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Figure 3. Geographical distribution of species richness and endemicity of Empidoidea in Gt. Britain. (A), species richness
(number of species present); (B), total reciprocal weighted endemism; (C), deviation of mean reciprocal weighted endemism
from values predicted by a regression model of its relationship with species richness. Spatial interpolation of results for
50 x 50 km OGUs was performed in PAST using the multiquadric gridding algorithm.

Figure 4. Relationship between mean reciprocal weighted endemism and species richness in 50 x 50 km OGUs in Gt.
Britain. Mean values + standard error are indicated. Linear regression (r = 0.581) was fitted (dashed line) using the model-
ling module in PAST and 95% confidence intervals (unbroken lines) determined from 2000 bootstrap replicates. Strongly
positive ‘outlier’ OGUs are indicated (see Fig. 1 for explanation of alphanumeric code).

endemism was found in areas bordering the western
seaboard, English Midlands, Scottish Lowlands, and
the far-north of Scotland. Areas of high endemism
were similarly distributed to those with high species
richness (Fig. 3A), suggesting that high species rich-
ness correlates with high endemism. Alternatively, as
areas of high endemism were also generally coincident
with those with better observer coverage (Fig. 2), it is

possible that detection of a larger number of endemic
species might be a consequence of increased coverage.
Mean reciprocal weighted endemism and species rich-
ness were indeed weakly correlated (Fig. 4), and it is
interesting to note that positive ‘outlier’ OGUs with
mean weighted endemism above that predicted by the
regression line in Fig. 4 were distributed across the
full range of variation in species richness and likely
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represent OGUs with exceptionally high endemism.
While coverage effects cannot be entirely excluded,
a better representation of the geographical spread
of endemism was obtained by mapping deviations in
mean weighted endemism above and below the regres-
sion line in Fig. 4. The resulting map (Fig. 3C) thus
shows areas with relative levels of endemism that devi-
ate above or below which expected from their species
richness (and concomitantly, coverage). In this treat-
ment, the endemic areas of EAng and NEGM are again
retrieved and a new endemic area in the far north of
Scotland (grid NC in Fig. 1) is weakly apparent, but
the southern and north-east English and south-east
Wales ‘hotspots’ are greatly diminished in apparent
importance.

Assemblage composition and species turnover

In order to examine similarities in Empidoidea assem-
blages present in endemic areas and elsewhere, we
employed MDS using Jaccard index to compare only
relatively data-rich 50 X 50 km OGUs (those with

Euclidian distance
e e
= b =

0z'o
S0

la

>125 species). The result was transformed into a more
readily interpretable form by subjecting the data from
the primary axis of the MDS result to cluster analy-
sis using Euclidian distance (Fig. 5). Although assem-
blages represented by adjacent clusters were generally
associated with adjacent geographical areas, those of
Scotland (cluster 1 in Fig. 5) were distinctly different
from those elsewhere in Britain, indicating that the
species composition of assemblages differed greatly in
the two areas. A group of East Anglian OGUs (clus-
ter 2) had a sister-group relationship with other areas
of England within which two clusters were retrieved:
cluster 3 representing south-east England and clus-
ter 4 including south-west and northern England and
Wales. Overall, the results indicate zones of Empidoidea
assemblage similarity orientated approximately along
a south-east to north-west axis across Britain but with
those associated with the Scottish Highlands and East
Anglian endemic areas being more distinctly defined.
Variation in species turnover along geographical
gradients was further investigated using Whittaker’s
measure of f-diversity, B (Fig. 6). TG4 is an OGU at

7=

Figure 5. Assemblage similarities of British Empidoidea. (A), a two-dimension MDS matrix was calculated using Jaccard
similarity in PAST (stress = 0.1608) utilizing only 50 x 50 km OGUs that have at least 125 species present. Data from the
first axis of the MDS result were then analysed using unweighted pair-group average cluster analysis in PAST employing
Euclidian distance. Numbers 1-5 indicate major clusters discussed in the text. (B), map of OGUs colour-coded to match

major clusters in A.
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1.0

0.5

Figure 6. p-Diversity of British Empidoidea. Pairwise comparisons of Whittaker’s measure of 3-diversity (B, ) were made
between TG4 (A), NH3 (B), and SU4 (C) and all other 50 x 50 km OGUs in which Empidoidea were recorded. Values of 8
range between 0 (complete identity) and 1 (complete non-identity). Spatial interpolation of results was performed in PAST

using the multiquadric gridding algorithm.

the centre of the EAng endemism hotspot, and pair-
wise comparison of 3, between it with all other British
OGUs revealed pronounced east-west and south-east—
north-west gradients of dissimilarity (Fig. 6A). As spe-
cies turnover measured as § provides an accurate
reflection of community turnover (Wilson & Shmida,
1984), it is clear that assemblage similarity decays
with distance along these axes. The gradient of turno-
ver at distance from NH3 in the NEGM hotspot was
less pronounced (Fig. 6B) but with some similarity
in assemblage composition likely being maintained
through inland localities further south, while coastal
areas in both the east and west were clearly very dif-
ferent. Turnover away from SU4 in central southern
England had a strong north—south component and
again, large differences were evident from coastal
localities.

COMMUNITY HISTORY
Dispersal direction

Figure 7 summarizes measurement of the coefficient
of dispersal direction, DD1, between regions of Britain
and continental Europe. DDI can be thought of as a
measure of the probability that species in an assem-
blage in one area are derived from another (Legendre
& Legendre, 1984). Values of DD1 were strongly
asymmetric across different regions of Britain, indi-
cating a common dispersal direction vector trending
from southern areas toward the north or north-west.
Strong dispersal vectors were also found directed from
Belgium to East Anglia (EAng) (zone A in Fig. 7) and to

Germany, but vectors for other trans-North Sea coloni-
zation possibilities (e.g. between Belgium and south-
east England (zone B) or north-east England (zone E)
and Germany) were weak. The finding of a prevalent
anisotropic directional dispersal vector in Britain
is consistent with the historical foundation of more
northerly assemblages of Empidoidea by dispersal in
a northerly or north-westerly direction from ‘founder’
assemblages further south. Assemblages in eastern
England may have been influenced, at least in part,
by colonization from regions that now form adjacent
areas of the modern continental European landmass
and those of northern Germany in Schleswig-Holstein
have been shaped by dispersal from the south.

Parsimony analysis of endemism

PAE employing 650 taxa and 28 ingroup OGUs con-
structed by combining four geographically adjacent 50
x 50 km grids in Britain and one OGU comprising four
50 x 50 km grids in Belgium retrieved two equally par-
simonious trees (CI = 0.236, RI = 0.519). Resampling
support (Fig. 8A) was generally low, although a ter-
minal area clade incorporating all southern localities
(indicated by branches distal to the arrow in Fig. 8A)
was very robust being supported by all bootstrap rep-
licates. More northerly British OGUs were retrieved
in ‘basal’ positions in the tree topology, whereas south-
ern and eastern English and the Belgian OGUs were
resolved in more terminal positions. German and
Norwegian data were not included in the analysis
above (Fig. 8A) because PAE ideally requires OGUs to
have identical areas (Laffan & Crisp, 2003). It should
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> Norway
N1

0.018

Germany
G1,G2,G3

0.224

Belgium
B1, B2, B3, B4

Figure 7. Coefficients of dispersal direction of Empidoidea assemblages between regions of Britain and continental Europe.
Values of the coefficient of dispersal direction (DD1I) are indicated. The direction of dispersal vectors between regions (indi-
cated by DD1 with positive sign) is shown by the arrows with thickness approximately proportional to the value of DD1.
Regions are indicated by, (A), East Anglia; (B), south-east England; (C), south-west England; (D), Wales; (E), north-east
England; (F), northern England; (G), highlands of Scotland, and (H), north-west highlands.

be noted, however, that geographical land area was not
constant in British OGUs as all coastal OGUs inevita-
bly had actual land areas reduced by the presence of
sea. When the German (three 50 x 50 km grids) and
Norwegian (one 50 x 50 km grid) data were grouped
and included as OGUs, PAE (678 included taxa, 30
ingroup OGUs) retrieved 2 equally parsimonious trees
(CI =0.219, RI = 0.494), and the bootstrap consensus
(Fig. 8C) had similar topology and branch support to
that obtained when German and Norwegian data were
excluded. The German and Norwegian localities were
retrieved in a terminal area clade that also included
southern localities. The results suggest that the his-
torical assembly of communities now represented by
modern assemblages in the north of Britain may have
preceded the assembly of those further south with tree

topology implying a north—south gradient with older
ancestry in the north and younger in the south.

DISCUSSION

This study has revealed that geographical areas of
Britain with high species richness of Empidoidea gen-
erally correspond with the areas of range-restriction as
measured by reciprocal weighted endemism (Fig. 3B).
An association between high levels of endemism and
species richness is perhaps not unexpected as it is rea-
sonable to suppose that rarer range-restricted species
are more likely to persist in ecologically ‘intact’ and
varied areas that provide greater ecological oppor-
tunity and are able to support a greater number of
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species. Indeed, correlations between hotspots of local
endemism (measured as rarity) and elevated species
richness have also been reported in Britain for other
taxa, for example birds (Gibbons et al., 1996), and else-
where for Diptera (Ivkovi¢ & Plant, 2015). The topo-
graphical delimitation of areas of local endemism was
robust and endured when geographical bias in record-
ing effort was moderated by considering only devia-
tions above the expected relationship between mean
reciprocal weighted endemism and species richness
(Fig. 4) as indications of local endemic areas (Fig. 3C).
Two principal areas of local endemism were recov-
ered, in EAng in eastern England and the NEGM of
the Scottish Highlands, with less significant zones
associated with southern England and the far north of
Scotland. The areas identified here are coincident with

Germany (G1, G2, G3)
Norway (N1)

those identified by Plant (2014b) employing a much
smaller number of species (205) of just one empidoid
family (Empididae). Tables 1 and 2 list Empidoidea
taxa considered as narrow range endemics in a British
context and characteristic of the EAng and NEGM hot-
spots, respectively. Species with core ranges centred
within these two areas but demonstrating distinct
geographic range disjunctions or with ranges partially
overlapping adjacent areas are also indicated. Species
composition of Scottish Empidoidea assemblages as
assessed by MDS was markedly dissimilar from that
in the rest of Britain (Fig. 5, cluster 1) although NEGM
assemblages were not well resolved from others in
Scotland. The EAng assemblage of Empidoidea (Fig. 5,
cluster 2) was clearly structured differently from
others in England and Wales, which were otherwise

B

I
h_—.

Figure 8. Parsimony analysis of endemism of British and continental European Empidoidea. (A), bootstrap consensus of
two equally parsimonious trees resolved by PAE using 650 taxa, and 28 OGUs comprising four pooled adjacent 50 x 50 km
grids in Britain and Belgium, CI = 0.236, RI = 0.519; (B), geographical alphanumeric codes V1-V27 identifying British
OGUs used in the analysis; (C), terminal part of bootstrap consensus of two equally parsimonious trees resolved by PAE
using 678 taxa, and 30 OGUs comprising four pooled adjacent 50 x 50 km grids in Britain and Belgium, three pooled grids
from Germany, and a single grid from Norway, CI = 0.219, RI = 0.494. The basal part of the tree (basal to the arrow in A and
C) had identical topology as in A. Bootstrap support (1000 replicates) is indicated at the nodes.
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Table 1. Taxa considered characteristic of the East Anglian hotspot of endemism (EAng)

Taxon Family Distribution status
Hilara hirtella Collin Empididae N
Rhamphomyia breviventris Frey Empididae N
Platypapus pallidiseta Kovalev Hybotidae N
Platypalpus pygialis Chvala Hybotidae N
Achalcus nigropunctatus Pollet & Brunhes Dolichopodidae N
Cyturella albosetosa (Strobl in Czerny & Strobl) Dolichopodidae N
Dolichopus kerteszi Lichtwardt Dolichopodidae N
Dolichopus laticola Verrall Dolichopodidae N
Dolichopus nigripes Fallén Dolichopodidae N
Dolichopus plumitarsis Fallén Dolichopodidae N
Hercostomus verbekei Pollet Dolichopodidae N
Neurigona abdominalis (Fallén) Dolichopodidae N
Poecilobothrus majesticus d’Assi Fonseca Dolichopodidae N
Empis prodromus Loew Empididae w
Platypalpus caroli Grootaert Hybotidae w
Achalcus thalhammeri Lichtwart Dolichopodidae W
Campsicnemus magius (Loew) Dolichopodidae w
Dolichopus migrans Zett. Dolichopodidae w
Thrypticus smaragdinus Gerstaecker Dolichopodidae D
Achalcus vaillanti Bunhes Dolichopodidae D
Telmaturgus tumidulus (Raddatz) Dolichopodidae D

Distribution status; N, narrow-range endemic confined to the EAng hotspot; W, distribution centred on the EAng hotspot but encroaching on adjacent

areas; D, disjunct distribution including the EAng hotspot and distant areas.

resolved by MDS into two groups (Fig. 5, clusters 3 &
4), one occupying much of central England and the
other extending from south-west England through
Wales into northern England. Thus, disparate species
composition of the EAng and NEGM centres of end-
emism is also supported by ordination.

Species turnover (measured as f3,) increased along
spatial gradients away from the EAng (Fig. 6A), NEGM
(Fig. 6B) and southern English (Fig. 6C) centres of
endemism. Decay of community similarity with dis-
tance is well known as a scale-dependant effect (Keil
et al., 2012) generally attributed to environmental and
climatic dissimilarities along geographical gradients
(Nekola & White, 1999; Hawkins et al., 2003; Field
et al., 2009) influencing both niche- and dispersal-
based community assembly mechanisms (Sokol et al.,
2011). Our data revealed decay in species similarity
of Empidoidea assemblages orientated predominantly
along south-east to north-west gradients and between
coastal and inland localities, which are patterns of var-
iation that are widespread in the British biota (Hill,
1991; Harrison, Ross & Lawton, 1992). Gradients were
not uniform as, for example, upland areas of northern
England and Wales were less dissimilar to the NEGM
area than were adjacent lowland areas (Fig. 6B), indi-
cating that local-scale environmental conditions are
likely superimposed on the form of wider-scale geo-
graphic gradients.

PAE retrieved a nested set of area clades with more
northerly British OGUs recovered in ‘basal’ positions
and more southerly British and continental European
localities in progressively more distal positions in
the tree topology (Fig. 8). Branch support was gen-
erally low although much stronger for the terminal
area clade including all southern localities (indicated
by the arrow in Figs 8A, C), which emulates a corre-
sponding geographical separation between Scottish
assemblages and those of the rest of Britain found by
ordination with MDS. There was general geographi-
cal correspondence between tree topology and area
clades found by PAE with areas of elevated recipro-
cal weighted endemism and assemblage similarity.
We interpret the results as evidence that historical
community assembly processes that gave rise to con-
temporary northern assemblages in Britain preceded
those that eventually gave rise to more southerly
communities. Biotic connections shared by south-
ern assemblages are more recent than those further
north. Furthermore, a tree topology lacking in deep
branches suggests that all modern British assem-
blages are descendants of a single early pioneer com-
munity (or at least that if multiple pioneer events
occurred, they must have been at an early time in the
history of Empidoidea being present in Britain). The
results imply a north—south gradient between early
‘founder’ assemblages in the north and southern
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Table 2. Taxa considered characteristic of the Northeast Grampian hotspot of endemism (NEGM)

Taxon Family Distribution status
Hilara hybrida Collin Empididae N
Hilara submaura Collin Empididae N
Platypalpus pygmaeus (Mg.) Hybotidae N
Rhamphomyia aethiops Zett. Empididae N
Rhamphomyia albidiventris Strobl Empididae N
Rhamphomyia hirtula Zett. Empididae N
Rhamphomyia ignobilis Zett. Empididae N
Rhamphomyia vesiculosa (Fallén) Empididae N
Tachypeza truncorum (Fallén) Hybotidae N
Wiedemannia phanstasma (Mik) Empididae N
Wiedemannia simplex (Loew) Empididae N
Medetera infumata Loew Dolichopodidae N
Dolichocephala thomasi Wagner Empididae S
Bicellaria halterata Collin Hybotidae S
Clinocera nivalis (Zett.) Empididae S
Hilara abdominalis Zett. Empididae S
Platypalpus tuomikoskii Chvala Hybotidae S
Rhamphomyia albosegmentata Zett. Empididae S
Rhamphomyia trigemina Oldenberg Empididae S
Hydrophorus rufibarbis Gerstécker Dolichopodidae S
Dolichopus maculipennis Zett. Dolichopodidae S
Platypalpus confinis (Zett.) Hybotidae SD
Rhaphium lanceolatum Loew Dolichopodidae SD
Heleodromia irwini Wagner Brachystomatidae D
Hilara barbipes Frey Empididae D
Hilara hirta Strobl Empididae D
Hilara diversipes Strobl Empididae D
Platypalpus alter (Collin) Hybotidae D
Platypalpus ecalceatus (Zett.) Hybotidae D
Platypalpus stigmatellus (Zett.) Hybotidae D
Rhamphomyia murina Collin Empididae D

Distribution status; N, narrow-range endemic confined to the NEGM; S, distribution centred on the NEGM but encroaching on adjacent areas; D,

disjunct distribution including the NEGM and distant areas.

assemblages influenced by more recent events. PAE
has been widely used as a method to generate his-
torical hypotheses of biogeographical area relation-
ships (Garcia-Barros et al., 2002; Navarro et al.,
2007; Plant, 2014a; Ivkovi¢ & Plant, 2015). The tech-
nique has attracted criticism including a perceived
inability to distinguish between areas sharing simi-
lar ecologies and those with similar history (Rosen,
1988) and questions as to the relative strength and
importance of geographical patterns generated by
vicariance and by dispersal (see Nihei, 2006 for dis-
cussion). A major limitation of PAE is that it ignores
phylogenetic relationships (Humphries, 1989, 2000),
but there can be greater confidence that the results
reflect historical events if they can be corroborated
with the results of traditional cladistic biogeogra-
phy based on a sound knowledge of phylogeny (una-
vailable for Empidoidea) or if geographical patterns

among groups of organisms can be reconciled with
geological evidence or palaeoecological data (Rosen,
1988).

Climate changes in Europe during Pleistocene glaci-
ation episodes were associated with periodic expansion
and contraction of northern temperate taxa which sur-
vived in refugia during glacial maxima and extended
their ranges during interglacials (Montgomery et al.,
2014). During the Devensian Late Glacial Maximum
(LGM) 26.5-19 Kyr, much of Britain and Ireland was
covered by ice (McCabe & Clark, 1998; Clark et al.,
2012) with limited exposure of land (Rolfe et al., 2012;
Clark et al., 2012) and only a very restricted fauna
of cold-adapted species is likely to have persisted in
southern Britain. Following the LGM, a period ensued
of rapid changes in ice extent, sea levels, and climate
followed by steady warming from 15 Kyr, punctuated
by the cooler Younger Dryas (12.8-11.5 Kyr). From the
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start of the Holocene (11.5 Kyr), a more stable climate
ensued, continuing to the present day (Montgomery
et al., 2014). Land connectivity between eastern
Britain and Europe via Doggerland persisted until c.
8Kyr when the land bridge between Britain and the
Netherlands and Belgium was inundated (Coles, 1998;
Montgomery et al., 2014). As temperatures rose, less
cold-tolerant species, which had been restricted to
southerly refugia (Stewart et al., 2010), would have
dispersed out of these areas to colonize Britain and
north-western Europe, and there is abundant evidence
from the palynological and archaeobiological records,
sedimentary fossil deposits, and phylogeographic stud-
ies, of major colonizations of Britain and Doggerland
by plants and animals during this period (Lowe &
Walker, 1984; Coles, 1998; Montgomery et al., 2014)
before severing of the land bridge presented a barrier
to dispersal.

Our PAE results reveal that the historical assembly
of Empidoidea communities now represented by mod-
ern assemblages in much of Scotland likely took place
at an early stage in the origination of the British fauna.
This does not imply, of course, that the composition of
modern northern assemblages actually matches that of
their progenitors, but rather that it was derived from
them. A consistent south to north vector of historical
dispersal direction probabilities (Fig. 7) together with
a similarly orientated decay in assemblage similarity
may be linked to Holocene climatic amelioration allow-
ing northward migration of eurythermic taxa, which
would, in effect, have diluted the signal of early cold-
adapted pioneer communities which themselves would
have retreated northwards as the climate warmed.
Early British and continental European Empidoidea
shared a common origin as judged by PAE as Belgian,
German, and Norwegian assemblages were retrieved
in terminal nested area clades of the tree (Fig. 8). Our
data are consistent with a model in which British and
continental assemblages were derived from common
ancestral communities which probably came to occupy
ice-free land in north-western Europe following the
end of the Devensian glaciation and at a time before
the land-bridge between Britain and Europe was lost.
Northward dispersal of more southerly communities
would have continued into at least the mid-Holocene.
The lack of any deep branching in PAE tree topology
reveals no evidence consistent with a vicariant sepa-
ration of the British fauna that might be attributed
to the relatively recent (8 Kyr) loss of land connectiv-
ity with Europe, suggesting that the assembly of the
British fauna was largely complete by the time the
land-bridge was inundated.

Empidoidea exhibit very varied ecologies and envi-
ronmental tolerances, and some cold-tolerant taxa,
at least, were likely to have persisted in southern-
most Britain through the LGM and the following

5000-7000 years characterized by fluctuating but gen-
erally cool climates when ice-free habitat may have
been available at different places at different times
(Montgomery et al., 2014). Diptera are a dominant
component of many modern high Arctic arthropod
communities (Danks, Kukal & Ring, 1994; Brodo, 2000)
and, for example, many genera of the empidid sub-
family Empidinae, especially Rhamphomyia Mg. are
speciose and numerous at high latitudes and at high
elevations where they can be important pollinators
(Lefebvre et al., 2014; Vajda, 2015). Whereas species
of the empidine genera Rhamphomyia and Hilara Mg.
comprise only ¢. 17% of the total British Empidoidea,
they constituted 45% of narrow range endemic taxa
here considered characteristic of the NEGM end-
emism hotspot (Table 2). While knowledge of global
ranges of these species is limited, all appear to have
northern European distributions, sometimes with
disjunct populations in central European mountain
ranges, and might properly be considered as boreal or
boreo-montane taxa. These species (and indeed other
non-empidine taxa listed in Table 2) may be relicts
of an Early Phase of Diptera colonization of Britain
by cold-adapted stenotherms dating to the early post-
Devensian (between the LGM and 14-15 Kyr) or
even to the LGM, although a later colonization dur-
ing cold climatic periods such as the Younger Dryas
cannot be discounted. The Grampian Mountains,
especially their included areas of Strathspey and the
Cairngorm Mountains, are well known as loci of range-
restricted species of many Diptera families includ-
ing Heleomyzidae, Calliphoridae, Scatophagidae,
Anthomyiidae, Muscidae (Horsfield & MacGowan,
1997), Mycetophilidae, Phoridae, Pipunculidae (Falk
& Chandler, 2005), Syrphidae (Ball et al., 2011), and
other orders of insects including Lepidoptera (Hill
et al., 2010), Odonata (Merritt, Moore & Eversham,
1996), and Neuroptera (Kirby, 1991). Many Grampian
range-restricted species are confined to montane habi-
tats such as snowfield vegetation and tundra-like
habitats (Horsfield & MacGowan, 1997; Horsfield,
2002; Sinclair, 2008) or associated with boreal wood-
land remnants of Populus tremula and Pinus sylvestris
(Horsfield & MacGowan, 1997; MacGowan, 1997) and
may be Early Phase colonists of Britain.

By 13 Kyr, the severe periglacial conditions of the
Late Devensian were rapidly ameliorating, and not-
withstanding the intercession of the cold Younger
Dryas, there are indications that summer tempera-
tures in much of Britain were little different from the
present day (Lowe & Walker, 1984). Transition from
Arctic conditions may have been abrupt at some sites
as judged by biostatigraphic evidence of Coleoptera
assemblages (Coope, 1975, 1977). Although at the
start of the Holocene, Britain and Doggerland likely
had only sparse woodland cover, perhaps on account of
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the immaturity of soils, more extensive forests devel-
oped subsequently (Coles, 1998) and greater ecological
opportunity would have allowed increased coloniza-
tion by Diptera, especially Empidoidea, the majority of
which have predatory immature stages found in well-
developed soils and decaying organic matter. Ireland
has been isolated as an island for perhaps twice as long
as Britain and there is no evidence that a land bridge
between these islands persisted after 15 Kyr (Edwards
& Brooks, 2008). Although the Irish fauna was not
studied here, it shares only 50.1% of its Empidoidea
diversity with modern Britain (based on the data of
Chandler, 1998). It thus seems likely that the Middle
Phase of colonization of Britain by Empidoidea was
underway by 15 Kyr and that major colonization of
Britain continued after the loss of the Ireland-Wales
land bridge and probably accounts for the assembly of
the majority of nonboreal lowland communities now
present. The middle phase would have been termi-
nated by the inundation of Doggerland and loss of the
land bridge between Britain and continental Europe
at 8 Kyr, after which the presence of open marine envi-
ronments would have presented barriers to further
dispersal and colonization. The dispersal capabilities
of Empidoidea are very poorly known, and we have no
evidence to indicate to what extent they would have
been able to penetrate Britain in the Late Phase once
the land-bridge was lost, and can only speculate that
colonization rate was likely much slower than during
the preceding period.

While the NEGM endemism hotspot might be
understood as a montane refugial area into which cold-
adapted Early Phase colonists retreated northwards
in the face of climatic amelioration, origination of the
EAng hotspot is less clear. The close terminal posi-
tions of East Anglian and Belgian OGUs in PAE trees
(Fig. 8) suggest a relatively recent common origin, and
dispersal direction vectors indicate that the assembly
of East Anglian communities may have been consid-
erably influenced by Belgian and south-east English
faunas (Fig. 7). The alluvium-filled basins and surface
sands and gravels of EAng (Greig, 1996) and similar
surface topography, at least in the west of Belgium
(Verbruggen, Denys & Kiden, 1966), sustain similar
broad habitat types including fen and sandy heath or
pseudo-steppe environments which were also likely
present on Doggerland during the Holocene (Coles,
1998). The inundation of Doggerland at c. 8 Kyr marked
the final loss of land connectivity between Britain and
continental Europe and would have resulted in some
components of the shared Doggerland biota becoming
isolated in refugial areas on either side of the North
Sea in EAng and Belgium.

Whereas the taxonomic composition of Empidoidea
in the NEGM hotspot is dominated by cold-adapted
Empididae and Hybotidae (Table 2), Dolichopodidae

are the major components of the EAng hotspot
(Table 1), and many of the included species have
wetland or coastal affinities. The fen and breckland
habitats of EAng are recognized as centres of distri-
bution of many range-restricted taxa including cer-
tain aquatic Heteroptera (Huxley, 2003) and Odonata
(Merritt et al., 1996) and species of the Diptera fami-
lies Syrphidae (Ball et al., 2011) and Mycetophilidae
(Falk & Chandler, 2005). Such habitats may formerly
have been more widespread as some species with a core
distribution in EAng have modern ranges that include
geographically disjunct outlier populations elsewhere.
For example several species of Diptera associated with
Phragmites (often the dominant plant in fen habitats)
have isolated populations in distant localities with
abundant Phragmites in southern Britain and the
fen and open water species Allodia protenta Lastovka
& Matile (Mycetophilidae) and Anopheles algerien-
sis Theobald (Culicidae) are also known from similar
habitats in Anglesey in Wales (Falk & Chandler, 2005).
Interestingly, ordination of species composition of
Empidoidea implies similarities between assemblages
on Anglesey (Grid SH1) and part of EAng (Fig. 5,
cluster 3a), both areas with extensive fen habitat. We
suggest that although the EAng hotspot of endemism
may have originated during mid-phase colonization of
Britain, it was probably shaped and became more geo-
graphically restricted by subsequent habitat changes.
Such changes were likely to have been substantial for
fen species, which would have suffered massive loss of
habitat through anthropogenic wetland draining dur-
ing the late phase.

Disjunctions are also known between areas of the
Scottish Highlands and English localities. These
typically involve heathland species such as the
Syrphidae Microdon analis (Macq.) (Ball et al., 2011)
and may represent examples of populations becom-
ing ‘marooned’ in isolated pockets of acidic healthy
soils during historical edaphic or other environmen-
tal changes. We have no clear evidence for disjunct
distributions among the many heathland specialist
Empidoidea. However, ordination suggested similari-
ties in assemblage composition between the Scottish
Highlands and grid SO1 on the Welsh/English bor-
ders (Fig. 5, cluster 1a). Species characteristic of
this disjunction include Hilara barbipes Frey, Hilara
diversipes Strobl, Hilara pseudosartrix Strobl, and
Platypalpus stigmatellus (Zett.); and assemblage sim-
ilarity is also supported by a larger number of spe-
cies such as Oedalea ringdahli Chvala, Platypalpus
melancholicus (Collin), and Dolichopus argyrotarsis
Wahlberg that have essentially northern and western
distributions but with relatively isolated and small
populations not only on the Welsh borders, but also
elsewhere in predominantly upland areas of England.
Many of the species involved have associations with
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extensive alluvial sands of periglacial origin present
in the Grampian area and along rivers such as the
Monnow and Usk in the borders area, and we conjec-
ture that southern populations may have become iso-
lated from those further north by persistence of local
areas of suitable habitat as the environment changed
during the Holocene.

The model presented here of how British communi-
ties of Empidoidea were assembled historically is one
in which the arrows of colonization and dispersal point
consistently northwards. Early Phase cold-adapted
arrivals were followed by a greater diversity of more
eurythermic taxa during a middle phase which prob-
ably ended when the land-bridge with Europe was
severed. Thereafter, northward dispersal continued
in response to continued climatic and environmental
change with populations becoming fragmented in iso-
lated relictual habitat types, resulting in local hotspots
of elevated endemism. The model is however only a
broad outline, and further work will be needed to ver-
ify and refine it. The absence of a reliable phylogeny
hinders the development of cladistic biogeographical
interpretations and prevents assessment of how taxo-
nomic composition might reflect potentially differing
areas of origin of the different assemblages. In par-
ticular, molecular phylogeographic methods may be
needed to elucidate dispersal trajectories and timing
more accurately.
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