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Abstract

Aim: To test hypotheses: that Fynbos species had more extensive distributions at the Last Glacial
Maximum (LGM), extending onto the exposed ‘Agulhas Plain’; that genetically distinct British taxa could

have persisted through the LGM on adjacent areas of exposed shelf.
Location: Southern Africa; Europe.

Methods: Climatic response surfaces were fitted for 14 Fynbos and two European birds. These models
were used to hindcast species’ distributions for palaeoclimates simulated using a fully-coupled
atmosphere—ocean general circulation model. LGM annual net primary productivities (ANPP) of two plant
functional types upon which the European birds depend were simulated using a dynamic vegetation model

and compared to potential LGM bird distributions.

Results: Fynbos birds’ potential LGM distributions mostly extended southwards onto the exposed
Agulhas Plain and consistently were more extensive than at present. This contrasts with conventional
expectations for temperate species based upon northern hemisphere evidence. North-west European
taxa potentially had LGM ranges on exposed shelf and ice-free areas west and south-west of the British
Isles ice sheet. This is consistent with available genetic evidence, supporting the long-standing
hypothesis that these taxa persisted through the LGM in this region. In both regions, results allow

generation of new testable hypotheses about species’ evolution and palaeobiogeography.

Main Conclusions: Bird species found today in Fynbos likely had more extensive ranges under glacial
conditions, with many species’ potential ranges extending onto the Agulhas Plain. Bird taxa today
restricted to the British Isles probably survived the LGM with limited distributions on exposed shelf and ice-
free areas south-west of the British Isles ice sheet. Areas of shelf exposed under glacial conditions are
likely to have been important components of glacial distributions of species in both northern and southern
hemispheres. The contrasting history of northern and southern hemisphere species has important

conservation implications, especially in relation to conserving intra-specific genetic diversity.
Keywords

Fynbos endemic birds; South Africa; Agulhas Plain; peri-glacial survival, British Isles; Loxia scotica;

Lagopus lagopus scotica; LPJ-GUESS; HadCM3; phylogeography.
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Contrasting late-Quaternary histories of southern and northern hemisphere birds

1. Introduction

Species’ distribution models (SDMs), relating species’ present recorded distributions to present climatic
conditions (Pearson & Dawson, 2003), are widely used to explore species’ potential distributions under
future climatic conditions projected using general circulation models (GCMs), first being applied in this way
>15 years ago (Huntley et al., 1995; Lenihan & Neilson, 1995). Only recently, however, have SDMs been
used to explore species’ potential past distributions under GCM-simulated palaeoclimatic conditions
(Martinez-Meyer & Peterson, 2006; Garzon et al., 2007; Carnaval & Moritz, 2008; Alba-Sanchez et al.,
2010), or to identify areas where species’ may have persisted during periods of the late Quaternary when
conditions were unfavourable for their wider occurrence (Buckley et al., 2009; VanDerWal et al., 2009).
To a large extent this can be attributed to historical limitations of GCM palaeoclimatic simulations. Until
recently, these predominantly were made using atmospheric GCMs that required sea surface temperatures
(SSTs) to be specified, usually on the basis of summer and winter season reconstructions made from
microfossil evidence (CLIMAP Project Members, 1984). Furthermore, neither ocean circulation nor
seasonal sea-ice cover generally were simulated. Even when refined using a nested regional climate
model (RCM), using the RCM output to drive palaeovegetation simulations revealed substantial biases with
respect to the palynological record of past vegetation, (Huntley et al., 2003). Similar biases were revealed
when comparing simulated climates with conditions inferred from dated permafrost features (van
Huissteden et al., 2003). As Alfano et al. (2003) showed, these biases were likely a result largely of how

reconstructed seasonal SSTs were used to derive an annual cycle of SSTs.

As computing power increased, however, and the imperative for more reliable projections of future
climate drove the development of fully-coupled ocean—-atmosphere GCMs, these models have also begun
to be applied to simulate late Quaternary palaeoclimates. Singarayer and Valdes (2010) used a version of
the Hadley Centre Unified Model to make a consistent set of simulations for a series of time slices
extending back through the last glacial to the last interglacial. These simulations provide the basis for
palaeovegetation simulations that are sufficiently robust to be used to supplement information from the
palynological record, allowing exploration of the drivers of past forest dynamics (Miller et al., 2008) and of

the character and productivity of last glacial vegetation throughout northern Eurasia (Allen et al., 2010).
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Such series of GCM simulations provide a basis for applying SDMs to explore the late-Quaternary
history of taxa that have a limited, or no, fossil record. They can also be used to explore how the different
glacial palaeogeography, as a result of eustatic depression of sea-level by a maximum of ca. 120 m at the
last glacial maximum (LGM; ca. 21 ka BP), may have been important in providing areas of distribution that
are now submerged (Sakaguchi et al., 2010). In addition, they are a potentially valuable basis for testing
and generating hypotheses in historical biogeography. Here we illustrate this potential using SDMs fitted
to bird species of two regions, southern Africa and north-west Europe, that provide several marked
contrasts. In particular, southern Africa experienced no extensive development of last glacial ice sheets,
whereas large parts of northern Europe and the European mountains were covered by ice sheets at the
LGM (Ehlers & Gibbard, 2005). Prevalent climatic constraints also differ today between the two regions:
Nowhere in north-west Europe experiences any significant degree of seasonal moisture deficiency,
whereas much of the region is typified by sub-zero winter temperatures and snow cover even in the
lowlands. In contrast, seasonal drought typifies most of southern Africa, whilst sub-zero temperatures and

snow are features generally only of the higher mountains (e.g. Mulder & Grab, 2010).

Exploring how palaeoclimatic conditions potentially impacted upon species in these two regions allows
us to examine whether the paradigm, based upon northern hemisphere evidence, of temperate species
having more restricted glacial distributions applies also in the southern hemisphere. We also apply our

SDMs to address two specific hypotheses:

e That LGM palaeoclimatic conditions enabled bird species associated today with the Fynbos
Biome of southern and south-western South Africa to have more extensive LGM distributions,

including southward range extensions onto the ‘Agulhas Plain’ that was exposed at that time.

e That species or races today restricted to the British Isles, including the endemic Loxia scotica
(Scottish Crosshill) and Lagopus lagopus scoticus (Red Grouse), as well as the genetically
distinctive Pinus sylvestris (Scots Pine) found today in Scotland (Ennos, 1997), could have
persisted through the LGM on ice-free areas and areas of exposed continental shelf south-west

of the British Isles (Huntley & Birks, 1983; Huntley, 1989).
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Contrasting late-Quaternary histories of southern and northern hemisphere birds

2. Methods

To address the first hypothesis, we examined the 39 bird species listed by Hockey et al. (2005) as primarily
associated with the Fynbos Biome. Fourteen species were selected (Table 1) on the basis that: (1) they
are southern African endemics; (2) they do not range extensively beyond the Fynbos; and (3) they were
mapped as individual taxa by Harrison et al. (1997). Distribution and reporting rate data, the latter a proxy
for abundance, were mapped for southern African birds by Harrison et al. (1997) on a 0-25° grid, except in
Botswana where a 0-5° grid was used. Reporting rate data for the 14 selected species were obtained
from the Animal Demography Unit, University of Cape Town, and used to fit quantitative climatic response

surface (CRS) models.

To address the second hypothesis, distribution data for Loxia scotica and Lagopus lagopus
(Red / Willow Grouse), were obtained from the European Bird Census Council (EBCC). These data,

mapped by Hagemeijer and Blair (1997), were recorded on a ca. 50 km grid. Unfortunately L. I.
scoticus, endemic to the British Isles and distinguished from other sub-species principally by its
uniform and seasonally invariant plumage and its diet principally of Calluna vulgaris (Ling) shoots
(Cramp & Simmons, 1980), was not mapped separately. Qualitative CRSs were fitted using data

for the entire area mapped by the EBCC.

CRS models describe species’ recorded distributions or abundances in relation to a series of bioclimatic
variables derived from present climatic data. Both the quantitative models for Fynbos species and the
gualitative models for European species were fitted by locally-weighted regression following methods
described by Huntley et al (1995; 2011). We favour this approach because: it requires an a priori choice
of a limited number of biologically relevant bioclimatic variables; it makes no assumptions about the form
of the relationships between species’ probability of occurrence or abundance and the bioclimatic variables;
it allows for interacting effects of bioclimatic variables and for these interactions to be non-stationary in
climatic space; the fitted response surface is readily visualised, which is of great benefit in model
interpretation; and extrapolation of the models into climatic space not represented in the training dataset
is both conservative and predictable. Goodness-of-fit and robustness of the models were assessed using
the measures and validation procedures described by Huntley et al. (2011). With the exception of species

recorded from <25 grid cells, model validation was performed by fitting and testing models on 100 random

5
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70:30 splits of the data; in the case of the more sparsely recorded species models were fitted omitting and
predicting each grid cell in turn. Threshold values for determining suitable grid cells were taken as those

values that maximised Cohen’s kappa (Cohen, 1960; Huntley et al., 1995).

Bioclimatic variables were derived from climatic variables in the CRU CL 1.0 0-5° dataset
(http://www.cru.uea.ac.uk/~timm/grid/CRU_CL_1 0.html, New et al., 1999) and/or the WorldClim 2-5'
dataset (http://www.worldclim.org/, Hijmans et al., 2005). Bioclimatic variables used were chosen to
reflect primary constraints on bird species’ distributions and abundance, whether acting directly or
indirectly. As discussed by Huntley et al. (2006), appropriate variables differ between the two regions:
Coldest month mean temperature, annual thermal sum above a 5°C threshold and annual ratio of actual to
potential evapotranspiration were used for European species, whereas for Fynbos species, coldest and
warmest month mean temperatures, annual ratio of actual to potential evapotranspiration and a measure of
the intensity of either the dry or wet season, according to which gave the better model for each species,
were used. Calculation of the measures of dry and wet season intensity is described by Huntley et al.

(2006).

Palaeoclimate scenarios used were derived from the series of simulations made by Singarayer and
Valdes (2010) using the HadCM3 fully-coupled atmosphere—ocean GCM (Gordon et al., 2000; Pope et al.,
2000). Whereas many simulations made with different GCMs are available for the LGM and Holocene
‘optimum’ (6 ka BP), this consistent series of 68 simulations spanning the past 120 ka offers a unique
opportunity to explore species’ potential distributions and abundances for a range of past conditions.
Atmospheric composition, orbital forcing, ice-sheet extent and altitude, and the land—sea mask were
prescribed, respectively, on the basis of ice-core data, orbital calculations, ice-sheet modelling and sea-
level depression inferred from ice-volume evidence. Past values of climatic variables were derived from
the GCM outputs following Allen et al. (2010), but were extended to include shelf areas exposed by eustatic
sea-level depression. To do this we first calculated the potential present (i.e. 1961-90) climate of grid
cells exposed by the maximum 120 m sea-level depression. This was achieved by fitting thin-plate spline
surfaces (Hutchinson, 1989) relating each of the 36 relevant climatic variables from the CRU CL 1.0
dataset (i.e. 12 monthly means of temperature, precipitation and percentage cloud cover) concurrently to

longitude, latitude and altitude. Climatic variables were then interpolated for shelf grid cells, altitudes for
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Contrasting late-Quaternary histories of southern and northern hemisphere birds
which were calculated as means of the relevant grid cells in the GEBCO 1’ resolution global altitudinal and
bathymetric grid (IOC et al.,, 2003). Interpolated anomalies for the palaeoclimate scenario were then
applied to these values, and finally bioclimatic variable values were calculated. Species’ potential past
distribution and/or abundance patterns were simulated using the CRS models. Potential late Quaternary
distribution and/or abundance patterns were then mapped and compared with those simulated for the

present.

To explore the extent to which Pinus sylvestris and Calluna vulgaris, specific food plants required by the
two north-west European bird taxa, may have been present in western Europe at the LGM, and their likely
productivity, we used results from a simulation of LGM vegetation north of 35° N made using the LPJ-
GUESS dynamic vegetation model (Smith et al., 2001). This simulation (Allen et al., 2010) used 47 plant
functional types (PFTs), including one parameterised to represent P. sylvestris. Although C. vulgaris was
not specifically represented as a PFT, the PFT parameterised to represent dwarf shrubs in the Ericaceae
can be taken as an adequate representation of this species because it is the dominant representative of
this PFT in most areas where the PFT has high productivity. The principal advantages of this approach,
rather than of fitting CRS models for the plant taxa and using them to simulate their LGM distributions, are:
(1) that direct effects upon plant performance of the lower atmospheric CO, concentration at the LGM,
compared to prior to the industrial revolution, are accounted for by LPJ-GUESS; and (2) that LPJ-GUESS
provides quantitative simulations of annual net primary productivity (ANPP) for each PFT, whereas CRSs,
and the data to which they could be fitted, provide only qualitative information about where the species
potentially might occur. Details of the LGM palaeovegetation simulation, including boundary conditions

used, are given by Allen et al. (2010).

3. Results

3.1 Fynbos birds

CRS models for the 14 species all gave goodness-of-fit measures indicating high performance, values for
the area under the curve (AUC) for a receiver operating characteristic plot all being > 0-97 (Table 1). The
models were also shown to be robust (for details see Huntley et al., 2011). When used to simulate

species’ potential LGM distribution and abundance patterns, they revealed evidence supporting the
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hypothesised southward range extensions onto exposed shelf areas, although with individualistic species’

responses (Figure 1).

The species examined fall into four groups on the basis of their present distributions (see
Supplementary Figure S1(a — d) for species’ recorded and simulated potential present distributions). The
first group comprises seven species at present limited to a greater or lesser extent to Western Cape (see
Supplementary Information Figure S2 for place names referred to in the text) and adjacent parts of the
surrounding provinces (Pternistis capensis (Cape Spurfowl), Figure 1(a); Chaetops frenatus (Cape
Rock-jumper), Figure 1(c); Cryptillas victorini (Victorin’'s Warbler), Figure 1(f); Promerops cafer (Cape
Sugarbird), Figure 1(g); Anthobaphes violacea (Orange-breasted Sunbird), Figure 1(i); Crithagra totta
(Cape Siskin), Figure 1(k); and C. leucopterus (Protea Seedeater), Figure 1(n)). These species
generally had much enlarged potential LGM ranges, extending eastwards, northwards and also southward
onto the Agulhas Plain, although in the case of Chaetops frenatus and Cryptillas victorini extension onto the

Agulhas Plain is simulated only in the east of their potential LGM ranges.

Three species have present distributions confined largely to the east, often principally in the
Drakensberg and surrounding mountainous areas (Chaetops aurantius (Drakensberg Rock-jumper), Figure
1(d); Promerops gurneyi (Gurney’'s Sugarbird), Figure 1(h); and Crithagra symonsi (Drakensberg
Siskin), Figure 1(1)). All three had potential LGM distributions of increased extent, with increases
especially towards the north and, to a lesser extent, east. Southward range extension was limited, with
potentially suitable grid cells on the Agulhas Plain an order of magnitude further from the species’ principal
potential range (500 — 1000 km) than typical dispersal distances observed for Fynbos species, and thus

unlikely to have been occupied.

A further three species have more widespread present distributions (Geocolaptes olivaceus (Ground
Woodpecker), Figure 1(b); Cinnyris afer (Greater Double-collared Sunbird), Figure 1(j); and Crithagra
scotops (Forest Canary), Figure 1(m)). All three again had potentially more extensive LGM distributions,
extending in almost all directions, including southwards onto the Agulhas Plain. In two cases they
exhibited a tendency potentially to retreat from more inland parts of their present range, the exception being

G. olivaceus that potentially also expanded its range inland.
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For several species in these groups, suitable conditions are simulated at the LGM also in markedly
disjunct areas far to the north or north-east of the remainder of the species’ potential LGM range, notably in
northern Namibia and/or South Africa. Given their isolation, it is unlikely, albeit not impossible, that such

areas would have been occupied.

The final species, Bradypterus sylvaticus (Knysna Warbler), Figure 1(e), has a very restricted present
distribution close to the south coasts of Western and Eastern Cape. Although at 0-5° resolution the CRS
model simulates rather few occurrences, these are in the appropriate areas. At the LGM the species’
distribution is simulated to shift eastwards and also to extend southwards onto the narrow shelf areas south
of Eastern Cape. Interestingly, however, there is no suggestion of any extension northwards, in contrast

to what is seen for most other species.

Median range extent for the 14 species, calculated as the number of grid cells simulated as potentially
suitable, is ca. 2-6 x greater for LGM climate than for present climate. Only one species, Crithagra
scotops, has a potential LGM range virtually identical in extent to that for the present, whilst three species
(Chaetops frenatus, Cryptillas victorini and Crithagra leucopterus) have potential LGM range extents = 4 x
those simulated for the present. These LGM results can be placed in context by considering simulations
made for palaeoclimate scenarios derived from simulations made by Singarayer and Valdes (2010) for a
series of other past intervals (6, 9, 12, 15, 18, 42 and 120 ka BP, and three Heinrich Events (Andrews,
1998): H1 (17 ka BP), H2 (24 ka BP) and H4 (38 ka BP)) (see Supplementary Information, Figures S2 —
15). These reveal that glacial palaeoclimates generally result in simulated range extents greater than at
present, the most extreme potential range increases being simulated for Heinrich Event palaeoclimates.
The latter all give median range extents > 4 x those simulated for the present, H1 (ca. 17k BP) with a
median range extent of 5.6 x, being the most extreme. Strikingly, the last interglacial palaeoclimate
(120 ka BP) was the only one to give a reduction, albeit marginally, in median range extent. Species most
reduced in potential range at that time compared to the present were Promerops gurneyi (0-53), Chaetops
aurantius (0-63) and Crithagra symonsi (0-67), the three species with present distributions principally in the

Drakensberg and other mountainous eastern areas.
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3.2 North-west European birds and their habitats

CRS models for both species had excellent goodness-of-fit measures (Table 2). That for Loxia scotica
accurately simulated the species’ distribution in Scotland (see Supplementary Figure S17 for the species’
recorded distribution), although also simulating one grid square in England and two in Norway as potentially
suitable under present climatic conditions (Figure 2(a)). For the LGM the species is simulated potentially
to occupy a series of grid cells south-west of the ice sheet that covered most of the British Isles. In
addition, areas in the Cantabrian mountains and eastern Pyrenees are simulated as potentially suitable,
along with isolated grid cells in Cornwall and Brittany. Persistence of the species in these areas would
have required presence of Pinus, preferably P. sylvestris, its principal food plant. As Figure 2(c)
illustrates, simulated ANPP for the P. sylvestris PFT at the LGM is high in the areas simulated as potentially
suitable for L. scotica. Most importantly, high ANPP of P. sylvestris is simulated throughout the exposed

shelf and ice-free continental areas west and south-west of the British Isles ice sheet.

The model for Lagopus lagopus accurately simulates the species’ present range that includes Britain
and Ireland (L. I. scoticus) and the Boreal zone, its range in the latter extending from western Norway (L. I.
variegatus) eastwards across Fennoscandia and northern Russia (L. |. lagopus) to Siberia and Boreal North
America (see Supplementary Figure S17 for the species’ recorded north-west European distribution). In
addition, however, areas in the Alps, and a single grid cell in the Pyrenees, remote from the species’
present range, are simulated as suitable for the species under present climatic conditions. The potential
range simulated for the LGM extends throughout ice-free areas of the exposed shelf and British Isles, as
well as across the southern North Sea basin and southwards through eastern Europe. In addition, most of
the Cantabrians, parts of the Pyrenees, the Massif Central and the margins of the Alps are simulated as
potentially suitable. Strikingly, the ice-free area of shelf north-east of Scotland also is simulated as
potentially suitable, whilst the area of suitable conditions is constricted in central southern England, with
highly suitable conditions to west and east but only a limited link between the two where conditions are less

suitable.

Whereas most Lagopus lagopus sub-species feed primarily upon Salix (Willow) and Betula (Birch)
catkins and buds, or on berries of various dwarf shrubs, including Vaccinium spp. (Bilberry, Cowberry, etc.)

and Empetrum nigrum (Crowberry), L. I. scoticus feeds primarily upon Calluna vulgaris shoots.

10
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Accordingly, the key habitat requirement for the latter sub-species is presence of Calluna-dominated
heathlands and related communities. The most relevant PFT simulated by Allen et al. (2010) is the
Ericaceae (dwarf shrub) PFT, parameterisation of which results in behaviour similar to that of C. vulgaris in
terms of the ANPP pattern simulated for present climate. Simulated ANPP for this PFT for the LGM
(Figure 2(d)) is high on the exposed shelf and land areas to the west and south-west of the British Isles. It
is also high in northern Iberia, around the Massif Central and western Alps, in the southern North Sea and
in parts of eastern Europe. The coincidence between the high productivity area simulated to the south-
west of the British Isles and the high suitability of the same area for L. lagopus provides additional support

for the hypothesis that L. |. scoticus persisted in this region through the LGM.

4. Discussion

On the basis of northern hemisphere evidence, there is a paradigm expectation that temperate species’
ranges were reduced in extent under glacial conditions, species being constrained to what frequently are
referred to as ‘glacial refugia’. Simulated LGM ranges of Fynbos species, however, are generally more
extensive, or at least no less extensive, than those simulated for present climatic conditions. This reflects
the absence of extensive continental ice sheets or mountain glaciation in southern Africa (Boelhouwers &
Meiklejohn, 2002), coupled to limited cooling and reduced spatial extent of the summer rainfall regime, the
latter likely associated with a general reduction in monsoon strength under glacial conditions. This
potential for more, rather than less, extensive LGM ranges has important implications for Fynbos species,
and perhaps also for other southern hemisphere temperate species. In particular, present distributions
and populations of Fynbos species are likely reduced compared to their ranges and populations during
most of the Pleistocene, perhaps rendering them even more vulnerable than northern hemisphere
temperate species to the impacts of projected future climatic changes. The overall range reduction
simulated for the last interglacial serves to underline this issue. That this reduction was potentially most
severe for species of the eastern mountains provides a striking parallel to simulated impacts of projected
future climatic changes upon species with this general distribution (Huntley et al., 2011; Huntley & Barnard,

submitted).

Our results for most of the 14 Fynbos species modelled also uphold our hypothesis that these species’

more extensive LGM ranges would have included areas on the exposed Agulhas Plain. Given the
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paradigm expectation that temperate species’ ranges shifted equatorward during glacial stages, the overall
southward shift of potential range at the LGM exhibited by several species is striking. This expectation
arises primarily from evidence for northern hemisphere regions where seasonal temperatures are a
principal determinant of species’ range limits. In South Africa, however, remoteness from any sea-ice
cover at the LGM, even in winter, and persistence of the warm Agulhas Current during glacial stages
(Gersonde et al.,, 2003), even if somewhat weakened (Franzese et al., 2006), would have limited the
degree of cooling. Furthermore, the differing seasonal patterns of precipitation and drought, with winter
rains predominating in the south-west but summer rains in the east (see e.g. South Africa Rain Atlas,
http://134.76.173.220/rainfall/index.html), are of much greater importance in determining species’ present
distribution patterns (Cowling et al., 1997). Changes in seasonal precipitation patterns thus are likely to
have been at least as important as, if not more important than, temperature changes in driving species’
range changes in this region during the Pleistocene. The general potential range expansion of Fynbos
species associated with the region of predominantly winter rainfall is consistent with projections of

increased winter rainfall in the region at the LGM (see e.g. PMIP2 results, http://pmip2.Isce.ipsl.fr/).

Centres of diversity in the northern hemisphere temperate zone, in terms of both species richness and
intra-specific genetic diversity, frequently are associated with the limited areas in which species of this zone
occurred during the LGM (Hampe & Petit, 2005). Fynbos species, however, potentially experience their
greatest range restriction under peak interglacial conditions, with the most extreme recent ‘bottle-neck’
being during the last interglacial. We can thus hypothesise that both the species richness of Fynbos
species and their intra-specific genetic diversity should be greatest in their potential ‘interglacial refugia’.
We also postulate that closely related species pairs with vicariant distributions centred in the Western Cape
and the eastern mountains, especially the Drakensberg (e.g. Chaetops frenatus / C. aurantius, Promerops
cafer / P. gurneyi, Crithagra totta / C. symonsi) likely diverged from common ancestors as a consequence
of isolation in these two ‘refugial’ regions, most probably during successive Pleistocene interglacials but

alternatively during the early Pleistocene when glacial cooling was less strongly expressed.

To-date, Fynbos birds have attracted little attention from geneticists and phylogeographers. The
results of our simulations, however, suggest a number of specific testable hypotheses, as well as the

general hypotheses outlined above, that could be addressed using genetic approaches. For example,
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species of the eastern mountains, whose potential last interglacial ranges are simulated to have been
particularly reduced, might be hypothesised to show genetic evidence of a more marked ‘bottleneck’ at that
time. Given that the majority of species potentially had increased range extents and populations during
the LGM, they can be expected to show population genetic evidence of recent contraction of both range
and population. The simulated potential suitability of disjunct areas at the LGM for species that have
vicariant sister species (e.g. Chaetops frenatus and C. aurantius, Promerops cafer and P. gurneyi) whose
LGM range potentially overlapped with, or was at least adjacent to, these disjunct areas, raises an
intriguing possibility.  If these disjunct potential LGM range components were occupied, then there may be
a genetic legacy of inter-breeding in populations of the sister species if, as a result of their relatively recent

origins, the species were not by then completely isolated.

In the case of the hypothesised LGM survival on areas of exposed shelf and ice-free continent south-
west of the British Isles of taxa such as the endemic Loxia scotica, the Scottish genetic variant of Pinus
sylvestris, Lagopus lagopus scoticus and Calluna vulgaris, the simulations provide compelling supporting
evidence. Palaeoecological evidence long ago pointed to the likelihood of survival of P. sylvestris in this
region (Huntley & Birks, 1983; Birks, 1989), a hypothesis subsequently supported by genetic evidence
(Ennos, 1997; Sinclair et al., 1998; Sinclair et al., 1999; Kinloch et al., 1986). Survival of this species
would imply survival of communities similar to those in which it is found today, such communities often
having an understorey in which C. vulgaris is a dominant species, even close to the north-westernmost limit
of P. sylvestris today in northern Norway (Jalas & Suominen, 1973) that closely coincides with the northern
limit of C. vulgaris in the same region (Gimingham, 1960). In this case the genetic evidence (Rendell &
Ennos, 2002) also points to the glacial survival of C. vulgaris in northern Europe, consistent with the model
evidence of areas of high ANPP of the Ericaceae (dwarf shrub) PFT south-west of the British Isles ice

sheet at the LGM.

Although the status of the endemic Scottish Crossbill has long been debated, it is now accorded
specific status as Loxia scotica. It is considered most closely related to L. pytyopsittacus (Parrot Crossbil),
another Pinus specialist, rather than to L. curvirostra (Common Crossbill) that generally specialises upon
Picea (Spruce). Although Knox (1989) speculated that L. scotica may have originated as recently as the

Holocene, from a population of L. pytyopsittacus that reached the British Isles during the Pleistocene and
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subsequently became isolated, the simulation of suitable conditions for the species south-west of the British
Isles ice sheet at the LGM suggests that the species may have a longer history. Furthermore, the
simulated potential range at 120 ka BP, during the last interglacial, is closely similar to that occupied during
the Holocene, leading us to hypothesise that the species has a history extending back at least to the that
time, and perhaps much further into the Pleistocene. Such an hypothesis is amenable to testing using

genetic evidence.

The status of Lagopus lagopus scoticus is similarly the subject of debate. Genetic evidence, however,
suggests that this taxon is as distinct from other races of L. lagopus as is L. lagopus from L. mutus
(Ptarmigan) in Scandinavia (Quintela et al., 2010). The simulation of an extensive potential range for L.
lagopus south-west and south of the British Isles ice sheet at the LGM, the near isolation of this area from
other areas simulated as potentially suitable for L. lagopus at the LGM, and the coincidence that this area
also is simulated to have a high ANPP for the Ericaceae (dwarf shrub) PFT at the LGM, together support
the proposition that L. I. scoticus originated no later than the LGM, and potentially earlier in the late
Pleistocene. The genetic evidence indicates that divergence between L. I. scoticus and L. |. lagopus
occurred between 12,500 and 125,000 years ago (Quintela et al., 2010). Such a divergence time would
be consistent with an origin for L. . scoticus as a result of isolation during the last glacial stage, and hence
with the simulated range for L. lagopus at the LGM. That the population from which L. I. scoticus evolved
was isolated also in an area with high ANPP of the Ericaceae (dwarf shrub) PFT might well have

contributed to the evolution of the sub-species’ dietary specialisation.

The simulated potential LGM range of L. lagopus also includes an isolated area of suitable conditions
north-east of Scotland. This leads us to hypothesise that L. |. variegatus may have originated in this
region during the last glacial stage, shifting to its present range in south-west Norway as the Scandinavian

ice sheet retreated. Genetic evidence could again test this hypothesis.

Our simulations have provided support for both of our specific hypotheses, and have also led to the
important conclusion that, in contrast to northern hemisphere temperate species, Fynbos species, and
potentially also other southern hemisphere temperate species, potentially had LGM distributions that were
more extensive than their present distributions. In the case of the north-west European species, available

genetic evidence is consistent with our results and conclusions. These results also lead to new
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hypotheses about the time of origin of Loxia scotica and the place and time of origin of both Lagopus
lagopus scoticus and L. |. variegatus, all of which could be tested by new genetic data. In the case of the
Fynbos species, our results also enable us to generate hypotheses that could be tested using new genetic
evidence. From a biodiversity conservation viewpoint, and in the context of anthropogenic climatic
change, the contrasting history of northern and southern hemisphere temperate species has important
implications: Whereas it has been argued that “the rear edge matters” (Hampe & Petit, 2005) in relation to
conserving intra-specific genetic diversity of northern hemisphere temperate species, almost the opposite
may be true for southern hemisphere species if climatic change parallels previous interglacial maxima in

terms of the resulting range restriction.

As Nogues-Bravo (2009) has argued, this and similar studies have limitations in terms of the
assessment of uncertainties. This largely reflects a lack of means adequately to quantify the many
sources of uncertainty, and thus realistically to assess the overall uncertainty of simulated distributions.
These studies, nonetheless, are valuable because of their capacity to generate testable hypotheses.
Improvements in modelling approaches, realistic assessments of uncertainties, and iterative interactions
with other approaches together can advance our understanding of how species responded to past climatic
changes. This is especially true of genetic approaches, and where taxa are poorly represented in the
fossil record, such as most birds, and/or indistinguishable in the fossil record, such as the genetic races of
Pinus sylvestris. Such advances are crucial to improving our ability to predict the consequences of

present and projected future climatic changes.

15



390

391

392

393

394

395

396

Huntley et al.

Acknowledgements

We thank the Editors for the invitation that stimulated us to undertake this work and three anonymous
reviewers for constructive comments on an earlier version. Support from the Leverhulme Trust enabled
BH to undertake the research whilst visiting the South African National Biodiversity Institute and Animal
Demography Unit, Cape Town. NERC grants NE/D003105 and NE/G00188X/1 supported JRMA and
YCC, making possible the palaeovegetation simulations. Palaeoclimate simulations were made available

by Paul Valdes and Joy Singarayer and LPJ-GUESS by Martin Sykes.

16



397

398

399

400

401

402

403

404

405

Contrasting late-Quaternary histories of southern and northern hemisphere birds

Biosketch

Brian Huntley is a palaeoecologist, ecologist and biogeographer with research interests in the interactions
between species, ecosystems and their changing environment. His current work spans a range of
taxonomic groups and ecosystems, from conifers forming New Zealand treelines to extinct Pleistocene
mammals of Eurasia, although he has a particular interest in birds and climatic change. Judy Allen is a
palaeoecologist with particular interests in Quaternary vegetation history. Phoebe Barnard is a
conservation biologist with a particular interest in birds of the Fynbos Biome. Yvonne Collingham is a
biologist who researches the responses of species to climatic changes. Phyllida Holliday is a biologist

who is currently researching the history of the distributions of Loxia spp. worldwide.

17



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

Huntley et al.

References

Alba-Sanchez, F., Lopez-Saez, J. A., Benito-de Pando, B., Linares, J. C., Nieto-Lugilde, D. & Lopez-
Merino, L. (2010) Past and present potential distribution of the Iberian Abies species: a
phytogeographic approach using fossil pollen data and species distribution models. Diversity and

Distributions, 16, 214-228.

Alfano, M. J., Barron, E. J., Pollard, D., Huntley, B. & Allen, J. R. M. (2003) Comparison of climate model
results with European vegetation and permafrost during oxygen isotope stage three. Quaternary

Research, 59, 97-107.

Allen, J. R. M., Hickler, T., Singarayer, J. S., Sykes, M. T., Valdes, P. J. & Huntley, B. (2010) Last glacial

vegetation of northern Eurasia. Quaternary Science Reviews, 29, 2604-2618.

Allouche, O., Tsoar, A. & Kadmon, R. (2006) Assessing the accuracy of species distribution models:

prevalence, kappa and the true skill statistic (TSS). Journal of Applied Ecology, 43, 1223-1232.

Andrews, J. T. (1998) Abrupt changes (Heinrich events) in late Quaternary North Atlantic marine

environments: a history and review of data and concepts. Journal of Quaternary Science, 13, 3-16.

Birks, H. J. B. (1989) Holocene isochrone maps and patterns of tree-spreading in the British Isles. Journal

of Biogeography, 16, 503-540.

Boelhouwers, J. C. & Meiklejohn, K. I. (2002) Quaternary periglacial and glacial geomorphology of southern

Africa: review and synthesis. South African Journal of Science, 98, 47-55.

Buckley, T. R., Marske, K. A. & Attanayake, D. (2009) Identifying glacial refugia in a geographic
parthenogen using palaeoclimate modelling and phylogeography: the New Zealand stick insect

Argosarchus horridus (White). Molecular Ecology, 18, 4650-4663.

Carnaval, A. C. & Moritz, C. (2008) Historical climate modelling predicts patterns of current biodiversity in

the Brazilian Atlantic forest. Journal of Biogeography, 35, 1187-1201.

CLIMAP Project Members (1984) The Last Interglacial Ocean. Quaternary Research, 21, 123-224.

18



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

A48

449

450

451

452

453

454

Contrasting late-Quaternary histories of southern and northern hemisphere birds
Cohen, J. (1960) A coefficient of agreement for nominal scales. Educational and Psychological

Measurements, 20, 37-46.

Cowling, R., Richardson, D. & Pierce, S. (1997) Vegetation of southern Africa. Cambridge University Press,

Cambridge.

Cramp, S. & Simmons, K. E. L. (1980) The birds of the western Palearctic. pp 695. Oxford University Press,

Oxford.

Ehlers, J. & Gibbard, P. L. (2005) The extent and chronology of cenozoic global glaciation. 1st Meeting of
the Subcommission on European Quaternary Stratigraphy of the International-Union-of-

Quatermary-Research, pp 6-20. Pergamon-Elsevier Science Ltd, Bern, SWITZERLAND.

Ennos, R. (1997) Genetic insights into the evolution of Scots Pine, Pinus sylvestris L., in Scotland.

Botanical Journal of Scotland, 49, 257-265.

Franzese, A. M., Hemming, S. R., Goldstein, S. L. & Anderson, R. F. (2006) Reduced Agulhas Leakage
during the Last Glacial Maximum inferred from an integrated provenance and flux study. Earth and

Planetary Science Letters, 250, 72-88.

Garzon, M. B., de Dios, R. S. & Ollero, H. S. (2007) Predictive modelling of tree species distributions on the

Iberian Peninsula during the Last Glacial Maximum and Mid-Holocene. Ecography, 30, 120-134.

Gersonde, R., Abelmann, A., Brathauer, U., Becquey, S., Bianchi, C., Cortese, G., Grobe, H., Kuhn, G.,
Niebler, H. S., Segl, M., Sieger, R., Zielinski, U. & Futterer, D. K. (2003) Last glacial sea surface
temperatures and sea-ice extent in the Southern Ocean (Atlantic-Indian sector): A multiproxy

approach. Paleoceanography, 18.

Gimingham, C. H. (1960) Biological Flora of the British Isles: Calluna Salisb. A monotypic genus. Journal

of Ecology, 48, 455-483.

Gordon, C., Cooper, C., Senior, C. A., Banks, H., Gregory, J. M., Johns, T. C., Mitchell, J. F. B. & Wood, R.
A. (2000) The simulation of SST, sea ice extents and ocean heat transports in a version of the

Hadley Centre coupled model without flux adjustments. Climate Dynamics, 16, 147-168.

19



455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

Huntley et al.
Hagemeijer, E. J. M. & Blair, M. J. (1997) The EBCC Atlas of European Breeding Birds: Their distribution

and abundance. pp 903. T. & A.D. Poyser, London.

Hampe, A. & Petit, R. J. (2005) Conserving biodiversity under climate change: the rear edge matters.

Ecology Letters, 8, 461-467.

Harrison, J. A, Allan, D. G., Underhill, L. G., Herremans, M., Tree, A. J., Parker, V. & Brown, C. J. (1997)

The atlas of southern African birds. pp 785 & 732. BirdLife South Africa, Johannesburg.

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. (2005) Very high resolution
interpolated climate surfaces for global land areas. International Journal of Climatology, 25, 1965-

1978.

Hockey, P. A. R., Dean, W. R. J. & Ryan, P. G. (2005) Roberts birds of southern Africa. pp 1296. The

Trustees of the John Voelcker Bird Book Fund, Cape Town.

Huntley, B. (1989) European post-glacial vegetation history: a new perspective. Proceedings of the XIX
International Ornithological Congress (ed. by H. Ouellet), pp 1060-1077. University of Ottawa Press,

Ottawa.

Huntley, B., Alfano, M. J., Allen, J. R. M., Pollard, D., Tzedakis, P. C., de Beaulieu, J.-L., Griger, E. &
Watts, B. (2003) European vegetation during marine oxygen isotope Stage 3. Quaternary Research,

59, 195-212.

Huntley, B., Altwegg, R., Barnard, P., Collingham, Y. C. & Hole, D. G. (2011) Modelling relationships
between species’ spatial abundance patterns and climate. Global Ecology and Biogeography, (in

press).

Huntley, B. & Barnard, P. (submitted) Potential impacts of climatic change on bird species of a biodiversity

‘hotspot’. Diversity and Distributions.

Huntley, B., Berry, P. M., Cramer, W. P. & McDonald, A. P. (1995) Modelling present and potential future
ranges of some European higher plants using climate response surfaces. Journal of Biogeography,

22, 967-1001.

20



480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

Contrasting late-Quaternary histories of southern and northern hemisphere birds
Huntley, B. & Birks, H. J. B. (1983) An atlas of past and present pollen maps for Europe: 0-13000 B.P.,

edn. Cambridge University Press, Cambridge.

Huntley, B., Collingham, Y. C., Green, R. E., Hilton, G. M., Rahbek, C. & Willis, S. G. (2006) Potential

impacts of climatic change upon geographical distributions of birds. Ibis, 148, 8-28.

Hutchinson, M. F. (1989) A new objective method for spatial interpolation of meteorological variables from
irregular networks applied to the estimation of monthly mean solar radiation, temperature,

precipitation and windrun. pp 95-104. CSIRO Division of Water Resources, Canberra, Australia.

IOC, IHO & BODC. (2003) Centenary Edition of the GEBCO Digital Atlas, published on CD-ROM on behalf
of the Intergovernmental Oceanographic Commission and the International Hydrographic
Organization as part of the General Bathymetric Chart of the Oceans. British Oceanographic Data

Centre, Liverpool, UK.

Jalas, J. & Suominen, J. (1973) Atlas Florae Europaeae. pp 42. Societas Biologica Fennica Vanamo,

Helsinki.

Kinloch, B. B., Westfall, R. D. & Forrest, G. I. (1986) Caledonian Scots Pine - Origins and Genetic-

Structure. New Phytologist, 104, 703-729.

Knox, A. G. (1989) The sympatric breeding of common and Scottish Crossbills Loxia curvirostra and L.

scotica and the evolution of Crossbills. Ibis, 132, 454-466.

Lenihan, J. M. & Neilson, R. P. (1995) Canadian vegetation sensitivity to projected climatic change at 3

organizational levels. Climatic Change, 30, 27-56.

Martinez-Meyer, E. & Peterson, A. T. (2006) Conservatism of ecological niche characteristics in North
American plant species over the Pleistocene-to-Recent transition. Journal of Biogeography, 33,

1779-1789.

Metz, C. E. (1978) Basic Principles of ROC Analysis. Seminars in Nuclear Medicine, 4, 283-298.

21



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

Huntley et al.
Miller, P. A., Giesecke, T., Hickler, T., Bradshaw, R. H. W., Smith, B., Seppa, H., Valdes, P. J. & Sykes, M.
T. (2008) Exploring climatic and biotic controls on Holocene vegetation change in Fennoscandia.

Journal of Ecology, 96, 247-259.

Monserud, R. A. & Leemans, R. (1992) Comparing global vegetation maps with the Kappa statistic.

Ecological Modelling, 62, 275-293.

Mulder, N. & Grab, S. W. (2010) Contemporary spatio-temporal patterns of snow cover over the

Drakensberg, edn.

New, M., Hulme, M. & Jones, P. (1999) Representing twentieth-century space—time climate variability. Part

I: Development of a 1961-90 mean monthly terrestrial climatology. Journal of Climate, 12, 829-856.

Nogues-Bravo, D. (2009) Predicting the past distribution of species climatic niches. Global Ecology and

Biogeography, 18, 521-531.

Pearson, R. G. & Dawson, T. P. (2003) Predicting the impacts of climate change on the distribution of

species: are bioclimate envelope models useful? Global Ecology and Biogeography, 12, 361-371.

Pope, V. D., Gallani, M. L., Rowntree, P. R. & Stratton, R. A. (2000) The impact of new physical

parametrizations in the Hadley Centre climate model: HadAM3. Climate Dynamics, 16, 123-146.

Quintela, M., Berlin, S., Wang, B. A. & Hoglund, J. (2010) Genetic diversity and differentiation among
Lagopus lagopus populations in Scandinavia and Scotland: evolutionary significant units confirmed

by SNP markers. Molecular Ecology, 19, 2380-2393.

Rendell, S. & Ennos, R. A. (2002) Chloroplast DNA diversity in Calluna vulgaris (heather) populations in

Europe. Molecular Ecology, 11, 69-78.

Sakaguchi, S., Sakurai, S., Yamasaki, M. & Isagi, Y. (2010) How did the exposed seafloor function in
postglacial northward range expansion of Kalopanax septemlobus? Evidence from ecological niche

modelling. Ecological Research, 25, 1183-1195.

Sinclair, W. T., Morman, J. D. & Ennos, R. A. (1998) Multiple origins for Scots pine (Pinus sylvestris L) in

Scotland: evidence from mitochondrial DNA variation. Heredity, 80, 233-240.

22



528

529

530

531

532

533

534

535

536

537

538

539

540

Contrasting late-Quaternary histories of southern and northern hemisphere birds
Sinclair, W. T., Morman, J. D. & Ennos, R. A. (1999) The postglacial history of Scots pine (Pinus sylvestris

L.) in western Europe: evidence from mitochondrial DNA variation. Molecular Ecology, 8, 83-88.

Singarayer, J. S. & Valdes, P. J. (2010) High-latitude climate sensitivity to ice-sheet forcing over the last

120 kyr. Quaternary Science Reviews, 29, 43-55.

Smith, B., Prentice, I. C. & Sykes, M. T. (2001) Representation of vegetation dynamics in the modelling of
terrestrial ecosystems: comparing two contrasting approaches within European climate space.

Global Ecology and Biogeography, 10, 621-637.

van Huissteden, K., Vandenberghe, J. & Pollard, D. (2003) Palaeotemperature reconstructions of the
European permafrost zone during Oxygen Isotope Stage 3 compared with climate model results.

Journal of Quaternary Science, 18, 453-464.

VanDerWal, J., Shoo, L. P. & Williams, S. E. (2009) New approaches to understanding late Quaternary
climate fluctuations and refugial dynamics in Australian wet tropical rain forests. Journal of

Biogeography, 36, 291-301.

23



541

542

543

544

545

546

547

548

549

550

551

552

553

Huntley et al.

SUPPLEMENTARY MATERIAL

The online supplementary material comprises 17 Figures as follows:

Figure S1: Recorded and simulated distributions of 14 Fynbos bird species.

Figure S2: Map of southern Africa showing South African province names and neighbouring countries as
referred to in the text.

Figures S3 — S16: Potential distributions for the present, 6, 9, 12, 15, 18, 21, 42 and 120 ka BP, and for
Heinrich Events H1 (17 ka BP), H2 (24 ka BP) and H4 (38 ka BP), for 14 Fynbos bird
species.

Figure S17: Recorded breeding distributions of Loxia scotica and Lagopus lagopus in north-west Europe.

As a service to our authors and readers, this journal provides supporting information supplied by the

authors. Such materials are peer-reviewed and may be reorganized for online delivery, but are not copy-

edited or typeset. Technical support issues arising from supporting information (other than missing files)

should be addressed to the authors.
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554 Tables

555 Table 1: Goodness-of-fit of models fitted to the full data for Fynbos species

556 Table 2: Goodness-of-fit of models fitted to the full data for North-west European species
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557 Table 1: Goodness-of-fit of models fitted to the full data for Fynbos species

Scientific name Common name No. of grid Goodness-of-fit of the climatic
cells from response surface model
which
recorded® AUC? TSS® K’

Pternistis capensis Cape Spurfowl 207 0-973 0-817 0-775
Geocolaptes olivaceus Ground Woodpecker 484 0-973 0-839 0-730
Chaetops frenatus Cape Rock-jumper 50 0-993 0-957 0-635
C. aurantius Drakensberg Rock-jumper 80 0-997 0-971 0-796
Bradypterus sylvaticus Knysna Warbler 25 0-992 0-950 0-529
Cryptillas victorini Victorin’s Warbler 58 0-996 0-970 0-712
Promerops cafer Cape Sugarbird 134 0-992 0-918 0-822
P. gurneyi Gurney’s Sugarbird 93 0-982 0-897 0-682
Anthobaphes violacea Orange-breasted Sunbird 123 0-993 0-925 0-810
Cinnyris afer g&i’;‘)ﬁfé Double-collared 464 0-984 0-877 0-793
Crithagra totta Cape Siskin 118 0-992 0-927 0-754
C. symonsi Drakensberg Siskin 49 0-999 0-984 0-867
C. scotops Forest Canary 195 0-986 0-918 0-733
C. leucopterus Protea Seedeater 69 0-992 0-916 0-710

558

559 ! The number of 0-25° grid cells from which the species was recorded as present in the Southern

560 African Bird Atlas Project dataset (Harrison et al., 1997).

561 2 Area under the curve for a receiver operating characteristic plot (Metz, 1978).

562 ® True skill statistic (Allouche et al., 2006).

563 * Cohen’s kappa (Cohen, 1960; Monserud & Leemans, 1992).
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564 Table 2: Goodness-of-fit of models fitted to the full data for North-west European species

No. of grid Goodness-of-fit of the climatic

Scientific name Common name
cells from response surface model
which
recorded? AUC? TSS? K*
Lagopus lagopus Willow / Red Grouse 552 0-995 0-956 0-899
Loxia scotica Scottish Crossbill 14 0-998 0-993 0-800
565
566 ! The number of ca. 50 km grid cells from which the species was recorded as present in the
567 European Bird Census Council dataset (Hagemeijer & Blair, 1997).
568 % Area under the curve for a receiver operating characteristic plot (Metz, 1978).
569 ® True skill statistic (Allouche et al., 2006).
570 * Cohen’s kappa (Cohen, 1960; Monserud & Leemans, 1992).
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Figures

Figure 1. Potential distributions and abundances of Fynbos birds at the last glacial maximum

On each panel cyan rings indicate 0-5° grid cells simulated as potentially occupied under present climatic
conditions, whilst shaded dots indicate cells potentially occupied at the LGM, darker shading indicating
higher simulated reporting rates; cells simulated as suitable under both sets of climatic conditions have a
shaded dot enclosed by a cyan ring. (a) Pternistis capensis — Cape Spurfowl; (b) Geocolaptes olivaceus
— Ground Woodpecker; (c) Chaetops frenatus — Cape Rock-jumper; (d) Chaetops aurantius -
Drakensberg Rock-jumper; (e) Bradypterus sylvaticus — Knysna Warbler; (f) Cryptillas victorini —
Victorin’s Warbler; (g) Promerops cafer — Cape Sugarbird; (h) P. gurneyi — Gurney’s Sugarbird;
(i) Anthobaphes violacea — Orange-breasted Sunbird; (j) Cinnyris afer — Greater Double-collared Sunbird;
(k) Crithagra totta — Cape Siskin; (l) C. symonsi — Drakensberg Siskin; (m) C. scotops — Forest Canary;

(n) C. leucopterus — Protea Seedeater.

Topography, including the approximate extent of exposed areas of continental shelf, is shown using the

GEBCO 1'resolution global altitudinal and bathymetric grid (IOC et al., 2003).

Figure 2: Potential last glacial maximum distributions and ANPP of north-west European species

On the upper panels cyan rings indicate 0-5° grid cells simulated as potentially occupied under present
climatic conditions, whilst shaded dots indicate cells potentially occupied at the LGM, darker shading
indicating higher simulated probability of occurrence; cells simulated as suitable under both sets of
climatic conditions have a shaded enclosed by a cyan ring. (a) Loxia scotica — Scottish Crossbill;
(b) Lagopus lagopus (Red Grouse / Willow Grouse). The lower panels show ANPP (g C m?yr?)
simulated by the LPJ-GUESS dynamic vegetation model for the LGM, darker shaded dots indicating higher

productivity. (c) Pinus sylvestris — Scots Pine; (d) Ericaceae (dwarf-shrub) — Heaths, Ling.

Topography, including the approximate extent of exposed areas of continental shelf, is shown using the
GEBCO 1’ resolution global altitudinal and bathymetric grid (IOC et al., 2003). LGM ice sheet extents,

indicated in blue-white, after Ehlers and Gibbard (2005).
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