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Abstract

Anthophora retusa is a rare solitary bee which has declined throughout Britain and other European countries since the 1990s.
It is thought to be restricted to five sites in Britain. However, information on these remaining populations is limited. Knowl-
edge on population size, habitat and forage requirements and foraging distance, are important for successful conservation of
species. The population of A. retusa at the Seaford Head Nature reserve in East Sussex was surveyed. Transects within the
reserve were conducted and population estimates using mark recapture were made for 2018 and 2019. Pollen from foraging
females was analysed alongside visual sightings to determine forage requirements. The total population was estimated to
be 91 in 2018 (males and females) with an estimated male population of 167 in 2019. The most visited flower species by
females was Glechoma hederacea (66% of visits) but flower preference changed throughout the flight season, shifting to
Fabaceae species and Iris foetidissima with 16 plant groups identified in pollen samples. Bees were geographically restricted
to a small area within the reserve (approximately 30 ha). Although the exact location of nesting sites was not determined
with certainty it is thought nests are in the loess deposits at the top of the inaccessible sea cliff face. This project suggests
the presence of appropriate nesting sites may be limiting A. retusa distribution as they appear to forage on common plant
species. More research is needed on the exact nesting requirements of the species.

Implications for Insect Conservation The findings from this paper help contribute to the limited understanding of the ecol-
ogy of this rare and declining species. By knowing the forage requirements of A. retusa, other areas where it is found can
ensure these are present within a short distance of nest sites, hopefully ensuring the survival of individual populations and
therefore the species.
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Introduction

Understanding the ecology of a rare species is vital in devis-
ing appropriate conservation strategies. Global examples of
where this understanding has resulted in conservation suc-
cess stories include the Asiatic lion in the Gir forest (Singh
and Gibson 2011) and mountain gorillas in Bwindi national
park (McNeilage et al. 2006). Examples in the UK include
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the Large Blue butterfly (Thomas 1995) and the Eurasian
bittern (Brown et al. 2012).

In addition, information on population sizes and trends
is required to determine if a species is rare, or if a popula-
tion is small and at risk of extinction (Jackon 2019). Under-
standing these trends is becoming increasingly important
in the current ecological climate with declines reported in
many species globally (Thomas et al. 2004; Beebee and Grif-
fiths 2005; Goulson et al. 2008; Winfree et al. 2009; Potts
et al. 2010). Species extinctions begin with the loss of local
populations. Smaller, isolated populations are at increased
extinction risk (Purvis et al. 2000), especially in species with
intermediate mobility (Thomas 2000; Traill et al. 2007) or
that have specific habitat or resource requirements (Thomas
1995).

In the last 600 years 70 insect species have been declared
extinct globally (Dunn 2005). However, this number is
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thought to be much less than what is expected due to lack of
research on certain insect groups, with one proposed esti-
mate of 44,000 species extinctions (Dunn 2005). Globally,
pollinator species are in decline (Biesmeijer et al. 2006;
Potts et al. 2010). In Europe, 2.4% of bee species are classed
as critically endangered by the IUCN (Nieto et al. 2014).
However, again due to limited monitoring, this figure is an
estimate, as for 57% of European species there is not enough
data to evaluate their extinction risk (Nieto et al. 2014). An
example of a bee species thought to have recently gone glob-
ally extinct is Bombus franklini. It had a narrow distribu-
tion, only ever recorded in an area approximately 240 by
110 km in southern Oregon and northern California in the
United States (National Research Council 2007). For bees,
the threat of extinction is not just limited to B. franklini, with
four other Bombus species in Northern United States being
placed on the IUCN at risk list for pollinators (National
Research Council 2007).

Globally there are an estimated 20,000 species of bee. Of
these, 250 are bumblebees (Goulson et al. 2008), approxi-
mately 300 are stingless bees (de Oliveira Francisco and
Arias 2010) and nine are honeybees (Koeniger and Koeni-
ger 2000). Most of the remaining c. 19,500 are not eusocial
and are often called solitary bees. There are many studies
examining bumblebee species declines (Goulson et al. 2008;
Cameron et al. 2011; Meeus et al. 2011) in the UK and else-
where. However, studies on solitary bee species are minimal.
This is shown with a Web of Science®© search for bumble-
bees in the title or topic returning 1332 studies between 2010
and 2020, with the same search for solitary bees returning
only 411.

In Britain 12 species of bee have gone extinct since 1851,
of which 2 were bumblebees, although no extinctions have
been reported since 1990 (Ollerton et al. 2014). However,
from 1980 to 2013 British solitary bees have suffered a 32%
decline in average occupancy (Powney et al. 2019). Declines
of both bumblebees and solitary bees in the UK are thought
to be due to a variety of factors including habitat destruction,
intensification of agriculture (Buchmann and Ahrne 2005),
reduced growing of clover due to the invention and use of
nitrogenous fertilizers (Ollerton et al. 2014) and pesticides
(Goulson et al. 2015; Woodcock et al. 2017).

Solitary bees are not only an important component of
biodiversity, but also contribute to pollination of both crops
(Klein et al. 2003; Ricketts et al. 2004; Greenleaf and Kre-
men 2006; Holzschuh et al. 2012) and wild plant species
(Ollerton et al. 2011; Rollin et al. 2013). Solitary bees are
at risk of local extinctions due to their often-limited forag-
ing distances (Gathmann and Tscharntke 2002; Greenleaf
et al. 2007), specialised nesting (Westrich 1996; Wcislo
and Cane 1996; Zurbuchen et al. 2010) and forage require-
ments (Westrich 1996; Wood et al. 2017). Determining these
requirements, such as plant species on which they forage and
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where they nest, are likely to be important in making habitat
management effective.

Anthophora retusa, the flower potter bee, is a spring- fly-
ing (active from April to late June), large (forewing length
8.5-10 mm, Falk and Lewington 2015) solitary bee. It used
to be widespread in southern England but since the 1990s
it has greatly declined and is now restricted to a few sites
(Table 1). It is thought that the species has become region-
ally extinct in eastern England as the last records from previ-
ously reported sites in Norfolk and Essex were in the early
1970s (Jackson 2019). The sites where it is still found are
geographically small (Table 1). For example, in Dorset A.
retusa are found nesting and foraging in a quarry site of
approximately 30 ha.

This decline of A. retusa is thought to be due to the inten-
sification of landscape for farming and loss of nesting habitat
as well as threats from flooding and cliff erosion (Evans and
Potts 2004). It is a UK BAP priority species and is listed as
Endangered (Falk 1991). Although assigned as Least Con-
cern at the European level by Nieto et al. in 2014, due to
it being widespread and common in the south of its range,
the species has also been red listed in eight out of the 20
countries where it is found. Within these eight it is regarded
as critically endangered in Estonia and endangered in the
Czech Republic and the Netherlands, but there is very little
information on individual populations. The declines mirror
that of some bumblebee species (Edwards and Jenner 2008).

A geographically restricted population of A. retusa was
identified at the Seaford Head local nature reserve in East
Sussex in the 1990s by Edwards and Jenner (2008). The aims
of this study were to determine several important ecological
parameters for this population. First, population size using
mark recapture. Second, to determine their main sources
of forage using both pollen analysis and observations of
individual foragers. And third, its foraging range within the
study area at Seaford Head using transect surveying of bees
on flowers. In addition, this information was used to estimate
foraging locations and distances travelled when foraging.

Methods
Study site

Seaford Head Local Nature Reserve is located east of Sea-
ford town and is bordered to the south by chalk sea cliffs and
to the east by the Cuckmere River estuary. It is within the
Sussex Downs Area of Outstanding National Beauty and is
jointly owned by Seaford Town Council, the National Trust
and the East Sussex County Council. The landscape con-
sists of coastal scrub, pasture grazed by sheep and cattle
and both grazed and ungrazed grassland rich in wildflowers.
It is classed as a nature reserve and SSSI (Site of Special
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Table 1 Both historical and current locations of where A. retusa has been identified and the date of last recording

County and Site Last recorded ~ Status

Habitat type

Population description Reference

East Sussex 2020 Confirmed Present

Seaford Head

Coastal grassland,
shrubs and chalk cliff

Thought to be nesting in
the sandy loess deposits
on the cliff face above
chalk. Total area where
they are observed forag-
ing 30 ha.

This study

Dorset Hanson Quarry 2019 Confirmed Present Heathland Nesting aggregation in Pers. Obvs GH

wind-blown sand area

on the edge of a quarry

pit site. Total area

¢.30 ha with individuals

seen foraging at multi-

ple locations surround-

ing the pit.
Dorset Lulworth ranges 2005 Thought to be present Coastal As the land is occupied ~ Bug life report

by the Ministry of Pers. Comms Mike

Defence surveying Edwards

is difficult. However,

bees have been found

throughout the ranges
Isle of Wight Culver 2002 Thought to be present Coastal Restricted to a small area  Pers comms. Adam

Down of coastline, less than Wright

1 km radius
Bristol 1920 Considered lost - - Horsley et al. (2013)
Somerset 1839 Considered lost - - Horsley et al. (2013)
Milbourne Port
Norfolk 1970 Considered lost - - Jackson (2019)
Bedfordshire 1946 Considered lost - - Jackson (2019)
Suffolk 1899 Considered lost - - Jackson (2019)
Essex 1970 Considered lost Coastal, low grassland — Jackson (2019)
Hampshire 2000 Status unknown - - Hampshire biodiversity

action plan (2000)

Where known the habitat type and more detailed information on the population is described

Scientific Interest. Natural England 1999) due to the pres-
ence of nationally rare species, including Anthophora retusa,
Adscita statices (forester moth) and Seseli libanotis (moon
carrot) (Sussex Wildlife Trust). There is a diversity of habi-
tat types throughout the reserve. The section of the reserve
where the survey was conducted consists of a mixture of
scrubland and occasionally grazed grassland bordered by
permanent pasture (Fig. 1a). It is the only part of the reserve
where the cliffs have exposed loess deposits, highly porous
silt sediment formed by the accumulation of windblown
dust (Frechen 2011). The western section is predominately
scrubland bordered by the Seaford golf course (Fig. 1b). The
eastern side is low-lying meadow with the Cuckmere river
flowing through the centre (Fig. 1c).

The total survey area (Fig. 1a) was 25 ha, approximately
30% of the 83 ha reserve. Within this, land was classified
into three habitat types (scrubland, cliff edge and grass-
land) and 11 fixed survey-transect routes were established
(Supplementary Fig. 1). The survey area was chosen as a

previous study by Edwards and Jenner (2008) and surveys
conducted by Sussex Wildlife had identified the presence
of A. retusa along the exposed cliff face and inland within
the 25 ha survey site. The site also ensured multiple habitat
types could be included in the survey.

Areas were classified as scrubland where species such
as Crataegus monogyna (hawthorn), Sambucus nigra
(elder) and Rubus fruticosus (bramble) were dominant and
accounted for approximately 10 ha with four transect walks
(Fig. 1a). Grassland was defined as areas with minimal or
no tree cover, more than 100 m from the cliff edge with
wild flowers or low (less than 1.5 m high e.g. Gorse) shrubs
as the predominant vegetation. This accounted for approxi-
mately 10 ha and contained five transects. The remaining
5 ha was classified as cliff edge with wild flowers and grass
the predominant vegetation and was any area than fell within
100 m of the cliff edge and contained two transects (Fig. 1a).
Transects were made along pre-existing paths with adjacent
flower patches being surveyed.
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== Coastal Transect

Scrub Transect wWA

=== Grassland Transect

Seaford Head
Nature Reserve

Area surveyed

*+ outside of

the reserve

Fig. 1 Survey area within the Seaford head nature reserve and all transects walked grouped by habitat type. a the 25 ha survey area, b the west-
ern side of the reserve, ¢ the eastern side, d area outside of the reserve where additional surveys occurred in 2020

Mark-recapture and transect-survey walks

Mark -recapture data were collected 4 May to 18 June 2018
and 15 April to 22 June 2019 as these dates covered the
period of peak activity for A. retusa (Falk and Lewington
2015). Surveys were adjusted to start earlier in 2019 to
increase the survey time when males were active. Surveys
were ideally made every two or three days but due to weather
conditions not conductive to bee activity, sunny and 12 °C or
more, this was not always possible. The same transect routes
were walked each survey day between 10:00 and 15:00 with
the order randomised each day to minimise both time of day
and weather effects on bee activity. Routes were walked once
per survey day at a consistent speed with the same observer
each day.

One challenge in studying A. refusa is that it cannot be
differentiated on the wing from the very similar looking
and abundant A. plumipes (Fig. 2a, b). Therefore, whenever
either were seen they were caught with an insect net and
identified. Females were identified by the colour of the hind
tibial spur. In A. retusa this is red (Fig. 2a) versus black in
A. plumipes. Males of the two species could be identified
because only A. plumipes has the obvious longer hairs on
the mid tarsi (Fig. 2¢). Following species identification, A.
plumipes were released. Any A. retusa were released after
being marked on the notum with individual colour-dot com-
binations using Revell© water based acrylic paints (Fig. 2d,
Zurbuchen et al. 2010).
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In addition, the flower species each bee was foraging
on plus the GPS coordinates were recorded. If the bee was
female, we attempted to collect a pollen sample. This was
done by placing the female in a queen marking cage and
using a fine toothpick to scrape grains from the scopa and
the whole body into individual Eppendorf tubes which
were frozen until analysis. Due to the rarity of the species,
destructive sampling to ensure all pollen was collected
from each female was not appropriate. Care was taken to
remove all pollen from a female with the same technique
of collection, as explained above, for each bee even if pol-
len did not appear to be present, to minimise the risk of
only collecting larger or more visible grains. Occasionally
pollen was not obtained from captured females either due
to too few grains present or because the female was not
collecting pollen. As a result, pollen samples were not
collected on every survey day.

Using the GPS coordinates, the mean travel distances
between the initial capture location and recapture points
were calculated (Peakall and Schiestl 2004). If multiple
recaptures of the same individual occurred (5 individuals
in 2019 and 3 in 2018) then the mean distance travelled
was calculated using the distances from the first capture
point to all subsequent capture locations. In 2019 a large
area of kidney vetch, Anthyllis vulneraria, was located
along the cliff face. On 31 June, individuals foraging on
this patch were caught using a net with a telescopic handle,
marked and pollen samples taken from females. This was



Journal of Insect Conservation (2021) 25:49-63

53

Fig.2 a Female Anthophora.
retusa with arrow indicat- a
ing the red hind tibial spur
(Aubert 2013) b Female
Anthophora. plumipes resting
on a leaf (Jones 2013) ¢ Male
A. plumipes with the distinctive
hairy feet (Owens 2011) which
does not occur in in A. retusa

d Paint-dot-marked male A.
retusa foraging on ground ivy,
Glechoma hederacea

the only day where the patch was surveyed as it had not
been previously identified and, therefore, to maintain a
constant survey effort was not added to the survey route.
To determine if female A. retusa had habitat preferences
the average number of captures between the different habi-
tat areas and transects were compared.

Additional surveys were conducted outside of the core
25 ha study area to determine if A. retusa was present in a
nearby location where it has previously been found (Falk
pers. Comms) and areas adjacent to the study site. On 28
May 2018, a survey was conducted inland from Seaford
Head through the Cuckmere valley for approximately
4.5 km, ending at coordinates 50.791003, 0.156665 (Sup-
plementary Fig. 2a). In 2020, additional surveys within Sea-
ford head reserve were completed. These occurred in the
western side which contains Seaford golf course (Fig. 1b)
and the surrounding wetlands to the east on both sides of
the river (Fig. 1¢) along with the original 25 ha survey area
(Fig. 1a). Outside of the reserve the wetlands on the east
side of the river (Fig. 1d) ending at coordinates 50.774232,
0.152147 and an area where A. retusa were once recorded,

High and Over (coordinates 50.789516, 0.140185, Edwards
per comms., Supplementary Fig. 2b) were also surveyed.

Each area was visited a total of three times, on days of
good weather (above 16 °C and dry) between May 27 and
June 8 2020 during the female foraging period. Mark recap-
ture and pollen collection were not conducted during these
additional surveys.

Surveys additional to our study were made by Graeme
Lyons of the Sussex Wildlife Trust in the western side of the
nature reserve in 2016 and 2018 (Fig. 1b) and inland along
the Cuckmere river for approximately 2 km (2018, Fig. 1c).

Population size models and estimates

To estimate population sizes for males and females in both
2018 and 2019 the POPAN model of the Jolly—Seber method
for open populations (Schwarz and Arnason 1996) was used
in the programme “Mark” (version 6.2). Separate models
were made for males and females for both years as previous
work suggests separate models for sexes gives more accurate
predictions (McKnight and Ligon 2017). Multiple models
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with different parameter criteria were created. The parameter
index matrices (PIMs) used in the POPAN method include;
@ (the apparent survival rate), p (capture probability), pent
(probability of entry into the population) and N (super-
population size). Each of these PIMs was tested as either
time dependent or constant and the “Akaike information
criterion” (AIC) was used to select the most suitable model.
Goodness of fit testing was performed to ensure the data met
the model assumptions.

Pollen identification

Pollen was mounted in glycerine jelly with basic fuchsin to
stain individual grains (Wood et al. 2018). Identification was
under light microscope at 400x magnification. Due to the
low number of pollen grains present in each sample it was
possible to count the actual number of grains per plant spe-
cies identified. Identification to species level was attempted.
However, due to similarities among species within Trifolium,
other Fabaceae and Apiaceae these were identified to either
genus or family level. Samples were grouped by date col-
lected. The percentage of pollen grains from each plant spe-
cies was calculated from the total number of grains identified
on each sample day. If multiple bees were sampled on a day
the data were pooled.

Flower-abundance transects

In 2018 the abundance of flower species on each transect
was recorded using a modified DAFOR vegetation scale
(Croxton et al. 2005). For each survey day the species pre-
sent on each transect and its abundance on a scale of O to five
(O: absent; 1: rare; 2: occasional; 3: frequent; 4: abundant
and 5: dominant). The overall daily abundance for each spe-
cies was calculated as the average of its abundance across
all transects for that day. The average abundance during the
flowering period was calculated only using dates where the
species was seen to be in flower on at least one transect.
These measures provide information regarding when cer-
tain species became abundant within the female flight period
and which species were flowering consistently throughout.
Average abundance during the survey period was calculated
using the average daily abundance for all survey dates. The
flower survey dates were 20 and 30 May and 5,11 and 18
June 2018 to overlap with female activity. To determine dif-
ferences in plant abundances between habitats, the average
abundance of the five most visited plant groups by A. retusa
females were compared between habitat areas and transects.
These groups either accounted for more than 20% of flower
visits or were over 20% of the pollen grains identified.
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Statistical analysis

To determine if there was a significant difference in when
peak activity occurred between males and females Mann-
Whitney U tests were completed for both years separately
due the difference in survey start date between years. To test
for differences in plant abundance and the number of females
captures between habitat types and transects Kruskall Wallis
tests were run. To test for differences between survey years
and sexes in distances between capture points t-tests were
performed. All statistics were performed using R version
34.2.

Results
Population estimates

In 2018 50 males and 42 females were caught and marked
on 13 survey days, from 4 May to 18 June (Supplementary
table 1) No males were caught after 6 June. The day with
the most male captures was 5 May, with 10, and 13 June for
females, with 12 captures.

In 2019 there were 19 survey days from 4 May to 13
June. A total of 160 males and 57 females were caught (Sup-
plementary table 2). As in 2018, the day with the highest
number of male captures was earlier than for females (10
May vs. 6 June).

In both 2018 and 2019 males were on the wing signifi-
cantly earlier than females (Mann Whitney test U, 2-tailed:
2018, U=1874.5, P<0.0001; 2019, U=6777, P<0.0001).

To obtain population estimates separate models were
run for each year and sex. Using goodness of fit testing,
models that best fitted the data were chosen. The models
used are shown in supplementary table 3. The estimated
ratio of males to females in 2018 was 1.1:1.0 In 2019 the
male population was estimated to be approximately 3.6 times
greater than in 2018, increasing from 46.8 to 167.1 individu-
als (Table 2).

The daily population average for females in 2018 was 5.7
individuals and for males was 7.7 (Fig. 3a).

Table 2 Gross population estimates for each year and sex calculated
using the models described in online resource 4

Year Sex Population +SE Total caught
estimate

2018 F 43.9 4.5 42

2018 M 46.8 42 50

2019 M 167.1 6.5 160

The total number of individuals caught for each year and sex are
shown. Due to zero recaptures of females in 2019 a population esti-
mate could not be made. However, 57 females were caught that year
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Fig.3 a Male and female daily
population estimates for 2018; b
Male daily population estimates
for both 2018 and 2019. Stand-
ard error bars are shown. Hori-
zontal lines indicate the overall
mean of the daily population
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In 2019 the male population daily maximum was 71%
higher than 2018 and the daily minimum was 38% higher
(Fig. 3b). The daily population average for males in 2019
was 17.3.

Pollen on females

In 2018 pollen was collected from 14 foraging females
across the survey period. Pollen from 12 different plant
species or families was identified. In 2019 pollen was col-
lected from 12 foraging females with pollen from 14 dif-
ferent species or families identified. Pollen from ground
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ivy, Glechoma hederacea and Fabaceae species were
the most common for both years. Glechoma hederacea
occurred in 64.3% (9/14) of samples and Fabaceae species
in 50% (7/14) in 2018. In 2019 G. hederacea was present
in 66.7% (8/14) and Fabaceae species in 75% of samples
(9/12, Table 3). Nearly all females had pollen from at least
two species or families (26/27) and pollen was often iden-
tified from plant species that A. retusa females were not
seen foraging from, such as hawthorn (Crataegus monog-
yna). On average females were carrying pollen from 2.9
species.

Table 3 Plant species and families identified in pollen samples collected from foraging Anthophora retusa females in 2018 and 2019

2018

2019

Plant species

Pollen pre-
sent on n/14
bees

Percentage of total
grains collected from
all females for year

Mean number of
grains per sample
(+SE)

Pollen pre-
sent on n/12
bees

Percentage of total
grains collected from
all females for year

Mean number of
grains per sample
(=SE)

(%) (%) (%) (%)

Glechoma hederacea  9/(64.3) 32.1 7.0+3 8/(66.7) 34.1 54.6+24.5
Crataegus monog- 5/(35.7) 13.3 52+3 2/(16.7) 0.5 3.0+£0.0

yna*
Symphytum officinale  2/(14.3) 5.1 5.0+4.0 1/(8.3) 0.1 1.0
Fabaceae sp. 7/(50.0) 13.3 3.0+£1.2 9/(75.0) 224 31.9+13.7
Trifolium sp.* 4/(28.6) 5.1 25+1.2 5/(41.7) 325 83.4+80.9
Echium vulgare 1/(7.1) 15.3 30.0 1/(8.3) 1.6 21.0
Asteraceae sp.* 3/(21.4) 3.0 20+1.0 4/(33.3) 53 17.0+11.4
Atropa belladonna 2/(14.3) 9.2 9.0+7.0 1/(8.3) 0.2 3.0
Iris foetidissima 2/(14.3) 2.0 2.0+0.0 1/(8.3) 0.1 1.0
Hippophae sp.* 1/(7.1) 0.5 1.0 - -
Umbelliferae sp.* 1/(7.1) 1.0 2.0 1/(8.3) 0.1 1.0
Acer pseudoplatanus™* — - - 3/(25) 2.5 16.0+15.0
Filipendula ulmaria* - - - 1/(8.3) 0.2 3.0
Rubus fruticosus* - - - 1/(8.3) 0.2 3.0
Ranunculus sp.* - - - 1/(8.3) 0.2 2.0

All samples were collected from separate females. For plant species marked * females were not observed foraging on that species during the sur-
veys. The mean number of pollen grains per sample was calculated only from samples where the species was present
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Fig.4 a Proportions of pollen
grains for all plant groups iden-
tified in samples in 2018 and b 100
2019. ¢ All samples pooled for
the year. Numbers above the
bars indicate number of bees
sampled
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In 2018 the four most prevalent plant species identified in
pollen samples were C. monogyna, G. hederacea, Echium
vulgare (viper’s bugloss) and species of Fabaceae (excluding
Trifolium sp.) (Fig. 4a). Glechoma hederacea was present in
five out of the seven days sampled and species of Fabaceae
were present in six. The date when plant species other than
the top four most common were more prevalent was 30 May,
with only 20% of pollen being from the Fabaceae and the
remaining 80% from [ris foetidissima (stinking iris) and Api-
aceae species (Fig. 4a).

In 2019 the three most prevalent plant species identi-
fied in pollen samples were G. hederacea and species of
Fabaceae and Trifolium (T. pratense and T. repens) (Fig. 4b)
G. hederacea pollen was the most common being present in
samples from six of the seven days. Other plant species were
most common on 22 June with E. vulgare comprising 78%
of the samples and Ranunculus sp. comprising 7% (Fig. 4b).

When pooled over all sample days in 2018 G. hederacea
pollen grains comprised most of the pollen (33%) followed
by E. vulgare (15%), C. monogyna. (13%) and Fabaceae
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species (12%, Fig. 4c). In 2019 G. hederacea pollen was the
most common (34%) followed by Trifolium species (33%)
and then Fabaceae species (22%).

Survey walks

On 2018 survey walks most females were seen foraging
on G. hederacea (63%) followed by 1. foetidissima (29%,
Fig. 5c). On seven of the nine survey days all females seen
were foraging on G. hederacea. Females were only seen
foraging on I. foetidissima from 6 June (Fig. 5a). Data from
2019 females followed a similar pattern, with most females
seen foraging on G. hederacea (69%), followed by . foetidis-
sima (20%). All visits to A. vulneraria were recorded on 31
May. This was due to a large abundance of A. vulneraria on
the cliff face being accessed and O females seen elsewhere
in the study area on this day. A. vulneraria was not found
elsewhere in the survey area nor was it located in the 2018
surveys. Females were first seen visiting I. foetidissima on
the same date as the previous year (6 June, Fig. 5b).
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2018

In 2020 an additional 47.1 km of survey walks were made
outside the core study area. On the western side of the Sea-
ford Head reserve (Fig. 1c) 15.4 km were walked in 4 h with
zero A. retusa seen. On the eastern side of the Cuckmere
river, in the area of wetlands not within the Seaford Head
reserve (Fig. 1d), 16.8 km were walked in 4 hours also with
zero A. retusa seen. In the wetlands located on the western
side of the river within the reserve (Fig. 1c) 7.4 km were
walked in 2 h. A total of 24 female A. retusa were found
within this area all foraging either on G. hederaceae (12) or
E. vulgare (12). The furthest distance A. retusa was found
outside of the initial study area was 250 m. Beyond this zero
A. retusa were located. Surveys within the core area in 2020
covered 6 km in 4 h with 26 female A. retusa identified. All
were foraging on /. foetidissma. Surveys further inland at
High and Over, a site where A. retusa have historically been
seen, covered 6.6 km in 2 h of surveying with no A. retusa
identified.

2019

Flower abundance

A total of 59 plant species were identified in bloom in the
survey area (Table 4). The average abundances and flower-
ing periods for the five most visited plant species, either
through observation or pollen samples, are in Table 4. Of
these G. hederacea was most abundant (mean abundance
score 2.4). When including all flower species the most abun-
dant on average across the survey period was Ranunculus
sp. (Buttercups) (2.5). Although in flower throughout the
entire survey period the average abundance of G. hederecae
decreased each survey week, with its peak abundance score
of 3.6 (on the first week of floral surveys, 20 May) declin-
ing to 1.4 on the last survey week (18 June, Supplementary
Fig. 3). I. foetidissima, the second most visited plant by
female A. retusa ,followed the opposite trend of not being in
flower at the beginning of the survey period (Supplementary
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Table 4 (A) The average
abundance of the five most
visited flower groups, those

Plant Species

Average abundance
throughout study

Flowering dates Average abundance

throughout flowering

. . period period
which were either more
than 20% of pollen grains or (A)
accounted for more than 20% of Glechoma hederacea 20.05.18-18.06.18 2.4 2.4
flower visits by A. retusa (B) the
five most abundant plant species Trifolium sp. (2 species) ~ 20.05.18-18.06.18 0.8 0.8
for all plants in the survey area Echium vulgaris 11.06.18-18.06.18 1.0 0.4
and the dates where they were Iris foetidissima 30.05.18-18.06.18 0.4 0.3
seen flowering Fabacaea sp. (3 species)  20.05.18-11.06.18 0.9 0.9
B)
Ranunculus sp. 20.05.18-18.06.18 2.5 2.5
Glechoma hederacea 20.05.18-18.06.18 2.4 24
Ligustrum vulgare 20.05.18-05.06.18 2.8 1.7
Veronica chamaedrys 20.05.18-18.06.18 1.7 1.7
Lotus corniculatus 11.06.18-18.06.18 4.9 1.3

The average abundance was from all transects walked in the study area both for the dates when flowering
and for the whole study period. For all plant species identified in the study area see online resource 5

Fig. 3) and reaching peak abundance on the only transect
where it was found (score of 5) on 11 June.

Trifolium species (Kruskall-Wallis, X2 =6.2, df=2,
P=0.05) and I foetidissima (Kruskall-Wallis, X2= 11.3,
df =2, P=0.003) differed in abundance between habitat
types. A post hoc Dunn’s test showed that Trifolium sp.
were significantly more abundant on the coastal transects
compared to those in the scrub habitat (P =0.02) with no
difference in abundance between grassland and coastal
habitats (P=0.06). I. foetidissima was only identified along
a single transect in the scrub habitat. When comparing
species abundance between transects I. foetidissima and
Fabaceae abundance differed significantly (1. foetidissima;
Kruskall-Wallis, X2 =41.7, df =10, P<0.001, Fabaceae;
XZ: 29.1, df =10, P=0.001) but none of the other plant
species tested did (Supplementary table 5).

Spatial distribution

Given the low numbers of recaptures in 2018, zero recap-
ture of females in 2019 (Supplementary table 2 and 3) and
a non-significant difference in distances between years (t =
—0.9,p=0.19) and sexes (t = — 1.3, p=0.11), distance data
were pooled for analysis. The average distance between the
initial capture and subsequent recaptures was 122 +21.2 m
(Fig. 6) with most observations less than the mean (range
0-486 m, mode 0—40 m). When an individual had multiple
recaptures, the mean distance travelled was calculated using
the distances from the first capture point to all subsequent
capture locations.

The GPS locations of caught individuals indicate for-
aging hotspots, especially for females (Supplementary
Fig. 1). Clusters of females are in areas of either high G.
hederacea density, or later in the season, I. foetidissima. In
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Fig.6 Frequency of distances between observations of individually
marked bees (males and females) in both 2018 and 2019. Distances
were calculated from the point of first capture to all subsequent cap-
tures. The red line indicates the average distance travelled, 122 m.
N=45

Supplementary Fig. 1 the black rectangle indicates the tran-
sect (A1T3) where over the two years 43% of female cap-
tures occurred. This area accounts for only 5% of the whole
study site with the average abundance of G. hederacea along
the transect route being 3 (frequent) in 2018. It was the only
transect where I. foetidissima was present, with an average
abundance of 3.3 during its flowering period in 2018. There
was a significant difference in the number of female cap-
tures between transects for both years (2018; Kruskall-Wal-
lis, x*=36.3, df =10, P<0.001, 2019; Kruskall-Wallis,
X2 =27.5,df=10, P=0.002). A post hoc Dunn’s test showed
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that transect A1T3 had significantly more female captures
compared to all other transects for both years (Supplemen-
tary table 4).

However, when examining capture rates between habitat
types (scrub, grassland and coastal) there was no signifi-
cant difference in 2018 (Kruskall-Wallis, X2 =04, df=2,
P=0.81) or 2019 (ANOVA, F, 3=2.92, P=0.11).

A potential nesting area was identified in 2019 as males
were seen patrolling along the cliff face and a mating pair
was found a few meters from the edge. Due to the inaccessi-
bility of the cliff face for safety reasons no individuals could
be identified. However, females were seen flying up from
the cliff face and small excavations, possibly nests, could be
seen in the layers of loess deposits at the cliff edge.

Discussion

Our results indicate that the A. retusa population at Sea-
ford Head is very small and geographically confined. Mark-
recapture indicates that the male population in 2019 (the last
year of population surveying) was less than 200 individu-
als, with bees not seen outside of the Seaford Head reserve,
including in surveys conducted in 2020. The small size of
the population is unlikely to be because A. retusa forages
on rare plants or specialises on a narrow range of species,
as is the case in some rare bees (Zayed and Packer 2007)
and insect herbivores (Ellis et al. 2019). The plant species
that was predominantly used for foraging was ground ivy,
G. hederacea, which is extremely abundant in the local area
and nationally. One important missing piece of information
in our study is that we were unable to locate and study nest
sites. However, it is likely that nesting was in windblown,
loess deposits of soil and sand on top of the chalk, which
is vertically exposed at the cliff face (Edwards and Jenner
2008; Horsley et al. 2013). This deposit is an unusual feature
of the cliff at Seaford Head and is not found, for example,
on top of the chalk cliffs of the Seven Sisters and Beachy
head, which run to the east of Seaford Head (Sussex Wildlife
Trust).

Small isolated populations have a high risk of local
extinction due to a wide range of factors including habitat
loss, weather, demographic stochasticity and genetic influ-
ences (Shaffer 1981; Lande 1993). Coastal erosion is an
accelerating process at Seaford Head, with an increase from
2 to 6 cm year™ ! from the Holocene to 22-32 cm year™ !
in the last 150 years (Hurst et al. 2016). Frequent cliff falls
may threaten nesting sites if these occur on the cliff face, for
example in 2017 50,000 tonnes of cliff fell in one location
along the edge (BBC 2017). A fall that large could result
in a big proportion of nests being destroyed, particularly if
they are aggregated. Although major cliff falls are a threat

to nesting aggregations, erosion is a natural and important
process for cliff nesting species (Evans and Potts 2004).

Male population within our survey period reached its
peak approximately a month earlier than the female peak,
indicating that A. retusa emergence is protandrous, a com-
mon characteristic of solitary bee species and many other
insects (Eickwort and Ginsberg 1980). Mark-recapture
showed a 255% increase in the estimated gross male popu-
lation from 2018 to 2019. This may have been in part due
to a longer survey period in 2019, which began earlier and
therefore encompassed more of the male’s flight period.
However, the daily population estimates also increased,
more than doubling, from an average of 7.7 in 2018 to 17.3
in 2019. The change in female population between the two
years is unknown because zero females were recaptured in
2019. The reason for this is not known. It might be due to the
paint marker used rubbing off the females as, unlike males,
they are involved in nest excavation, increasing this chance
of removal. However, the same paint brand was used for both
years and is used in other mark recapture studies (Zurbuchen
et al. 2010). Another explanation could be that, later in the
flight season, females were restricting their foraging activity
to a large patch of A. vulneraria located along the cliff face.
Multiple females were seen foraging here and were inacces-
sible for safety reasons. Therefore, if marked it was not pos-
sible to recapture them. These flowers were not discovered
in 2018, therefore it isn’t known if females were foraging
on them to the same extent. A final explanation could be
the population is much larger than expected. However, the
sex ratio in 2018 was approximately even, 1.1:1.0F, which
is expected on evolutionary grounds (Fisher 1930). There-
fore, a much larger female population compared to the male
population in 2019 is unlikely.

Sufficient and appropriate forage is vital for population
survival and persistence (Schultz and Dlugosch 1999). G.
hederacea was the major floral resource for female A. retusa,
especially at the beginning of their flight season. Over both
years a total of 16 different plant species and families were
identified in pollen samples, with G. hederacea, E. vulgare
and Fabaceae species being the most common, indicating
that A. retusa is polylectic (Mueller and Kuhlmann 2008). In
2018 G. hederacea was the most prevalent pollen (was 34%
of all pollen grains identified) and in both years was the most
popular, representing 73% of all flower visits recorded dur-
ing transects (Fig. 5). The second most visited plant species
was stinking iris, I. foetidissima (23% of flower visits). How-
ever, pollen from I. foetidissima was only found in 12% of
samples (3/26 bees) and comprised less than 1% of the total
grains identified across both years. This perhaps suggests
that 1. foetidissima is more important as a source of nectar
than pollen. No males were seen foraging on I. foetidissima.
However, there were very few males still foraging during
the flowering period of this plant species. Female foraging
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preference was flexible, following changes in flower abun-
dance, primarily the reduction of G. hederacea and bloom
of I. foetidissima. The lack of visual sightings on some of
the plant species identified in pollen samples may be due
to inaccessibility of certain parts of the survey site, with A.
retusa foraging on these species in places where surveying
was not possible (such as through dense scrub or on the very
edge of the cliff face). These results indicate that the pres-
ence of particular flower species may not be as important as
forage availability from a succession of species across the
flight season.

The location of forage may also be important. Although
the number of female captures did not differ between habitat
types, one transect, in the scrub habitat, did have signifi-
cantly more female captures than all others (Supplementary
Fig. 1). Surrounding vegetation sheltered this transect from
the wind. In addition, it contained abundant G. hedera-
cea and later in the season was the only transect where 1.
foetidissima was found. Flower abundance has previously
been found to influence bee foraging patterns (Goulson
1999; Hegland and Boeke 2006). Only 1. foetidissima and
Fabaceae species abundance differed between transects, with
L foetidissima abundance also differing on the larger scale
of habitat type, along with Trifolium species. This lack of
a larger scale differences in flower abundance of the most
visited plant species by A. retusa may explain why the num-
ber of female captures did not differ between habitats, as
the floral composition was relatively similar throughout the
survey site. The higher number of captures on the single
transect with the presence of 1. foetidissima may indicate its
importance as a floral resource.

These hotspots of A. retusa activity may also be due to
individuals travelling only short distances to forage and seek
mates. Most individuals (male and female) were caught less
than 30 m away from their initial capture. Being a large
bee species (forewing length 9-10 mm for females and
8.5-9 mm for males, Falk and Lewington 2016) A. retusa
should have the ability of foraging at moderate to large max-
imum distances (c. 700 m or more), given that foraging dis-
tance correlates with body size (Gathmann and Tscharntke
2002; Greenleaf et al. 2007).

Hofmann et al. (2020) found significantly larger maxi-
mum flight distances compared to observed average flight
distances in six solitary bee species, with maximum esti-
mates up to 7 times larger. This is thought to be due to aver-
age flight distance being context-dependent, influenced by
factors such as local resource availability (Zurbuchen et al.
2010). If there are appropriate resources nearby to the nest,
then females will reduce their energy expenditure and fit-
ness costs by not travelling to flower patches further away
(Zurbuchen et al. 2010).

In this study A. retusa were found to have lower aver-
age flight distances than their estimated maximum, with an
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average distance of 122 m. This agrees with the results found
in Hofmann et al. (2020). For example, Osmia cornuta, a
slightly smaller species than A. retusa, was found to have
an average foraging distance of 107 m with the maximum
distance observed being 724 m. The shorter flight distances
seen by A. retusa may be due to the species being polylectic
and that there was abundant forage found throughout the
30 ha where they were observed in this study.

As the distances in this study were calculated between
site of initial capture and subsequent recaptures, low dis-
tances may also be due to individuals showing site fidelity.
Honey bees and bumblebee species are known to show site
fidelity to a rewarding food source (Heinrich 1976; Comba
1999) where individuals will consistently travel to a patch
of flowers even once they have finished flowering. A. retusa
individuals were often caught either on the same patch of
flowers or within a few meters as on previous survey days,
perhaps indicating a similar behaviour.

Additional surveys outside of the core 25 ha identified
female A. retusa foraging on either large patches of G.
hedereceae or E. vulgare within 250 m of the original survey
area. Beyond this point none were seen, perhaps indicating
they are restricted to a specific area of the reserve (approxi-
mately 30 ha). A mark recapture study on the rare solitary
bee Andrena hattorfiana examined small location popula-
tions and the movement of individuals between them. Most
populations contained fewer than 50 females, with the aver-
age distance travelled between plant patches often less than
50 m (Franzén et al. 2009), a similar finding to the distances
seen by foraging A. retusa, with most individuals caught less
than 30 m from their original capture locations. On the west-
ern side of the reserve the habitat is predominantly scrub,
with the Seaford Golf Course located throughout. The scrub
is similar in floral composition to that found in the core study
area, with patches of G. hedereceae present. However, the
beginning of the scrub habitat where floral resources are
most abundant is over 1 km from the potential nesting site,
with a large section of arable land between these points. In
Franzén et al. (2009) female A. hattorfiana rarely crossed
areas where their pollen plant was not located, even if the
distance was only 10 m. The lack of captures of A. refusa in
the areas surrounding the reserve indicate that perhaps the
population at Seaford head is isolated and restricted due to
females not wanting to cross patches of land with minimal
or no forage available.

Since A. retusa forage on common wildflowers, why
is the population at Seaford Head small, and why is this
one of the few sites where it occurs in Britain? No defini-
tive answer can be given at this stage. Not only are floral
resources essential for solitary bees but also appropriate
nesting habitat (Franzén et al. 2009). The population at
Seaford head are thought to be nesting in loess, the sandy
deposits exposed at the top of the cliff face (Edwards and
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Jenner 2008; Steven Falk 2019 pers comms.) with two
mating pairs found along the cliff edge in 2019. There
is little information on the historical populations of A.
retusa, therefore understanding why they have been lost
from other sites in Britain is not possible. The sites where
they remain and where information is available appear to
be mainly coastal and are either protected or managed by
The National Trust or through nature reserve status (Cul-
ver Down & Seaford Head) or in an area with little human
intervention that harms wildlife (Lulworth Ranges, MOD
owned, Dorset Hanson quarry site). The coastal popu-
lations have access to chalk cliffs, like those at Seaford
head, with the population at the Hanson quarry site having
access to soft, sandy, disturbed banks. Other locations the
species is thought to be currently found, and where it has
been identified in the past, include heathland. Here the
soil, although not formed from loess, shares similar char-
acteristics such as being free-draining and sandy (Pywell
et al. 1994). More studies on these populations and locat-
ing the specific nesting aggregations is needed to help
understand the nesting requirements and how this may be
contributing to the species decline. Having preference for
nesting sites is seen in other solitary bee species. Criteria
include moist, compact soil with little or no vegetation
(Wuellner 1999) or in other species soft soil on south fac-
ing slopes (Potts and Wilmer 1997). These contrasting
criteria in different species highlights the importance of
understanding the species-specific nesting requirements.

Although there is still more information required on
A. retusa, our data highlights the importance of conserv-
ing coastal habitats and the abundant wild flower species
often found there. For A. retusa appropriate forage avail-
able in early spring, particularly. G. hederacea, and later
in the species flight season the presence of 1. foetidissima
and Fabaceae appears to be important for the Seaford Head
population.

Conservation success stories, such as for the Large Blue
butterfly, with its successful reintroduction (Thomas 1995),
give hope for rare species like A. refusa and emphasize the
importance and value of studying local populations and the
specific needs of different species. With it only found in a
few, isolated populations, it is at great risk of extinction in
Britain. This study has highlighted that more research is
required on this species to fully understand the cause of its
rapid decline and that the conservation of the sites where it
is currently located is vital for the species survival in Britain.
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