlands. This
was followed by a secondary maturation phase (~1470-1900 cal AD) during which the Spur
Bog sequence exhibits the formation of a lagoon bog, followed by a fully terrestrial peat
bog and mixed woodland as the South Haven Peninsula continued to propagate eastward,
whilst also responding to climatic instability and a range of anthropogenic pressures.

Therefore, the Spur Bog record significantly extends the previous palaeoenvironmental
and geomorphological frameworks of the South Haven Peninsula, providing a record of
environmental conditions between ~1150 cal AD and ~1900 cal AD in response to climatic
and anthropogenic pressures. Thus, this record can serve as a valuable resource to enable
the prediction and mitigation of future environmental changes at the Spur Bog amid an
uncertain climate future.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/quat5020027/s1, Table S1: Spur Bog multi-proxy dataset.
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