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Modelling present and potential future ranges of
some European higher plants using climate response

surfaces
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Research Centre, University of Durham, Department of Biological Sciences, South Road, Durham DHI 3LE,
U.K., *Environmental Change Unit, University of Oxford, la Mansfield Road, Oxford OX1 3TB, U.K. and
tPotsdam Institute for Climate Impact Research, Telegrafenberg, D-14473 Potsdam, Germany

Abstract. It is hypothesized that the principal features of
higher plant distributions at continental scales are determined
by the macroclimate. Bioclimate data have been computed on
a 50 km grid across Europe. Along with published maps of
higher plant distributions based upon the same grid, these data
have been used to derive climate response surfaces that model
the relationship between a species’ distribution and the present
climate. Eight species representative of a variety of phytogeo-
graphic patterns have been investigated. The results support
the hypothesis that the European distributions of all eight
species are principally determined by macroclimate and illus-
trate the nature of the climatic constraints upon each species.
Simulated future distributions in equilibrium with 2 X CO,
climate scenarios derived from two alternative GCMs show
that all of the species are likely to experience major shifts in

INTRODUCTION

Biogeographers have long recognized the fundamental role
of macroclimate in determining the distribution patterns of
many organisms at scales of 10> km and above. Plant
geographers have developed explicit models that relate
physiognomically-defined vegetation units to climate
(Holdridge, 1947, 1964; Walter, 1979) and, more recently,
have related the occurrence of plant functional types to
threshold values of a small number of bioclimate variables
(Box, 1981; Prentice et al., 1992). The geographic range
limits of individual plant species also have been related to
macroclimate constraints (Pigott & Huntley, 1981) al-
though, as the work of Hintikka (1963) demonstrated, there
frequently is an interaction between two or more climate
variables with respect to their threshold values.

Studies such as those of Hintikka (1963) and Iversen
(1944) employed a re-mapping of the species’ distribution
into a ‘climate space’ whose axes corresponded to two or
more climate variables. In both cases, these authors used
meteorological stations as the localities and recorded the

their potential range if such climatic changes take place. Some
species may suffer substantial range and population reductions
and others may face the threat of extinction. The rate of the
forecast climate changes is such that few, if any, species may
be able to maintain their ranges in equilibrium with the
changing climate. In consequence, the transient impacts upon
ecosystems will be varied but often may lead to a period of
dominance by opportunist, early-successional species. Our
simulations of potential ranges take no account of such factors
as photoperiod or the direct effects of CO,, both of which may
substantially alter the realized future equilibrium.

Key words. Climate response surfaces, global change, phyto-
geography, conservation

presence or absence of the species of interest in the proxim-
ity of each station. The re-mapping then utilized the climate
data from the stations directly. As an alternative to this
approach, meteorological station data may be interpolated
to provide estimates of climate conditions at all of a series
of localities where a species is recorded. Until recently, the
principal limitation of methods for interpolation of
meteorological data related to the problems posed by oro-
graphic climatic gradients, rendering this approach of lim-
ited value in topographically diverse regions. Hutchinson
(1989), however, has developed a technique that enables
elevation-sensitive interpolations to be made of the climate
at any locality using data from meteorological stations in
the surrounding region. Using this technique, Nix &
Switzer (1991) have interpolated the climate conditions for
individual localities from which vertebrates have been
recorded in Australia and have used these data to define
bioclimatic envelopes for the species. Mitchell (1991) has
employed this approach to investigate the climatic determi-
nants of the range of Agathis australis Steud. (Kauri) in
New Zealand.

Bartlein, Prentice & Webb (1986) proposed the method
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of ‘climate response surfaces’ as a means for quantitatively
relating the abundance of particular pollen taxa in contem-
porary surface samples to climate conditions at the locali-
ties from which the samples were collected. Gignac et al.
(1991a,b) employed a very similar approach when they
fitted response surfaces for individual bryophyte species
with respect to a variety of environmental gradients; the
surfaces describing, in this case, how the percentage cover
values for the bryophyte species varied across the environ-
mental space.

Palaeoecologists have demonstrated that, as Good (1931)
proposed, the fundamental response of terrestrial organisms
to environmental change is one of migration (Davis, 1976;
Huntley & Webb, 1989; Huntley, 1991). This migratory
response serves to maintain species’ ranges in a dynamic
equilibrium with their environmental constraints. Given the
likelihood of substantial climate changes in the near future
as a consequence of anthropogenic emissions of radiatively
active gases (‘greenhouse gases’) into the atmosphere
(Houghton, Jenkins & Ephraums, 1990; Houghton, Callan-
der & Varney, 1992) it is likely that many species will
exhibit a tendency to shift their range limits in response to
the changing climate conditions experienced (Overpeck &
Bartlein, 1989; Cramer & Leemans, 1993; Huntley, 1995).

The geographical distributions of many individual spe-
cies have been mapped for various regions ranging from
individual counties of England to the globe. However,
these maps generally portray only qualitative information
about the presence or absence of the species in any given
geographical location. Furthermore, many of the published
maps are only relatively imprecise maps of the overall
extent of a species’ range, conveying no information about
the relative continuity of the species’ occurrence within this
limit. Notwithstanding these limitations, published distri-
bution maps represent an invaluable source of data that
may be used to investigate the climatic determinants of
species’ distributions. Carey & Ullyett (1993) used a mul-
tiple regression approach to relate the present distribution
of Himantoglossum hircinum (L.) Sprengel (Lizard Orchid)
in Britain to climate. They then used this relationship to
attempt to forecast the potential future distribution of the
species given a particular climate change scenario. Unfor-
tunately, whereas the species distribution was recorded as
presence or absence on both a 1 km and a 10 km grid, the
climate data available to them were related to a 40 km grid,
limiting the precision of the relationship that they were able
to obtain between climate and the species’ occurrence.
They overcame this limitation to some extent by relating
the number of recorded localities for the species within
each 40 km square to the climate of the latter; this relation-
ship was then used to predict the potential future number of
localities in each 40 km square under the changed climate
scenario.

A variety of other approaches have been adopted by
various workers seeking to relate the distributions of organ-
isms to environmental gradients, including Gaussian re-
sponse models, logistic regression, generalized linear
and/or additive models, etc. (Ter Braak & Looman, 1986;
Austin, 1987; Ter. Braak 1987; Yee & Mitchell, 1991).
Overpeck & Bartlein (1989) predicted the likely impact of

21st century climate change upon the forests of North
America using pollen-climate response surfaces. The re-
sponse surfaces were derived from contemporary climatic
data and relative abundance values of pollen taxa in surface
samples and were fitted using locally-weighted regression
(Cleveland & Devlin, 1988). Subsequently, P. J. Bartlein
(pers. comm.) developed a technique for fitting probability
response surfaces using gridded presence-absence data de-
scribing species’ current distributions. This approach de-
pends upon the availability of species’ distribution data and
climate data for the same grid. It utilizes a similar approach
to that used in fitting pollen-climate response surfaces
(Bartlein et al., 1986; Huntley, Bartlein & Prentice, 1989;
Huntley, 1992, 1993) but the surface now describes the
probability of the species’ occurring at a given point in
climate space.

We have used Bartlein’s presence-absence response sur-
face methodology (P. J. Bartlein, unpublished computer
programs), with some modifications, and have applied this
approach to species’ distribution and climate data related to
the ¢. 50 km UTM grid used in Atlas Florae Europaeae
(Jalas & Suominen, 1972, 1973, 1976, 1979, 1980, 1983,
1986, 1989, 1991). The resulting response surfaces, fitted
with respect to three bioclimate variables, are illustrated for
eight selected species. The surfaces then are used to simu-
late the potential future distributions of these species for
two alternative climate scenarios for radiative forcing
equivalent to a doubling of pre-industrial atmospheric car-
bon dioxide concentrations. These scenarios are obtained
from two general circulation model (GCM) simulations
made using the United Kingdom Meteorological Office
(UKMO) (Mitchell, 1983) and Oregon State University
(OSU) (Schlesinger & Zhao, 1989) models respectively.
These two GCM simulations are representative of high
(UKMO) and low (OSU) sensitivity model results and the
two scenarios may thus be considered to be representative
of the range of possible outcomes of climate change during
the next century.

The simulated distributions illustrate a range of re-
sponses amongst the eight species chosen. For many of the
species, the magnitude of the changes in range that are
simulated represents range-limit shifts that will take many
centuries, if not millennia, to achieve given palaeoecologi-
cal evidence of past migration rates (Davis, 1976, 1981,
1983; Huntley & Birks, 1983; Huntley, 1988; Birks, 1989;
Huntley, 1989). Furthermore, for some relatively restricted
species the future range may largely not coincide with the
present range, raising doubts as to the capability of the
species’ to survive the forecast environmental changes.

METHODS
Capturing species distributions

The European distributions of >2000 higher plants have
been published as presence-absence maps using a c. 50 km
UTM grid in Atlas Florae Europaeae (AFE) (Jalas &
Suominen, 1972, 1973, 1976, 1979, 1980, 1983, 1986,
1989, 1991). These data represent the single most extensive
systematic mapping of European higher plants, whilst the



use of the 50 km UTM grid offers the advantage of an
almost equal area mapping unit across the considerable
latitudinal extent of the biogeographic province of Europe
that extends from Crete (<35° N) to Svalbard (> 80° N).
Although the species mapped to-date represent only c.15%
of the flora of Europe, they include most of the trees and
shrubs as well as several major families dominated by
herbaceous species.

We have adopted the grid defined in AFE and have
captured distributions recorded upon this grid manually in
machine-readable form. We also have collaborated with T.
Lahti in Helsinki who has developed a scanning approach
to capture machine-readable distributions from the original
AFE maps held in the Helsinki Museum (T. Lahti, unpub-
lished results).

In the case of species that we wished to investigate but
that have yet to be mapped by AFE, we have used other
sources of distribution maps and have manually transcribed
the species’ distributions onto the AFE grid to produce
facsimiles of AFE maps for these species. These have then
been captured in machine-readable form using the manual
procedure that we have developed.

The AFE grid, as originally published (Jalas & Suomi-
nen, 1972), comprises 4419 cells. The longitude and lati-
tude of the centre and corners of each of these have been
computed in collaboration with M. O. Hill (unpublished),
allowing the AFE grid to be related to other datasets in
which positions are defined in terms of longitude and
latitude.

Environmental data

The principal environmental data required for our investi-
gation were climate data. However, given the considerable
relief in many parts of Europe and the consequent need to
take elevation into account when interpolating climate data
between the available meteorological stations, an elevation
dataset was also required. The 10’ resolution global elev-
ation dataset compiled by the Fleet Numerical Oceanogra-
phy Center (Cuming & Hawkins, 1981) and distributed on
CD-ROM by the USDOC/NOAA National Geophysical
Data Center (NOAA-EPA Global Ecosystems Database
Project, 1992) was the primary source used. This dataset
gives the minimum, maximum and modal elevation for
each 10’ longitude-latitude pixel classified as land. We
have computed the ‘mean’ elevation for each AFE grid cell
as a weighted mean of the modal elevations of all of those
10’ pixels partially or completely enclosed by the AFE cell.
The weights used were the areas of each pixel that were
within the AFE cell boundaries. The resulting ‘mean’ ele-
vations were each based upon an average of >?20 modal
elevations for 10" pixels.

We also have estimated the minimum and maximum
elevation for each AFE cell as the minimum and maximum
of the minima and maxima respectively of all those 10’
pixels that had at least 50% of their area within the AFE
cell. These extreme values each were based upon an aver-
age of >12 such values for 10’ pixels.

Of the 4419 cells, fifteen did not enclose part(s) of any
10" pixel(s) classified as land and a further six enclosed

less than 0.5 of the area of a single pixel classified as land.
These twenty-one cells were identified and their locations
examined; they showed concentrations in the Mediter-
ranean, around the Aland archipelago in the Baltic and to a
lesser extent around Svalbard. All proved to represent small
islands; their mean, maximum and minimum elevations
were assigned following visual inspection of available
maps. The completed dataset was mapped (Fig. 1).

The primary climate dataset used was a compilation of
meteorological station data made initially by Leemans &
Cramer (1991) and subsequently considerably enlarged by
WC. These data principally relate to the climate normal
period 1931-60 and comprise mean monthly values, of
which those for temperature, precipitation and cloudiness
were used in this study. Some of the station records utilized
are for periods of less than the full 30-year normal period;
these are used in regions where data are otherwise sparse
and are especially valuable with respect to precipitation
because this shows greater regional variability. Monthly
temperature, precipitation and cloudiness data were avail-
able from 4242, 7225 and 1141 stations respectively within
the overall geographical area under consideration.

The station data were interpolated to locations at the
geographical mid-point and mean elevation of each AFE
cell. Interpolations were performed by means of Laplacian
thin-plate spline surfaces fitted to the station data (Hutchin-
son, 1989). The independent variables for these surfaces
were the longitude, latitude and elevation of the stations.
Separate surfaces were fitted for each of the thirty-six
meteorological variables used. Because of the geographical
extent and topographical complexity of Europe it was
necessary to fit spline surfaces for a series of separate
overlapping geographical windows; the high density of
meteorological stations available made this possible. The
mean numbers of stations per window were 709, 1125 and
302 for temperature, precipitation and cloudiness respect-
ively, with minima and maxima of 116/1519, 95/2995 and
105/658.

Although in previous studies response surfaces for pollen
taxa and/or higher plants have been fitted with respect to
conventional meteorological variables (e.g. mean tempera-
tures of January and July (Huntley ez al., 1989); mean
temperatures of January and July plus mean annual precipi-
tation (Bartlein et al., 1986; Prentice, Bartlein & Webb,
1991; Huntley, 1992, 1993)) these generally have been
presented as surrogates for variables having more direct
physiological mechanistic roles in limiting the ability of
plants to survive and grow. Prentice et al. (1992) presented
a global biome model in which five ‘bioclimate’ variables
were used to determine the occurrence of a series of plant
functional types that in turn combined in various ways to
define biomes. We used the same bioclimatic procedure to
estimate the five bioclimate variables for each AFE grid
cell using the interpolated meteorological variable values.

In order to estimate the index of moisture availability
used by Prentice et al. (1992), namely the ratio of actual to
potential evapo-transpiration, it is necessary to know the
soil water capacity. We used the same 0.5° resolution
global dataset of soil water capacities as Prentice et al.
(1992) and the same procedure as for the elevation data to
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obtain mean soil water capacity values for each of the AFE
cells. In the case of cells classified as ocean in the topo-
graphic dataset (see above) a default water capacity value
(150 mm) was assigned.

Two of the variables used by Prentice et al. (1992) were
of less relevance in the context of Europe. Minimum values
of 22°C for the mean temperature of the warmest month
(MTWA) and of 100 degree days for the temperature sum
above a 0°C threshold (GDDO) each defined limits for the
occurrence of two non-tree functional types of warm/hot
and cold environments respectively. Although 722 (16.4%)
of the AFE cells have MTWA values > 22°C, few of these
also have sufficiently low values of the ratio of actual to
potential evapotranspiration for this to be relevant in terms
of the criteria presented by Prentice et al. (1992). Only
fifty-seven (1.3%) of the AFE cells have GDDO values
< 104. Given the limited penetration of their thresholds
into our region, it would be biologically, as well as statisti-
cally, inappropriate to fit these two variables as response
variables. We therefore elected to fit response surfaces in
the three-dimensional climate space defined by the other
three bioclimate variables of Prentice et al. (1992), namely
the mean temperature of the coldest month (MTCO), the
temperature sum above a 5°C threshold (GDDS5) and an
estimate of the ratio of actual to potential evapotranspira-
tion (AET/PET). Of the threshold values used by Prentice
et al. (1992), seven of eleven for MTCO, all five for GDD5
and eleven of twelve for AET/PET fell within the range of
values computed for the AFE cells. Whereas the omission
of the GDDO threshold may result in an inability to cor-
rectly predict the limit of some herbaceous species in e.g.
Svalbard, the omission of the MTWA threshold might
cause problems in correctly modelling the limit of some
south European shrub or herb species. However, in the
present study none of the species comes into this latter
category. The three bioclimate variables used to fit the
response surfaces have been mapped (Figs 2—4).

Climate response surfaces

Response surfaces have been fitted using the species pres-
ence or absence in each of the 4419 AFE grid cells and the
three bioclimate values estimated for each cell as described
above; no distinction has been made amongst the various
categories of record for a species distinguished by AFE.
The surfaces are fitted by locally-weighted regression
(Cleveland & Devlin, 1988) and the fitted values express
the probability of the species occurring at a given location
in the climate space. Fitted values have been evaluated
using a 40 X 40 X 40 grid of ‘nodes’ in the climate space.
The intervals between grid points along the three climate
axes are 1.0°C (MTCO), 130 degree days (GDDS5) and
0.025 (AET/PET). Fitting uses a tricube weighted average
of ‘occurrence’ (Huntley et al., 1989) within a window
around each grid point; the window widths used are 3.0°C,
300 degree days and 0.1 respectively.

No further smoothing or extrapolation of the fitted sur-
faces has been performed. Although further smoothing
renders the surfaces visually simpler to comprehend and
may also seem inherently reasonable, given conventional

ecological models of species response along environmental
gradients, it has the major disadvantage that it is liable to
render the margins of the range less distinct. Surfaces that
have been smoothed too much are thus less able to simulate
the observed species’ distribution and consequently are less
useful from our point of view. Furthermore, given that the
fitted surface represents the ‘realized’ distribution of the
species as determined not only by its own inherent re-
sponses to the environmental gradients but also as the
outcome of interactions with numerous other species, each
of which is responding in an individualistic manner to these
and possibly other gradients, it is likely that it is inherently
rough. The conventional ‘smooth’ model of species’ re-
sponse along ecological gradients relates to a ‘fundamental’
property of the species that may rarely be expressed in
nature.

The response surfaces are illustrated as a series of eight
slices through the third bioclimate axis (AET/PET) using a
program written for the purpose. The probability of occur-
rence of the species is represented by differential shading
and the surface is portrayed as a ‘mosaic’ with each tile
representing a node on the 40 X 40 X 40 grid.

Simulated distributions

Given the response surface fitted to the observed pattern of
occurrence and the bioclimate values estimated for the AFE
grid cells, the likelihood of occurrence for any given com-
bination of values of the bioclimate variables may be
assessed. Where necessary, the response surface is extrapo-
lated in order to make such assessments. The same locally-
weighted regression procedure and tricube weighting as for
the fitting of the surface is employed when evaluating the
probability of occurrence under given climate conditions.
Any extrapolations thus are conservative and become
asymptotic to the closest marginal fitted values.

The simplest test of any response surface is provided by
its ability to simulate the observed species’ distribution
given the present bioclimate values for each AFE grid cell.
We have performed such simulations for each of the eight
species examined in the present study. Inevitably, because
a degree of smoothing is inherent in the fitting of the
response surface, a low probability of occurrence is simu-
lated in many grid cells where the species is not observed
to occur. It is therefore necessary to determine a threshold
probability value for each species that ‘best’ represents the
species observed pattern of occurrence (Table 1).

If the threshold is set high then most or all of the
simulated occurrences will coincide with observed occur-
rences, although many of the observed occurrences will not
be simulated. If, alternatively, the threshold is set low, then
the majority or all of the observed occurrences will be
simulated, although many of the simulated occurrences will
not coincide with observed occurrences. The definition of
the ‘best’ value for the threshold thus is not straightfor-
ward. It is necessary to optimize both criteria simul-
taneously; a majority of the observed occurrences should
be simulated and the majority of the simulated occurrences
should coincide with observed occurrences. We have calcu-
lated both criteria as proportions; the proportion of ob-
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TABLE 1. Numbers of occurrences observed and simulated.

Present climate

Recorded Simulated

Species occurrences —occurrences K P1*

Picea abies 1990 2042 0.844 0.927
Tilia cordata 1619 1691 0.682 0.819
Abies alba 436 462 0.623 0.681
Quercus ilex 405 466 0.708 0.793
Hymenophyllum wilsonii 133 172 0.773 0.895
Erica vagans 103 123 0.655 0.728
Pulsatilla vulgaris 409 534 0.613 0.753
Silene acaulis 470 360 0.708 0.649

*P1 is the proportion of the recorded occurrences for which presence is simulated at or above the chosen probability threshold.

OSU 2 X CO, scenario

UKMO 2 X CO, scenario

Simulated Simulated

P2} occurrences P2 occurrences P2

0.904 1155 0.905 477 0.857
0.784 1490 0.493 960 0.290
0.643 783 0.163 544 0.068
0.689 1052 0.198 727 0.142
0.692 128 0.148 250 0.000
0.610 313 0.048 223 0.004
0.577 325 0.185 373 0.011
0.847 298 0.775 160 0.506

1P2 is the proportion of the simulated presences, at or above the chosen probability threshold, that coincide with recorded occurrences.

served occurrences simulated (P1) and the proportion of
simulated occurrences coinciding with observed occur-
rences (P2). We also have calculated the kappa statistic (x)
(Monserud, 1990; Prentice et al., 1992) for each simulation
and have chosen that threshold (in increments of 0.05) that
maximizes the value of this statistic. The use of individual
grid cells to compute x gives conservative values for this
statistic; these values may be assessed using the subjective
guidelines given by Monserud (1990). The values of «, P1
and P2 at the chosen threshold are reported for each species
(Table 1).

GCM scenarios

Having fitted a response surface for a species, and given
that this may be used to simulate the species’ probability of
occurrence for any given combination of values of the three
bioclimate variables to which the surface was fitted, it is
now possible to explore the implications of forecast future
climate changes with respect to the potential distribution of
the species. We have examined four GCM simulations for
radiative forcing equivalent to a doubling of pre-industrial
concentrations of atmospheric carbon dioxide. Two of
these simulations exhibit high sensitivity, Mitchell (1983)
(UKMO) and Manabe & Wetherald (1987) (Geophysical
Fluid Dynamics Laboratory—GFDL) whereas two exhibit
relatively lower sensitivity, Schlesinger & Zhao (1989)
(OSU) and Hansen et al. (1988) (Goddard Institute of
Space Sciences—GISS). We present here the results for
one from each group of simulations, UKMO and OSU.
These two GCMs have spatial resolutions of 5° X 7.5° and
4° X 5° respectively.

No GCM currently delivers realistic climate scenarios at
a scale compatible with those at which we observe patterns
in terrestrial ecosystems. It conventionally is believed,
however, that the magnitude of the relative changes be-
tween the control and 2 X CO, runs for any one GCM may
be used to approximate the coarse-scale pattern of possible
climate change. We have used the GCM scenarios in this
way to create ‘overlays’ of the smoothed climate change
signals. These then have been applied to the detailed pat-
terns of interpolated ‘present’ climate in order to obtain the

two 2 X CO, scenarios that we have used. The inherent
inconsistency between spatial scales (M. Clauflen & W.
Cramer, unpublished manuscript) cannot be resolved satis-
factorily until higher-resolution GCMs become available.
Meanwhile, the procedure adopted here should be seen as
a compromise that aims to generate climate scenarios with
a scale appropriate for the investigation of the response of
large-scale vegetation patterns.

The anomalies between the control and 2 X CO, runs
were used for each GCM. Temperature anomalies were
expressed as differences whereas precipitation anomalies
were expressed as ratios. Smooth overlays of these anoma-
lies were obtained by fitting thin-plate Laplacian spline
surfaces (Hutchinson, 1989) with longitude and latitude as
the independent variables and the anomaly as the depen-
dent variable. Interpolation of the anomalies to the AFE
grid cells then was performed using the spline surfaces.
The mean monthly temperature and precipitation anomalies
were interpolated for each AFE grid cell and then were
used to modify the previous values interpolated from the
meteorological station data. The modified values then were
used to compute modified bioclimate scenarios correspond-
ing to each GCM forecast.

Potential future distributions

The potential future distributions were generated using the
same approach as for the simulated present distributions
but substituting the GCM-derived bioclimate scenarios in-
stead of the bioclimate values estimated from the observed
meteorological data. The probability threshold determined
for each species from the simulation of its present distri-
bution was applied to the maps of its potential future
distribution.

THE SPECIES AND THEIR RESPONSE SURFACES
Selection of the species*

Eight species were selected that represent different general

*We follow Tutin e al. (1964, 1968,1972, 1976, 1980) for species
nomenclature and taxonomy.



types of distribution within the British Isles and/or Europe.
Four of the species selected are trees, three are broad-
leaved herbs and one is a filmy fern. One of the trees and
all of the non-tree species are native to the British Isles,
although all five are relatively restricted in occurrence and
are of conservation interest. Of the other three trees, two
are relatively widely planted in the British Isles, one of
them at least also having reached the area as a native
species on a number of occasions prior to the last glacial
maximum; the third is not commonly planted although it
did reach the British Isles as a native during the last and
earlier interglacials.

The four trees exhibit boreal, widespread continental,
central European and Mediterranean patterns of distribution
respectively, whereas the non-tree species exemplify Arc-
tic-Alpine, oceanic west European, north European and
Lusitanian distribution patterns.

Picea abies (L.) Karsten

Picea abies (Norway spruce) (Fig. 14A) occurs widely
throughout northern mainland Europe where over large
areas it is the dominant species in the boreal forests. It
occurs also in the mountains of central and south-eastern
Europe as a component of the montane forest belt. Ecolog-
ically, P. abies is a shade-tolerant, canopy-dominant late-
successional species. It tends to be displaced by
broad-leaved competitors on more fertile and/or more cal-
careous soils and is replaced by Pinus sylvestris (Scots
Pine) on soils that are waterlogged, extremely nutrient
poor/acid or extremely shallow. It has continued to expand
its range westwards both in Fennoscandia and the Alpine
region during the late Holocene (Huntley & Birks, 1983;
Huntley & Webb, 1989). During previous interglacials, as
well as during interstadials, Picea abies extended west-
wards as far as the British Isles (West, 1968, 1980; Huntley
& Birks, 1983).

The response surface (Fig. 5) shows highest probabilities
of occurrence in regions of cold winter conditions and
relatively low temperature sum. The probability of occur-
rence declines rapidly at MTCO values of > — 2°C. This
mirrors the absence of the species from the more oceanic
fringes of Scandinavia as well as from the mountains of
western Europe. This is generally attributed to the frost
sensitivity of seedlings and their failure to survive in
regions that lack a consistent winter snow cover. The
probability of occurrence also declines sharply at GDD5
values of below ¢. 600 day degrees and diminishes steadily
as AET/PET is reduced.

Tilia cordata Miller

Tilia cordata (small-leaved lime) is widely distributed from
the British Isles eastwards, displaying distinct northern,
southern and western limits within the area being examined
(Fig. 15A). Its eastern limit lies a little to the east of the
edge of the study area (Pigott, 1991). Ecologically, it is a
long-lived canopy-dominant component of mixed decidu-
ous forests. Its seedlings are relatively shade-tolerant
(Paice, 1974) and it is able to grow upon a wide range of
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soils (Paice, 1974), although not on those that are water-
logged or extremely acid. It reached a Holocene maximum
in terms both of range limits and abundance around 5000
BP (Huntley & Birks, 1983). Subsequently, it has shown
little reduction in range, although its relative abundance in
the remaining deciduous forests is apparently much re-
duced, probably in part at least as a result of selective
felling.

Experimental studies have shown that the failure to
produce viable seeds at its northern limit in the British Isles
is related to the temperature sensitivity of pollen germi-
nation and pollen-tube growth rate (Paice, 1974; Pigott &
Huntley, 1981). In contrast, in the more continental climate
of Finland fertilization is successful but the fertilized
ovules fail to develop to maturity during the short summer
at the species’ northern limit (Pigott, 1981). In both
cases a limitation by summer warmth is apparent; this is
reflected by the response surface (Fig. 6) that shows few
occurrences at GDD5 values of < 1000 day degrees. Those
few cases where the response surface extends to lower
values of GDDS5 are associated with milder winters
(MTCO > —9°C) and high moisture availability.

The response surface also shows an upper limit of GDD5
at c¢. 3000 day degrees and of MTCO at c. 6°C. This
corresponds to the absence of T. cordata from all but
mountainous areas of southern Europe. The lower limit of
AET/PET at c. 0.6 similarly reflects the southern and
especially south-eastern limits of the tree as the seasonally-
dry regions around the Mediterranean and in the steppes are
approached.

Abies alba Miller

Abies alba (silver fir) (Fig. 16A) principally is associated
with the montane forests of central and southern Europe
where it especially is characteristic of the Abieti-Fagetum
in which it shares canopy dominance with Fagus sylvatica
L. (Beech) (Ellenberg, 1988). It is a long-lived late-succes-
sional species with shade-tolerant seedlings and is tolerant
of a wide range of soils other than those that are water-
logged. Although it exhibits a marked north-westward limit
in mainland Europe at the present day, it was found in
western Ireland during the Gortian interglacial (Jessen,
Andersen & Farrington, 1959) and in parts of the British
mainland during many previous interglacials (West, 1968,
1980).

The relatively limited geographical range of A. alba is
reflected by the response surface (Fig. 7) that shows a
limited range in climate space. A marked sensitivity to
winter temperatures is shown with no occurrences at
MTCO values < — 10°C. An interaction between MTCO
and GDDS5 is also apparent with occurrences at higher
MTCO values only at higher GDDS values. The frequency
of occurrence declines rapidly at lower values of AET/PET
and in this respect parallels the behaviour of the two
previous species.

Quercus ilex L.

Quercus ilex (holm oak) is associated primarily with the
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FIG. 8 Quercus rotundifolia distribution: observed distribution (Jalas & Suominen, 1976).

evergreen forests of sclerophylls that characterize the Med-
iterranean region. Exceptionally it may ascend as high as
1000 m above sea level, as in parts of southern Italy
(Barbero, Loisel & Quézel, 1992), although it is distributed
principally in lowland areas of southern Europe (Fig. 17A).
It is widespread around the Mediterranean with the excep-
tion of much of the Iberian Peninsula where it is replaced
by the closely related Q. rotundifolia Lam. (Fig. 8). It is
shade-tolerant and is able to dominate the canopy on both
calcareous and non-calcareous soils (Jones, 1959). During
the Holocene it expanded northwards up the western
seaboard of mainland Europe (Huntley & Birks, 1983),
although it is doubtful that it reached the British Isles as a
native. Its present occurrences in Britain are the result o