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Abstract. Old herbarium specimens have become increasingly well-recognised as a
rich source of ecological baseline data. For long-continuity plant communities, such as
ancient woodland, these records may be particularly important for present day ecologi-
cal management. To evaluate this potential, searches for pre-1950 Ancient Woodland
Indicator (AWI) herbarium specimens collected in East Gloucestershire, UK, were con-
ducted using digital open access sources and the physical Royal Agricultural Univer-
sity herbarium. In total 305 specimens were retrieved from twelve herbaria, with small
regional collections being particularly important sources. The earliest specimen dated
to 1834. There was a significant association between old specimen availability and year
of collection, due to a peak in the late-1800s and early-1900s. Over half of the AWI
species for the region were represented, although some taxonomic bias was evident.
To determine if old AWT specimens contributed any new location records, 246 unique
specimens with detailed georeferences were mapped and compared to the locations of
1950-1999 and 2000-2021 biological records. One third of the pre-1950 specimens had
not been recorded in the same locality since collection of the old specimen, indicating
either a gap in recent records or floristic change. However, length of time since speci-
men collection was not a predictor of a 1950-2000 or 2000-2021 record in the same
locality. Overall, it is highly recommended that policy-makers, land managers, and
field surveyors consult old AWT herbarium records for ancient woodland identification,
management, and restoration.

Keywords: Ancient forest, connectivity, continuity forest, herbaria, inventory, natural
history, restoration, old growth forest.

INTRODUCTION

Ecological records >50 years old have previously been overlooked in their
relevance to present-day conservation action (Willis et al. 2007). Recently,
increased digitisation and accessibility have greatly increased interest in the
application of old herbarium data to biodiversity conservation (e.g. James et
al. 2018; Hedrick et al. 2020; Albani Rocchetti et al. 2021; Baldini et al. 2022;
Heberling 2022). Herbaria often provide the earliest species distribution data
available to inform current ecological decision-making (Meineke et al. 2018;
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Lang et al. 2019). In particular, preserved specimens and
georeferenced metadata (taxonomic identification, col-
lection date, and locality) can provide useful baseline
biogeographical data for spatio-temporal studies (Lavoie
2013; Le Bras 2017).

Ancient woodland in the UK is land that has been
continuously wooded since at least 1600 (1750 in Scot-
land) (Reid et al. 2021). This comprises four land-use
types: ancient semi-natural woodland; plantations on
ancient woodland sites; ancient wood pasture and park-
land; infilled ancient wood pasture and parkland (for
definitions see DEFRA et al. (2022)). These vary in terms
of canopy openness, floristic composition, silvicultural
or pastoral uses, and planted or natural regeneration, but
the uniting factor is centuries-long wooded continuity
(Peterken 2018). Since the date threshold, and often long
before, the land has been wooded, and even if felled,
replanted without any other intervening land-use: it is
therefore uninfluenced by agricultural inputs or cultiva-
tion (DEFRA et al. 2022). As such, ancient woodland has
a high conservation value and is widely considered to be
irreplaceable (UK Government 2021; Reid et al. 2021).
The ancient woodland concept arose to distinguish this
important habitat - along with its distinctive ecology,
ecosystem services, and cultural heritage - from newer
woodlands established on other land-uses (Peterken
2018). Concepts analogous to ancient woodland are rec-
ognised internationally (e.g. Kirca et al. 2018; McMullin
and Wiersma 2019).

Ancient woodland has been subject to habitat loss
and change, covering just 2.5% of the UK’s land area
today (Reid et al. 2021). From the 1800s to mid-1900s
many ancient woodlands were degraded or lost due to
the enclosure of the countryside, shifts in land use dur-
ing the agricultural and industrial revolutions, and the
introduction of modern forestry practices (Rotherham
2022). Most notably, between the 1950s and 1980s, 39%
of ancient semi-natural woodland area was convert-
ed to plantation forestry and a further 9% was lost to
agriculture (Reid et al. 2021). Even today, with its value
well-known, threats from infrastructure and develop-
ment exist with the addition of new environmental
and climatic challenges (Rackham 2008; Razzaque
and Lester 2021). In response, the legal protection of
ancient woodland features prominently in the UK
National Planning Policy Framework and forestry poli-
cy, as does responsibility for its restoration and connec-
tivity (DEFRA et al. 2022; Ministry of Housing, Com-
munities and Local Government 2019; UK Govern-
ment 2021). Therefore, accurate identification of ancient
woodland is necessary to meet legislative requirements
as well for its intrinsic value.
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Ancient Woodland Indicator (AWI) species richness
has long been one of the evidence source used in the iden-
tification of ancient woodlands (Peterken, 1974). These
are vascular plant species that are particularly, but not
exclusively, associated with ancient woodland, for exam-
ple English Bluebell (Hyacinthoides non-scripta), Herb
Paris (Paris quadrifolia), and Lily-of-the-Valley (Conval-
laria majalis) (Glaves et al. 2009). Numerous studies have
evidenced a strong affinity between these understorey
plant species and ancient woodland (e.g. Peterken 1974;
Wulf 1997; Kelemen et al. 2014; Swallow et al. 2020). They
typically exhibit life traits associated with habitat conti-
nuity such as long lifespan, late maturity, and rhizoma-
tous regeneration (Hermy et al. 1999). In addition, many
have short-distance dispersal strategies, and do not easily
colonise more recently established woodland (Hermy et
al. (1999). As such, AWT species lend themselves to uses
beyond their initial purpose, including site prioritisation
for defragmentation and protected area planning (Dyder-
ski et al. 2017) or as target species for conservation man-
agement (Brown et al. 2015). The AWT concept is embed-
ded in policy and practice but its strengths and limita-
tions should be noted (Rotherham 2011; Sansum and
Bannister 2018; Webb and Goodenough 2018).

Currently, old AWI herbarium specimens are not
explicitly listed among the evidence sources for ancient
woodland identification in the UK (Glaves et al. 2009)
nor the Ancient Woodland Inventory (Sansum and Ban-
nister 2018). However, they have contributed to the crea-
tion of regional AWI lists (Glaves et al. 2009). As ancient
woodland is a long continuity ecosystem, the inclusion
of old herbarium AWTI records along with recent biologi-
cal records and survey data could be extremely valuable.
This approach would account for the past vegetation
community that may have more clearly supported the
evidence for ancient woodland status, for example if an
AWT species had become locally extinct due to habitat
change. Old AWT herbarium records have been success-
fully employed in a small number of studies to identify
former ancient woodland sites by corroborating recent
biological records and old cartographic evidence (e.g.
Rotherham 2022). Although herbarium specimen map-
ping has been widely-employed in biogeographical stud-
ies (Lavoie 2013), it remains an under-explored and
under-utilised technique in the context of ancient wood-
land. Seemingly no systematic analysis of its application
has previously been undertaken.

The aim of this study was to examine the poten-
tial of old AWT herbarium specimens to inform ancient
woodland identification and ecological management at
a landscape scale. To achieve this, the objectives were
twofold: (1) to investigate the availability of old (pre-
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1950) AWI specimens and their temporal and taxonomic
coverage; (2) to analyse the proportion of these speci-
mens with a recent (1950-1999 or 2000-2021) biological
record in the same locality.

MATERIALS AND METHODS

The study focused on Vice-county 33 (VC33), East
Gloucestershire, located in the South-West of the UK
(Figure 1). Vice-counties were created in 1852 for the
purpose of biological recording and their boundaries
have since remained constant. VC33 is centred on 51.49
N, 1.58 W (Figure 1), elevation 20-275 metres above
sea level, with dominant geological substrates of oolitic
Limestone and Lias clay (British Geological Survey 2021).

AWT species for VC33 were determined from stand-
ard lists for South-West England (Rose 1999) and neigh-
bouring counties Avon, North Somerset, South Glouces-
tershire, and Worcestershire (Kirby 2004), as compiled
by Glaves et al. (2009) This selection method aligned
with Swallow et al. (2020). Taxonomic names followed
Stace (2019).

100 200 km
| E— N

Figure 1. Location of Vice-county 33 East Gloucestershire, UK.

Old AWT specimens were defined as pre-1950 as this
pre-dates major shifts in countryside management asso-
ciated with mid-1900s agricultural intensification and
extensive felling of ancient semi-natural woodland for
plantation forestry. To obtain pre-1950s VC33 AWI spec-
imens, searches for published digitised herbarium acces-
sions were conducted primarily via the Herbaria United
database (2006-) (herbariaunited.org) and a small num-
ber via the Global Biodiversity Information Facility
database (2001-) (GBIF.org) (as available on 31/05/2021),
as well as inspection of the unpublished accessions list of
the Royal Agricultural University herbarium. To account
for nomenclatural changes, synonyms were included in
searches. Respective digital and physical accessions were
retrieved and a metadata list (identification, location and
date) was created. At this stage, all specimens, including
duplicates, were included.

Unique records with sufficiently detailed georefer-
ence data were mapped in QGIS (QGIS.org 2020). When
species-location-year duplicates existed across the her-
baria, only one was retained for mapping and analyses.
For species-location duplicates, only the most recent was
used. Named point landmarks or properties could be
often assigned with greater than 1km? accuracy. Names
of area features such as large woodlands were taken as
the centre point of that location (Aedo et al. 2015).

The locations of pre-1950 specimens were compared
to post-1950 digitally available biological records. QGIS
was coded to display: (a) pre-1950 herbarium speci-
men only i.e. no 1950-2021 record in the same locality;
(b) most recent record in the same locality 01/01/1950
-31/12/1999, and; (c) most recent record in the same
locality 01/01/2000-31/05/2021. Post-1950 mapped digi-
tal records were obtained with permission from the
Botanical Society of Britain and Ireland (BSBI) Dis-
tribution Database (2000-) (https://database.bsbi.org/)
(Pescott et al. 2018). Record search criteria included
specimens and observations. Taxon aggregates were
included but hybrids were excluded. For 2000-2021
records 1km or finer resolution was used. Records locat-
ed within the 1km square containing a old specimen
point record or within the 1km squares covered by an
area record or intersected by its boundary were count-
ed as being in the same locality. Where point records
were within a contiguous habitat such as a woodland,
these were treated as area records. For 1950-1999, most
available records were 2km resolution - these were only
counted as the same locality when they substantially
overlapped a large area feature e.g. large woodland, or if
an old specimen point record was central.

To test if the number of old herbarium AWI speci-
mens available was associated with year of collection, a
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chi-squared test of association was conducted. To estab-
lish if year of specimen collection had any bearing on
availability of a 1950-2021 or 2000-2021 record in the
same locality, a generalised linear model with binary
logistic response was applied. SPSS (IBM corp. 2019) was
used for all analyses.

RESULTS

In total, 305 AWI specimens dating between 1835
and 1949 from VC33 were obtained from 11 digitised
published collections plus the unpublished Royal Agri-
cultural University herbarium (Figure 2). The majority
of specimens were housed in Gloucester City Museum
(128), followed by the South London Botanical Institute
(47), and the Royal Agricultural University (39). The lat-
ter herbarium was particularly distinct in the early date
of its AWT specimens relative to the other herbaria (Fig-
ure 2). This collection held 24 AWT species and all speci-
mens were unique location or date contributions.

Across all herbarium collections, 65 AWI species
out of a potential 111 for the region were represented,
including forbs, graminoids, pteridophytes, and some
ligneous species. The most commonly collected species
were of the following Families: Orchidaceae (five species,
45 specimens); Ranunculaceae (five, 42); Violaceae (two,
35) (Appendix 1). Nearly half of the species (32) were
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Figure 2. Number of pre-1950 Vice-county 33 Ancient Woodland
Indicator specimens in herbarium collections, available via herbar-
iaunited.org and GBIF.org as of 31/05/2021 and previously unpub-
lished Royal Agricultural University specimens (n=305). Other
= Royal Botanic Gardens, Kew; Aberystwyth University; Univer-
sity College Dublin; Bolton Museum; Royal Botanic Garden, Edin-
burgh; University of Pisa. All specimens, inclusive of duplicates of
species collected in same location within same date, and specimens
collected in same location but in different years.
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represented by only one or two specimens. The most
represented species was Cephanlanthera damasonium
(22 specimens).

Of the 305 specimens retrieved, 51 were duplicates
and eight specimens were not locatable due to vague geo-
references. Mapping of the pre-1950 herbarium specimens
revealed a clustered distribution, largely aligned with cur-
rent ancient woodland configuration (Figure 3). Of the 246
geolocatable herbarium specimens: 80 (32.5%) had no 1950
—2021 record in the same locality; 31 (12.6%) had been
most recently recorded in the same locality between 1950
and 1999; 135 (54.9%) had been most recently recorded in
the same locality between 2000 and 2021 (Figures 3, 4).

There was a statistically significant association
(p=0.030) between year of collection category and num-
ber of old AWI specimens retrieved, with more speci-
mens available between 1890 and 1929 (Figure 4 and
Table 1). However, year of specimen collection was not a
significant predictor of a 2000-2021 record being avail-
able for the same locality, nor for the wider time period
of 1950-2021 (Table 1).

= Ancient >"<,2~1 O Pre-1950 herbarium specimen only

woodlalnhd 5\ , Pre-1950 herbarium specimen and

most recently recorded 1950-1999

@ Pre-1950 herbarium specimen and
most recently recorded 2000-2021

T

&

(a) S

Figure 3. Geolocated pre-1950 herbarium Ancient Woodland Indi-
cator species specimens in Vice-county 33, East Gloucestershire,
UK. Each point represents one specimen. Data points are displaced
from a central point and displayed in a grid pattern for ease of
interpretation. Ancient woodland land cover map (Open Govern-
ment Licence, Natural England 2021).
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Figure 4. Number of pre-1950 Ancient Woodland Indicator speci-
mens by date of collection (n=246), exclusive of duplicates and
vague georeferenced specimens: pre-1950 specimen only with no
record in same locality since 1950; most recently recorded in same
locality between 1950 and 1999; most recently recorded in the same
locality 2000-2021.

DISCUSSION AND CONCLUSIONS

The herbarium accession search results yielded 305
pre-1950 AWTI specimens for the region. Crucially, this
was sufficient to detect spatio-temporal patterns and
trends, even after duplicates were discounted. Eighty-
seven percent of the specimens were digitally accessed,
emphasising the importance of herbarium digitisation
(Soltis 2017). Specimen availability was reliant on very
few herbaria: 94% of specimens were retrieved from just
six collections and the remaining six each contributed
<10 specimens. Two of the three highest contributors of

Table 1. Influence of old AWI specimen collection year on (a)
number of available old herbarium AWTI specimens (n=305), chi-
squared test of association, and (b) likelihood of a 2000-2021 or
1950-2021 record in the same locality as the old specimen (n=246),
generalised linear model.

Chi

@f)y P
(@) 12.341
Association between number of old herbarium AWI ) 0.030
specimens and year category
(b)
Year of herbarium specimen collection as predictor  0.454 0.500
of 2000-2021 record in same locality (1) '
Year of herbarium specimen collection as predictor 0.243 0.622

of 1950-2021 record in same locality (1)

old AWT specimens were small collections with a region-
al focus; Gloucester City Museum and the Royal Agri-
cultural University. Small herbaria (<100,000 specimens
(Lavoie 2013)) have been well-recognised in the literature
for their contribution to biodiversity data (Colombo et
al. 2016; Marsico et al. 2020) and the results reinforce
that such collections should not be overlooked.

Although the first UK herbarium was established in
1621 (Smith 2018), close to the ancient woodland date
threshold of 1600, the earliest specimen retrieved for this
study dated to 1834. Specimen availability was fairly even
through the mid-late 1800s, but statistical testing showed
that temporal coverage of specimens was not evenly dis-
tributed over the full 1834-1949 period. This was mainly
due to a peak in specimen numbers between 1890 and
1929. This pattern aligns with the wider collecting trend
of British and Irish flora, which was most prolific in the
late 1800s to early 1900s (Groom et al. 2014).

Old herbarium specimens represent ‘hard won’
data, limited by contemporary transport and recording
technologies. They are also finite and the best available
data for their time (Meineke et al. 2018). However, it is
important to caveat their limitations. Biological record-
ing is well-known to be prone to taxonomic and loca-
tion biases, over- and under-sampled locations and false
absences (Daru et al. 2018; Troudet et al. 2017). Just over
half of the possible AWTI species for this region were rep-
resented at least once among the specimens. However,
specimen collection appears to have been influenced by
axiophyte theory (Walker et al. 2010) with charismatic
plants such as Orchidaceae more frequently collected
than, for example, Cyperaceae. In terms of location bias,
the majority of the old AWI specimens were collected
from larger ancient woodlands. The ancient woodland
concept, in its current sense, did not exist at that time
(Peterken 2018), but the quality of woodland vegetation
may have influenced choice of collection location.

The 32.5% of the old AWI specimens without a
record in the same locality between 1950 and 2021 are
particularly valuable as they provide potentially unique
species-location data. Ancient woodlands are commonly
identified using a range of desk-based evidence, includ-
ing existing biological records, as field surveys are too
resource-intensive to carry out on every site (Glaves et
al. 2009; Natural England 2022). Therefore, old AWT her-
barium data could add a useful evidence source to the
UK Ancient Woodland Inventory or similar undertak-
ings at any scale, particularly as herbaria are increasing-
ly digitally available. This technique would be especially
applicable when AWT richness thresholds (for example
8, 10, or 12 species (Glaves et al. 2009)) form part of the
evidence for ancient status. In the present study, her-
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barium georeference data was often sufficiently detailed
to pinpoint a named woodland. In such situations, the
inclusion of old herbarium records could influence the
classification of a woodland as ancient, and consequent
levels of protection.

Old AWI specimens, with or without a correspond-
ing recent record, may assist in the identification of lost,
remnant or overlooked wooded sites. Mapping showed
some small clusters of old AWTI specimens located out-
side of named woodlands. Feasibly, some of these could
indicate former ancient wooded commons, wood pas-
tures or lost woodlands (Rotherham 2017). These, along
with ancient woodland remnants of less than 2 hectares
and ancient hedgerows, have been increasingly recog-
nised for their intrinsic value, as well as their potential
for connectivity, restoration, or wilding (e.g. Groene-
woudt et al. 2022; Lenoir et al. 2021; Rotherham 2017;
Sansum and Bannister 2018). Ancient woodland ecologi-
cal planning depends not only on extant and mapped
habitats, but also the historic landscape configuration
(Kimberley et al. 2016). The 54.9% of old AWI specimens
with a 2000-2021 record in the same locality could rep-
resent relict populations of such sites. To triangulate the
evidence of ‘ancientness’, old herbarium records could
be applied in combination with a range of other envi-
ronmental indicators such as the palynological record
(e.g. Dark 2021) and soil profile analysis (e.g. Rotherham
2022). Berges and Dupouey (2019) advocate the explo-
ration of all types of historical ecological documents to
better inform ancient woodland management.

It might have been expected that the oldest AWI
specimens would be significantly less likely to have a
recent record in the same locality due to local extinc-
tions in light of the threats to ancient woodland. How-
ever, statistical testing showed that year of herbarium
specimen collection was not a significant predictor of
whether or not a 1950-2021 or 2000-2021 record was
available. In addition, the majority of old AWI speci-
mens did have a corresponding recent record in the
same locality, either between 2000 and 2021 (54.9%)
or 1950 and 1999 (12.6%). Further, a proportion of
the old AWT specimens without a recent record in the
same locality may have been false absences. Therefore,
known local losses of AWI species are in the minor-
ity. This suggests that ancient woodlands have largely
maintained the necessary environmental conditions
required to support ancient woodland flora: the old-
est specimens with corresponding 2000-2021 records
indicate a persistent population over around 180 years.
Conversely, there is evidence of an extinction debt of
over 100 years for woodland plants after habitat altera-
tion (Vellend et al. 2006). A greater length of time and

Kelly Hemmings

ground-truthing would be required to elucidate these
population dynamics.

Old AWT herbarium specimens could also assist in
resource allocation for species and habitat conserva-
tion prioritization (Kricsfalusy and Trevisan 2014). The
use of old herbarium data to assess the likelihood of
species presence where no recent record exists has met
with success in other ecosystems and species groups
(e.g. Lienert et al. 2002; Applequist et al. 2007; Aedo et
al. 2015). Old AWI specimens without a corresponding
recent record should not be treated as an absence or loss
without ground-truthing. Old herbarium data may also
guide targeted population surveys for conservation sta-
tus assessment, for example to designate Red List status.
In addition, AWT individual species have been increas-
ingly employed as target species or success indicators of
ancient replanted woodland restoration (Palo et al. 2013;
Brown et al. 2015), rewilded woodlands (Broughton et
al. 2021), and ancient woodland soil translocation miti-
gation (Craig et al. 2015). Old AWT herbarium records
could expand the species presence baseline against
which success is measured.

In conclusion, these findings strongly support the
use of old AWI herbarium specimens in addition to
more recent records for the purposes of ancient wood-
land identification and management for nature recovery.
The digital availability of old herbarium records pro-
vides a rich source of high-granularity data that adds to
the evidence for ancient status of extant woodlands and
may elucidate the locations of lost ancient wooded sites,
both of which are important for woodland restoration
and connectivity. Further they provide scope for target-
ed field assessments of scarce or protected AWTI species.
When using such data, caution should be applied given
the biases of biological recording and specimen collec-
tion. However, the unique value of old herbarium speci-
mens outweighs these limitations. Future research into
the application of old herbarium records to ecological
management in other ecosystems and species groups is
warranted.
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Appendix 1. Pre-1950 herbarium specimens for Vice-county 33 East Gloucestershire: Family, species and number of specimens, inclusive of
duplicates. Total 305 specimens.

Number of pre- Number of pre-

Family Species 1950 herbarium Family Species 1950 herbarium
specimens specimens

Adoxaceae Adoxa moschatellina 4 Asparagaceae  Hyacinthoides non-scripta 2
Ranunculaceae Anemone nemorosa 10 Aquifoliaceae  Ilex aquifolium 2
Ranunculaceae Aquilegia vulgaris 3 Lamiaceae Lamiastrum galaeobdolon 1
Woodsiaceae  Athyrium filix-femina 6 Fabaceae Lathyrus sylvestris 2
Blechnaceae Blechnum spicant 1 Primulaceae Lysimachia nemorum 3
Campanulaceae Campanula trachelium 1 Rosaceae Malus sylvestris 2
Brassicaceae Cardamine amara 4 Lamiaceae Melittis melissophylum 1
Brassicaceae Cardamine impatiens 2 Euphorbiaceae  Mercurialis perennis 1
Cypercaeae Carex montana 1 Caryophyllaceae Moehringia trinerva 9
Cypercaeae Carex paniculata 3 Ericaceae Monotropa hypopitys 12
Cypercaeae Carex pendula 2 Orchidaceae Neottia nidus-avis 11
Cypercaeae Carex remota 2 Orchidaceae Neottia ovata 2
Cypercaeae Carex sylvatica 2 Orchidaceae Orchis mascula 2
Orchidaceae Cephalanthera damasonium 22 Oxalidaceae Oxalis acetosella 8
Saxifragaceae  Chrysosplenium alternifolium 3 Melanthiaceae  Paris quadrifolia 8
Saxifragaceae  Chrysosplenium oppositifolium 2 Aspleniaceae  Phylittis scolopendrium 2
Colchicaceae  Colchicum autumnale 9 Polypodiaceae  Polypodium vulgare 7
Apiaceae Conopodium majus 2 Dryopteridaceae Polystichum aculeatum 4
Asparagaceae  Convallaria majalis 1 Dryopteridaceae Polystichum setiferum 1
Thymelaeceae  Daphne laureola 2 Primulaceae Primula vulgaris 4
Dipsacaeae Dipsacus pilosus 3 Rosaceae Potentilla sterilis 3
Dryopteridaceae Dryopteris carthusiana 1 Rosaceae Prunus avium 5
Orchidaceae Epipactis helleborine 8 Ranunculaceae  Ranunculus auricomus 3
Celastraceae Euonymus europaeus 7 Apiaceae Sanicula europaea 2
Euphorbiaceae  Euphorbia amygdaloides 1 Crassulaceae  Sedum telephium 2
Liliaceae Gagea lutea 4 Veronicaceae  Sibthorpia europaea 1
Rubiaceae Galium odoratum 7 Malvaceae Tilia cordata 1
Geraniaceae Geranium sylvaticum 2 Veronicaceae Veronica montana 1
Rosaceae Geum rivale 4 Fabaceae Vicia sepium 9
Asteraceae Gnaphalium sylvaticum 1 Fabaceae Vicia sylvaticum 11
Ranunculaceae  Helleborus foetidus 15 Violaceae Viola riviniana 16
Ranunculaceae Helleborus viridis 11 Violaceae Viola reichenbachiana 19
Poaceae Hordelymus europaeus 2
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