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Abstract
Polar forests once extended across the high-latitude landmasses during ice-free ‘greenhouse’ intervals in Earth history. In the Cretaceous ‘greenhouse’ world, Arctic conifer
forests were considered predominantly deciduous, while those on Antarctica contained a
significantly greater proportion of evergreens. To investigate the causes of this distinctive
biogeographical pattern, we developed a coupled model of conifer growth, soil biogeochemistry and forest dynamics. Our approach emphasized general relationships between
leaf lifespan (LL) and function, and incorporated the feedback of LL on soil nutrient
status. The model was forced with a mid-Cretaceous ‘greenhouse’ climate simulated by
the Hadley Centre GCM. Simulated polar forests contained mixtures of dominant LLs,
which reproduced observed biogeographical patterns of deciduous, mixed and evergreen
biomes. It emerged that disturbance by fire was a critical factor. Frequent fires in
simulated Arctic ecosystems promoted the dominance of trees with short LLs that were
characterized by the rapid growth and colonization rates typical of today’s boreal pioneer
species. In Antarctica, however, infrequent fires allowed trees with longer LLs to
dominate because they attained greater height, despite slower growth rates. A direct
test of the approach was successfully achieved by comparing modelled LLs with
quantitative estimates using Cretaceous fossil woods from Svalbard in the European
Arctic and Alexander Island, Antarctica. Observations and the model both revealed
mixed Arctic and evergreen Antarctic communities with peak dominance of trees with
the same LLs. Our study represents a significant departure from the long-held belief that
leaf habit was an adaptation to warm, dark winter climates, and highlights a previously
unrecognized role for disturbance (in whatever guise) in polar forest ecology.
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Berner, 2001), mild, possibly frost-free winter temperatures (Tarduno et al., 1998; Tripati et al., 2001; Dutton
et al., 2002) and, at a latitude of 851, experienced 5
months of darkness during the polar winter and an
equal period of continuous sunlight during the summer. Since the late 1940s, the predominant world view
of polar forests has been that their deciduous character
represented an adaptation to winter darkness, allowing
the trees to avoid the high respiratory losses associated
with maintaining a canopy of leaves during the warm
winter (Chaney, 1947; Axelrod, 1966; Hickey, 1984;
Wolfe, 1985). However, this carbon balance view was
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Introduction
Fossil evidence indicating that forests once extended to
latitudes of 851N and S provides a tangible reminder of
a unique, but now extinct, biome existing for at least the
last 350 million years of Earth history (Spicer & Chapman, 1990). In stark contrast with today’s high-latitude
forests, this biome flourished in a warm ‘greenhouse’
climate with high atmospheric CO2 levels (Crowley &
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not universally accepted, even at the time it was first
proposed (Mason, 1947; Creber & Chaloner, 1985; Read
& Francis, 1992), and results from recent experiments
and numerical modelling studies (Beerling & Osborne,
2002; Osborne & Beerling, 2003; Royer et al., 2003, 2005)
have failed to provide supporting evidence. Indeed,
under experimental conditions, the quantity of carbon
lost annually by deciduous trees through leaf shedding
exceeded that lost by evergreen trees through winter
respiration and more limited leaf loss (Royer et al., 2003,
2005). Even at the scale of whole forest ecosystems, the
deciduous leaf habit was approximately twice as expensive in terms of winter carbon loss as its evergreen
counterpart.
Our understanding of the significance of leaf habit for
polar forest ecology therefore requires rethinking (Osborne et al., 2004). We suggest attention might usefully
shift from the simple evergreen vs. deciduous dichotomy towards one considering leaf lifespan (LL, average
leaf retention time) along a continuous spectrum running from a quick to slow return on investments of
nutrient and dry mass (Kikuzawa, 1991; Reich et al.,
1997; Givnish, 2002; Grubb, 2002; Wright et al., 2004).
Global surveys reveal that key leaf traits dictating
resource investment and return vary with LL in a
manner that alters vegetation function (e.g. evapotranspiration, net primary productivity (NPP)), structure,
and nutrient cycling (e.g. albedo, tree height) (Reich
et al., 1997, 1999; Wright et al., 2004). These emerging
views of leaf investment strategies are particularly
timely in the context of polar forests because new
techniques in palaeobotany now allow estimation of
LL for extinct species by analysing cellular patterns in
the growth rings of fossil wood (Falcon-Lang, 2000a, b).
LL, therefore, provides a promising means of realistically uniting past and present forest ecology, and investigating the underlying reasons for the composition
of long-extinct high-latitude forests, whose dynamics
cannot be inferred directly from fossil remains.
Here, we present a numerical modelling investigation
developing this new line of ecological enquiry for the
conifer-dominated polar forests of the Cretaceous. We
analyse the effect of LL on the functioning of polar
forests, with the aim of determining its significance for
forest composition, a product evaluated against the
fossil record. Critically, we interrogate model simulations to uncover the key mechanisms responsible for
distinctive patterns of polar forest biogeography now
beginning to emerge from the fossil record (Spicer &
Parrish, 1986; Falcon-Lang & Cantrill, 2000, 2001a, b).
These indicate that, rather than being of a uniformly
deciduous character, high-latitude forests of the Cretaceous were deciduous in the Arctic region, but predominantly evergreen in Antarctica.

Our approach utilizes the University of Sheffield
Conifer Model (USCM), a process-based forest growth
model that scales-up from generalized relationships
between LL, leaf traits and climate (Osborne & Beerling,
2002a). The USCM has been extended and modified by
coupling it with a soil biogeochemistry module (Parton
et al., 1993) to incorporate self-consistent nutrient limitations by simulating belowground carbon and nitrogen cycling. Simulated structural and functional
characteristics of trees drive a forest dynamics scheme
in which height is determined from hydraulic constraints, wood production and time since last disturbance (Whitehead et al., 1984; Margolis et al., 1995;
Osborne & Beerling, 2002b), and Lotka–Volterra equations for representing interspecific competition (Silvertown & Lovett-Doust, 1993; Cox, 2001).
We focus on the mid-Cretaceous (Aptian, 124–112 Ma)
because it represents a time of global warmth (Spicer &
Corfield, 1992) and the heyday of polar forests (Spicer &
Parrish, 1986). We developed both qualitative and
quantitative palaeodatasets to evaluate simulations of
polar forest distribution and composition against observations. The qualitative dataset was compiled by
analysing information from published sources describing the presumed leaf habit (evergreen vs. deciduous)
of fossil plant assemblages and has the more extensive
geographical coverage. While it only gives an indication
of the predominant leaf habit for forests at a particular
locality, it highlights regional-scale biome distributions
and serves as a valuable guide for evaluating model
performance. The quantitative dataset provides estimates of LL for comparison with USCM predictions
and derives from analysis of Cretaceous fossil woods
from Svalbard in the high northern latitudes (this
paper) and Alexander Island, Antarctica (Falcon-Lang
& Cantrill, 2000, 2001a, b; Falcon-Lang, 2000a, b).

Materials and methods

Coupled USCM description
The forest growth module of the coupled USCM, described and validated in detail elsewhere (Osborne &
Beerling, 2002a), considers four biogeochemical and
biophysical aspects of forest function in relation to LL:
(i) carbon exchange between vegetation and the atmosphere; (ii) fluxes of water through the soil–plant–atmosphere continuum; (iii) limitation of tree growth by
nitrogen; and (iv) land surface-atmosphere energy exchange. In the model, LL directly influences the nitrogen content of tissues and leaf mass: area ratios (Reich
et al., 1998; 1999), which then determine leaf capacities
for photosynthesis, respiration and stomatal conductance. Photosynthetic carbon uptake is described by the
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Farquhar et al. (1980) biochemical model and scaled to
the canopy using a ‘sun-shade’ approach (DePury &
Farquhar, 1997). This canopy scheme accounts for distributions of nitrogen and photosynthetic enzymes
within the canopy, and sunlit and shaded fractions of
leaves. Plant respiration is dependent upon temperature and tissue nitrogen contents (Ryan et al., 1996).
Evapotranspiration follows the Penman–Monteith
method (Penman, 1948; Monteith, 1965), accounting
for stomatal responses to soil water, atmospheric humidity and CO2 (Leuning, 1995), the dependence of
aerodynamic roughness on canopy leaf area (Shaw &
Pereira, 1982), and the limitation of soil evaporation by
surface moisture content (Chanzy & Bruckler, 1993).
Nitrogen uptake depends on the mass of roots, temperature and soil nitrogen content (Woodward et al.,
1995). A further limitation is imposed by the soil carbon
content, which influences mycorrhizal associations of
trees and their ability to extract organic nitrogen (Woodward & Smith, 1994). Energy exchange between vegetation, soil and the atmosphere accounts for short-wave,
long-wave (upward and downward), latent and sensible heat fluxes. The absorption of solar energy in both
the visible and near-infrared wavebands is considered
for the leaf canopy and soil (Weiss & Norman, 1985;
DePury & Farquhar, 1997). Forest energy budget, evapotranspiration and photosynthesis are interdependent,
and solved numerically. The leaf area index (LAI), a key

determinant of energy, water and carbon fluxes in
the model, is calculated after accounting for the limitations on growth imposed by water, nitrogen and light
(Osborne & Beerling, 2002a).
The soil module newly incorporated for this paper is
based upon the Century model of carbon and nitrogen
dynamics (Parton et al., 1993) (Fig. 1). Eight soil carbon
and nitrogen pools are modelled, each distinguished by
their different maximum decomposition rates: two surface litter pools, representing the more recalcitrant (e.g.
lignin, cellulose) and more labile (e.g. sugars) components, respectively, two similar pools for subsurface
(especially root) litter; surface and soil microbial (active)
pools; and pools of slow and passive soil organic matter
(Fig. 1). Decomposition rates, and fluxes of carbon
between the pools, are calculated as functions of soil
moisture and temperature. Nitrogen fluxes and the C : N
ratio of each reservoir are controlled by the size of a
further pool, mineral nitrogen, which is in turn affected
by the implied net mineralization or immobilization of
the other pools. Each nitrogen flux is equal to the
product of the corresponding carbon flux and the N : C
ratio of the pool receiving the flow. Soil carbon and
nitrogen dynamics are described by nonlinear differential equations with parameters depending on soil texture, temperature, precipitation, humidity, soil moisture,
water flow, potential evaporation, litter quantity and
quality. The equations are solved on a monthly time step.

Vegetation module
Soil
N and H2O

Leaf-scale
processes
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Tree-scale
processes

Ecosystem-scale
processes

Leaf
lifespan

CO2
Hours to years
Surface and root litter,
C : N ratios

Climate

Soil nutrient cycling module
Surface and root litter C and N pools
Microbial C and N pools

Slow C and N pools

Passive C and N pools
Months to years
Fig. 1 Schematic diagram of key forest processes from the leaf to the regional scale simulated in the above- and below-ground modules
of the University of Sheffield Conifer Model.
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The model requires inputs of monthly temperature,
relative humidity and precipitation, which for the Cretaceous simulations were derived from the Hadley
Centre general circulation model (GCM). Successful
validation of the USCM under the present-day climate
and atmospheric CO2 concentration was achieved on a
site-by-site basis by comparing predictions and observations of LAI and NPP from conifer forest across a
wide climatic gradient and, at the regional scale, by
comparison with satellite products (see Appendix A).

Forest dynamics scheme
The coupled USCM simulates the properties of a monoculture forest of a given LL growing within each gridbox. We performed parallel simulations for trees with a
range of LLs, to determine the composition of the forest
using a form of Lotka–Volterra dynamics. In this
scheme, the exponential rate of colonization by trees
of each LL is limited by both intra- and interspecific
competition. Competition is proportional to the product
of the two population sizes in question (Silvertown &
Lovett-Doust, 1993). Inclusion of intraspecific competition means that the growth term can alternatively be
seen as logistic. The version we use also includes a term
representing exogenous mortality because of fire, giving
(Cox, 2001):
8
9
n
<
=
X
dvi
¼ li Pi vi 1 
cij vj  gv vi Ci ;
ð1Þ
Ci
:
;
dt
j¼1
where i 5 1, 2, . . . , n is an index for each of the
functional types (FTs) considered. Ci is biomass C per
unit land surface area for the FT with the ith LL, and
vi the fraction of the grid-box covered by trees of this
type. li is a partitioning coefficient representing the
fraction of NPP used for increasing tree numbers, rather
than the size of individual trees (i.e. l is a measure of
the reproductive effort). Pi is the aboveground NPP per
unit vegetated area (g C m2 yr1), cij is a competition
coefficient in the range [0, 1] representing the effect on
FT i of type j, and gv is a large-scale disturbance rate.
Disturbance by fire is computed with a fire module,
based on temperature and precipitation, and which has
been validated against satellite wildfire datasets (Beerling & Woodward, 2001; Woodward et al., 2001).
Early successional woody plant species generally
have faster rates of photosynthesis and respiration,
higher stomatal conductance, and more efficient nutrient uptake mechanisms, than their late successional
counterparts (Bazzaz, 1979, 1996; Grime, 2001), all traits
strongly associated with shorter LLs (Reich et al., 1999;
Wright et al., 2004). Consistent with this observation,
trees of relatively short LL, for instance larches, birches,

aspen or white pine, commonly act as pioneer species
after disturbance in today’s boreal or Alpine forests
(Didier, 2001; Schulze et al., 2002; Dole&al et al., 2004;
Jain et al., 2004). Although some of these pioneer species
are deciduous angiosperms, we assume that functionally similar gymnosperms fulfilled this role in the Early
to mid-Cretaceous, when angiosperms had not yet
evolved to the point of becoming dominant trees
(Crane, 1987; Hill & Scriven, 1995). To reflect the tendency for trees of shorter LL to be more effective
colonizers, we define the partitioning coefficient l (for
each i) to be a decreasing function of LL, and an
increasing function of LAI, as follows. Denoting LL
(in months) by L, we set l to zero, so that all the
production is channelled towards increasing the size
of individual trees, if the LAI is less than
8
if L < 4;
<0
ð2Þ
Lmin ¼ ðL  4Þ=24 if 4  L  28;
:
1
if 28 < L:
If the LAI is greater than

ðL þ 44Þ=12 if L  68;
Lmax ¼
9
otherwise;

ð3Þ

then l is set to 1, so that essentially all the production of
mature trees goes towards reproduction. l varies linearly
between these two values of LAI, for a given value of LL.
Thus, the shorter the LL, the lower the LAI at which
some of the production is diverted towards colonization;
and the larger the LAI (for a given LL), the larger the
fraction of production going towards colonization.
We define the competition coefficients as follows
(Cox, 2001):

1;
i ¼ j;
; ð4Þ
cij ¼
1=½1 þ expf20ðhi  hj Þ=ðhi þ hj Þg; i 6¼ j;
where hi is the height attained by trees of type i in one
fire return interval. This represents competition for
light. If hj  hi, the coefficient is close to 1; tree type j,
being much taller than type i, exerts a large negative
influence on the latter through shading. Conversely, if
hj  hi the coefficient approaches zero.
At equilibrium, dvi/dt 5 0, and (1) becomes a system
of n linear simultaneous equations in the vegetated
fractions vi, provided that these are all nonzero. In
matrix notation, this system is
Cv ¼ a;

ð5Þ

where C is the n  n matrix of competition coefficients
cij, v the vector of vegetated fractions, and a is a
vector with elements
g Ci
ai ¼ 1  v :
ð6Þ
li Pi
Note that ai is the vegetated fraction that would be
obtained if C were the unit matrix (i.e. represents the
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potential vegetated fraction achieved in the absence of
competition from other tree types). It is less than 1
because only a finite time, 1/gv , is available for recolonization between disturbances, the colonization rate,
proportional to lP/C, is also finite, and the colonization
process is effectively logistic (i.e. self-limiting). The
faster the colonization rate, compared with the disturbance frequency, the closer the potential vegetated
fraction is to 1. Conversely, if gvCi/liPi41 (i.e. the
disturbance exceeds the colonization rate) we set
ai 5 0; this represents, for example, the case where trees
do not grow vigorously enough to set seed, and subsumes the case where LAI oLmin (i.e. l 5 0). Note that
Ci/Pi has units of time, and represents the turnover
time taken for the biomass to be replenished by new
production in the dynamic equilibrium between production and decomposition. Therefore, Pi/Ci is a standlevel growth rate, and liPi/Ci a measure of the rate at
which disturbed land is recolonized by trees of type i, in
the absence of competition.
We solved Eqn (5) at each grid point by inverting C,
after excluding LLs unable to grow (or reproduce) at
that site because of the climate. The final vegetated
fractions are given by
v ¼ C1 a:

ð7Þ

This sometimes yields negative vi values, indicating that
type i is outcompeted to extinction; in this case vi is set
to zero.

pot 
The (potential) aboveground biomass Ci g C m2
accumulating if the trees were allowed to grow to their
(m), undisturbed by fire or competition,
full height hmax
i
is calculated as the product of the mass of a single trunk
and the number of trees per unit area (Enquist et al.,
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1998). Representing a tree trunk as a cylinder of radius
=100, height hmax
and density 392 kg m2, of which
hmax
i
i
40% is carbon (Osborne & Beerling, 2002b), the potential
aboveground biomass is given by
pot

Ci

¼ 1251ðhmax
Þ3=4 :
i

ð8Þ

The USCM calculates hmax
using the hydraulic model of
i
Whitehead et al. (1984), in which height is inversely
proportional to the square root of an evaporative demand (Koch et al., 2004). Since stomatal conductance
and therefore evaporative demand decrease with increasing LL, trees with longer-lived leaves tend to be
taller, other things being equal (see Osborne & Beerling,
2002b).
Assuming that biomass carbon accumulates annually
according to the NPP until this maximum or equilibrium
value is reached, or until disturbance occurs (whichever
happens first), the final tree height is given by
!
max 1=4
Þ
max Pi ðhi
ð9Þ
hi ¼ min hi ;
1251gv
and the required biomass Ci is obtained by using
this value for the height in the right-hand side
of Eqn (8). The structure of our FT model is illustrated
in Fig. 2.
To obtain polar biome maps suitable for comparison
with our qualitative palaeodataset, and for validation
against modern data, vegetated fractions vi with different LLs were aggregated to give ‘deciduous’ fd (LL o12
months) and ‘evergreen’ fractions fe (LL  12 months).
The results of this procedure were not sensitive to the
number of different deciduous and evergreen LLs used.
Dominant LLs were defined according to vi. Biome
distribution was optimized through Eqns (2) and (3),

Reproductive
effort
(, LAI)
Colonization
rate
(NPP/Ci)

Potential vegetated
fration of a given
c LL (a)

Actual vegetated
fration of a given
c LL (v)

Stand-level
growth rate
(NPPi /Ci)
Fire
frquency
(1/)

Competition
with other LLs
(C,hi)

Fig. 2 Diagrammatic representation of the forest dynamic scheme implemented with the University of Sheffield Conifer Model. Standlevel growth is partitioned between either reproduction or colonization and over a specific time that depends on disturbance by fire, and
leads to the potential cover of a given pixel. The actual vegetation cover determined by competition with other trees with leaves of
different leaf lifespans.
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and fd and fe, to reproduce the extent of northern boreal
forest biomes (evergreen and deciduous needle-leaved
trees) categorized by the International Satellite Land
Surface Climatology Project (ISLSCP) (Meeson et al.,
1995). The k statistic is a measure, albeit imperfect
(Beerling & Woodward, 2001), of how well categorical
dataset reproduces another, and was highly significant
(k 5 24.3%, Po0.001).

Mid-Cretaceous global climate simulation
We forced the coupled USCM with a mid-Cretaceous
(Aptian) climate simulation produced by the latest
generation of the Hadley Centre Atmospheric GCM
(HadAM3) (Pope et al., 2000). HadAM3 is based on
the UK Meteorological Office GCM (Hewitt & Mitchell,
1996) and operates with a spatial resolution of 3.751
longitude  2.51 latitude and 19 vertical levels. Prescribed zonally symmetric sea-surface temperatures
(SSTs) of 30cos(lat) 1C were used; implying an increased
poleward transport of the ocean heat flux compared
with the present day situation. The simulation employed the reconstructions of mid-Cretaceous coastlines
and the positions of major mountain ranges described
by Smith et al. (1994). Atmospheric CO2 levels were set
at 1300 ppm as the mean of the various proxy estimates
(Crowley & Berner, 2001; Royer et al., 2004). The integration was run for 14 model years and the Aptian
‘climate’ taken as the average of the last 10 years.

Numerical model experiments
The USCM was run separately for trees with nine
different LLs (4, 6, 9, 12, 18, 24, 48, 72 and 96 months),
using both a modern climatology for the years 1982–
1991, derived from the UEA dataset (New et al., 1999,
2000), and an Aptian climatology as modelled by
HadAM3. Both climatologies were global in extent, at
a resolution of 3.751 in both latitude and longitude.

Polar forest reconstructions
A qualitative dataset of polar and temperate forest
biome distributions in the Early and Late Cretaceous
was compiled from published literature sources (Table
1). Biomes were classified as deciduous, mixed or evergreen using evidence from macrofossil floras (leaf and
wood), palynological records or the analysis of dispersed leaf cuticles. We followed the published interpretations of fossil records in assigning biome types
which used a range of methods to obtain evidence
about leaf habit: wood anatomy (Falcon-Lang,
2000a, b); analysis of leaf traces (Falcon-Lang & Cantrill,
2001a); examination of leaf physiognomy and cuticle

morphology (Chaloner & Creber, 1990); comparison
with nearest living relatives (NLRs) (Chaloner & Creber,
1990); and interpretation of taphonomy (preservational
setting) (Spicer & Parrish, 1986). While none of these
methods is without its difficulties, we have accepted at
face value the authors’ original interpretation, but attempted to draw upon more than one line of evidence
when possible for any particular site.
Wood anatomy provides a proxy record of leaf habit
that is proving useful in palaeoecological reconstructions (Falcon-Lang & Cantrill, 2000, 2001a, b). It is based
on the general observation that trees with short-lived
leaves produced pronounced annual growth rings,
whereas those with long-lived foliage form less distinct
ring boundaries (Falcon-Lang, 2000a, b). Leaf traces
connect the vascular system of leaves with the xylem
of branch wood in tree species, are extended by secondary growth every year that the leaf persists, and
remain in wood after leaf abscission. Palaeobotanists
may therefore obtain a very precise measure of LL from
fossil woods by counting the number of annual growth
rings bisected by the xylem strand of leaf traces,
although these are infrequently preserved (Falcon-Lang
& Cantrill, 2001a, b). Physiognomy describes the form
and structure of fossils, and may be used to provide
clues about the habit of leaves, via characters such as
leaf or cuticle thickness and sunken stomata (Chaloner
& Creber, 1990), although these are necessarily speculative. The NLR method assumes that closely related
fossil and modern plant taxa share common traits such
as LL, but is difficult to apply for the Cretaceous, where
the phylogenetic distance between ancient and modern
species is significant (Chaloner & Creber, 1990). Taphonomy is the study of the depositional and fossilization
process, and may provide important inferences about
leaf habit, especially through the interpretation of leaf
mats as characteristic of deciduous species, with leaves
spread randomly throughout a sequence characterizing
evergreens (Spicer & Parrish, 1986).
We obtained new quantitative datasets for LL by
analysing Cretaceous fossil conifer woods using the
approach of Falcon-Lang (2000a, b). The technique follows from the observation that the markedness of
boundaries between annual growth rings in modern
trees from seasonal climates is correlated with LL
(Falcon-Lang, 2000a, b). To obtain LLs for fossil woods,
we, therefore, used a newly developed modern calibration dataset for contemporary conifers consisting of 21
modern tree species, with nineteen from the Northern
Hemisphere and two from the Southern Hemisphere
(Harland, 2005). For each genus, the ring markedness
index (RMI) was calculated as RMI 5 PD  PL/100,
where PD is the percentage diminution and PL the
percentage latewood (Falcon-Lang, 2000a, b). The PD
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Leaf habit of Cretaceous polar forests inferred from a qualitative interpretation of plant fossils

Fossil locality

Fossil
type

Age

Palaeolat

Palaeolon

Leaf
habit

Methods

References

North America (Arctic)
Alaska, Nanushuk group
West Greenland
West Greenland
Montana, Kootenai formation

L, W
L
L, W
L

EC
LC
LC
EC

781N
651N
681N
501N

521W
101E
101E
401W

D
M
M
M

LP, NLR, T
NLR
NLR
LP

Canada, western interior

L, W

EC

601N

501W

M

LP, T

Alaska, Kuk river basin

L

EC

851N

601W

M

NLR

Alaska, Nanushuk group
Canada, Mackenzie Delta
West Greenland
Alaska, North Slope
Alaska, North Slope
Canada, Bathurst Island
Eurasia (Arctic)
Svalbard, Spitzbergen

L, W
P
L
L
P
P

LC
LC
LC
LC
LC
LC

781N
741N
561N
811N
851N
741N

521W
381W
51E
451W
351W
81W

D
M
E
D
D
D

LP,
LP,
LP,
LP,
LP,
LP,

Spicer & Parrish (1986)
Boyd (1994)
Seward (1926)
Upchurch & Wolfe
(1993)
Upchurch & Wolfe
(1993)
Smiley (1976); Axelrod
(1984)
Spicer & Parrish (1986)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)

W

EC

681N

501E

M

WA

Russia, western Siberia
Russia, Severnaya Zemlya
Russia, central Siberia
Russia, Dzhagdy Mountains
Russia, Vladivostok region
Russia, Okhotsk region
Russia, Okhotsk region
Russia, Kamchatka
W. Siberia, Vakh River
E. Siberia, Koryak Range
E. Siberia, Beloye Mt.
W. Siberia, Berezovo
C. Siberia, Vilyuv
E. Siberia, Anadyr
C. Siberia, Lintsya River
E. Siberia, Umkuveyen
E. Siberia, Vestrechnoy
Gondwanaland (Antarctic)
Tierra del Fuego

L
L
L
L
L
L
L
L
P
L
L
P
L
L
L
L
L

LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC
LC

701N
801N
681N
651N
601N
701N
701N
721N
551N
801N
701N
501N
701N
851N
731N
851N
701N

851E
1201E
1251E
1501E
1451E
1501E
1551E
1701E
751E
1251W
1501E
651E
901E
1251W
1051E
1201W
1201E

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

LP
LP
LP
LP
LP
LP
LP
LP
LP,
LP,
LP,
LP,
LP,
LP,
LP,
LP,
LP,

P

EC

481S

251W

E

NLR

New Zealand, Middle
Clarence Valley
Antarctica, Alexander Island

L

EC

681S

1701E

M

LP, NLR, T

L, W

EC

601S

571W

E

WA, LT, LP,
NLR, T
WA, LP, T

NLR, T
NLR,
T
T
T
T

T
T
T
T
T
T
T
T
T

Harland & Francis
(this paper)
Herman (1994)
Herman (1994)
Herman (1994)
Herman (1994)
Herman (1994)
Herman (1994)
Herman (1994)
Herman (1994)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)
Dettmann (1989) and
Dettman et al. (1992)
Parrish et al. (1998)

Australia, Otway &
Gippsland Basins
Antarctica, Livingston Island

L, W, P

EC

691S

1191E

M

L, W, P

EC

541S

521W

E

Antarctica, Seymour Island

C

LC

561S

461W

E

LT, LP, NLR,
T
LP, Cm, T

New Zealand, Kaitangata
Coalfield
Antarctica, King George Island

C

LC

821S

1551E

M

LP

Falcon-Lang & Cantrill
(2001a)
Douglas & Williams
(1982)
Falcon-Lang & Cantrill
(2001b)
Upchurch & Askin
(1989)
Pole & Douglas (1999)

L

LC

52.51S

521W

E

LP, T

Upchurch et al. (1999)
(continued)
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Table 1 (Contd.)
Fossil
type

Age

Palaeolat

Palaeolon

Leaf
habit

Methods

References

Antarctica, Ross Ice Shelf
Antarctica, Weddell Sea
Antarctica, West Ice Shelf
Antarctica, Shackleton Ice
Shelf
Antarctica, Cape Carr
Antarctica, Vega Island
Australia, Gippsland Basin
(Victoria)
Australia, Gippsland Basin
New Zealand, Kaitangata,
Site L46
New Zealand, Lovell’s Flat,
Site L214
New Zealand, Morley Area
New Zealand, Dunedin, Site
L178
New Zealand, Shag Point,
Site L170
New Zealand, Otago, Sites
L289–291
New Zealand, Pitt Island
Western Australia

P
P
P
P

LC
LC
LC
LC

821S
64.51S
62.51S
681S

1701E
171W
1101E
1121E

E
E
E
E

LP,
LP,
LP,
LP,

Upchurch
Upchurch
Upchurch
Upchurch

P
P
P

LC
LC
LC

67.51S
551S
681S

1501E
441W
1181E

E
E
E

LP, T
LP, T
LP, T

Upchurch et al. (1999)
Upchurch et al. (1999)
Upchurch et al. (1999)

P
P

LC
LC

681S
811S

1171E
1551E

E
E

LP, T
LP, T

Upchurch et al. (1999)
Upchurch et al. (1999)

P

LC

791S

1571E

E

LP, T

Upchurch et al. (1999)

P
P

LC
LC

771S
751S

1581E
1591E

E
E

LP, T
LP, T

Upchurch et al. (1999)
Upchurch et al. (1999)

P

LC

731S

1601E

E

LP, T

Upchurch et al. (1999)

P

LC

691S

1651E

E

LP, T

Upchurch et al. (1999)

P
P

LC
EC

671S
50–701S

1701E
75–1051W

E
E

LP, T
NLR

Eastern India

P

EC

55–601S

25–601E

E

NLR

Upchurch et al. (1999)
Dettmann (1989) and
Dettman et al. (1992)
Dettmann (1989) and
Dettman et al. (1992)

Fossil locality

T
T
T
T

et
et
et
et

al.
al.
al.
al.

(1999)
(1999)
(1999)
(1999)

Fossil type: L, leaves; W, wood; P, pollen; C, dispersed leaf cuticles.
Age: EC, Early Cretaceous; LC, Late Cretaceous.
Leaf habit: E, evergreen; D, deciduous; M, mixed.

is the reduction in radial cell diameter across a growth
ring relative to the maximum cell size, and PL the
number of latewood cells as a percentage of the total
cells in a ring (Creber & Chaloner, 1984). We note that
environmental conditions experienced at the growth
site (e.g. hot or cold, wet or dry), the position of the
wood within the tree (branch or trunk) and the light
regime at high latitude may also influence RMI and
therefore our estimate of LL (Falcon-Lang, 2005). However, modern datasets obtained from branch and trunk,
damaged and undamaged trees, and variations with
respect to altitude and latitude, suggest that these
factors only produce minor variation to the underlying
genetic signal produced (Harland, 2005).
For each sample, 10 files of cells were measured
across all rings that were more than 30 cells wide, and
mean values derived per sample. Rings under 30 cells
wide produce anomalously high values of latewood
and were not used for this reason. Between one and
eight rings were measured per sample. The RMI of each
modern conifer genus was plotted against its known

LL and the following logarithmic regression relationship determined:
RMI ¼  10:28 ln ðLLÞ þ 36:228;

ð10Þ

(r2 5 0.70, Po0.001).
Permineralized fossil conifer woods from trees growing at a palaeolatitude of around 751N during the midCretaceous (Aptian/Albian) in Svalbard (Arctic Norway) were analysed to estimate LL. A total of nine fossil
conifer morpho-taxa were identified: Araucariopitys,
Protocedroxylon, Piceoxylon, Laricioxylon, Cedroxylon, Xenoxylon, Taxodioxylon, Cupressinoxylon and Juniperoxylon.
For each, the RMI was calculated using the same
technique as for modern wood and LL estimated from
the inverse of Eqn (10) (r2 5 0.64, Po0.001).
We estimated LL of mid-Cretaceous fossil conifer
woods from the late Albian Triton Point Formation on
S.E. Alexander Island, Antarctica, from published measurements of PL values (Falcon-Lang & Cantrill, 2000).
These originated from forests growing at palaeolatitudes of 751S. PL values measured in identified fossil
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wood specimens reported by these authors were:
Araucarioxylon (24.6 PL), Araucariopitys (26.05 PL), Podocarpoxylon specimen 1 (22.45 PL), Podocarpoxylon specimen 2 (19.1 PL), Taxodioxylon (49.75 PL). LL was
estimated by inverting the regression relationship
between PL and LL given by Falcon-Lang (2000b)
(r2 5 0.86, Po0.001) to give
LL ¼ 12ðPL  54:46Þ=  4:312:

ð11Þ

Results and discussion

Simulated Cretaceous biogeography and qualitative biome
reconstructions
Simulated biogeography of Cretaceous polar forest
biomes is shown in Fig. 3. Northern and Southern
hemispheres clearly differ in the extent of each biome
(Fig. 3c and d) although moving polewards both hemispheres show a region of predominantly evergreen
forest succeeded by a belt of deciduous forest at around
501 or 601 of latitude. However, a clear transition zone of
mixed forest in the Northern Hemisphere is absent from

2185

the Southern Hemisphere, or at least is not resolved by
the 3.751 grid spacing used here. Polewards of around
801S in Antarctica, the belt of deciduous trees gives way
to another continental region of evergreen forest with
relatively short LLs (12–18 months), compared with the
longer LLs (48–96 months) for the more temperate
coastal Antarctic evergreen forests.
Reconstructed biome types (Table 1, Fig. 3e and f)
provide an independent test of our model simulations.
The comparison shows broad agreement between observed and simulated biomes, particularly in the northern
hemisphere. Early and Late Cretaceous fossil plant assemblages from high-latitude sites of northern Alaska
and Russia contain conifer groups that were probably
deciduous, with foliage comparable with that of modern
species within the Cupressaceae (e.g. Metasequoia and
Taxodium) (Spicer & Parrish, 1986; Herman, 1994). In
agreement with these observations, we predict either
deciduous or mixed forests. At other northern highlatitude localities, where we predict mixed conifer forests,
qualitative interpretation of fossil floras suggests that
these deciduous plant remains are associated with microphyllous conifers like Brachyphyllum and cupressaceous

Fig. 3 Simulated and reconstructed biomes of Cretaceous polar conifer forests. (a) and (b) Land-sea mask as used in the general
circulation model simulations, for the northern and southern high latitudes, respectively. (c) and (d) Simulated biomes, (e) and (f) biometype reconstructed from the fossil record (see Table 1 for details). Symbols: squares Early Cretaceous, circles records from the late
Cretaceous. Colour codes for (c–e): green, evergreen forest; orange, deciduous forest; blue, mixed forest.
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 2177–2195
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8 1C for all Arctic localities, and 9 1C for those polewards of 701 latitude (Fig. 4). Antarctic sites are colder
still, with corresponding biases of 13 1C and 14 1C
(Fig. 4). The presence of frost-intolerant crocodilians at
high latitudes in both hemispheres (Markwick, 1998)
suggests that the very low subzero temperatures predicted by the GCM are driving the observed bias.
To investigate the influence of a high-latitude climate
with a cool bias on projected forest distributions we
performed a sensitivity analysis, repeating the simulations with the 3 coldest months of the Antarctic winter
warmed by 10 1C or 20 1C, and those of the Arctic winter
by 5 1C or 10 1C. Note that even with the larger increases, subzero winter minimum temperatures still
occur in both the Arctic and the Antarctic, with small
regions of subzero annual mean temperature remaining
in each. The adjusted temperatures are therefore still
consistent with fossil evidence of frost damage to trees
(e.g. Falcon-Lang et al., 2001a, b, 2004), localized sea-ice
(Frakes & Francis, 1988) and small continental glaciers
(Spicer & Parrish, 1986). In the absence of proxy data to
the contrary, we made no changes to seasonal precipitation patterns. Results for Antarctica (Fig. 5a–c) indicate
that a wintertime warming of 10 1C doubles the coverage of evergreen polar forests (from 3.3  106 to
6.6  106 km2), particularly in West Antarctica, which
experiences the moderating climatic influence of the
oceans (Fig. 5b). Elsewhere on the continent, winter
temperatures remain much colder; and evergreen forests only colonize these areas extensively with 20 1C
of warming, reaching a total area of 15.9  106 km2.

25
20
15
MAT (°C)

forms that were probably evergreen, suggesting a mixed
forest canopy (Upchurch et al., 1999).
Southern Hemisphere Cretaceous pollen records at
sites in southern Australia, South America and India are
dominated by araucarian, podocarp and taxodiaceae
conifers (Archangelsky, 1963; Douglas & Williams,
1982; Dettmann, 1989, 1992), characterized today by
leaves with long LLs, in agreement with our simulations. From Antarctica the data are sparser, but show
clearly that evergreen forests occurred on the Antarctic
Peninsula and around the eastern margins (Dettmann,
1989; Upchurch & Askin, 1990; Parrish et al., 1998;
Falcon-Lang & Cantrill, 2001a, b). Three Early Cretaceous sites provide evidence for a mixture of evergreen
and deciduous trees in New Zealand (Table 1), at that
time adjacent to the Antarctic landmass, and these
generally correspond with the simulated occurrence of
these forests, although this region appears to have been
occupied predominantly by evergreens in the Late
Cretaceous.
Fossil data from Antarctica are all from marginal
areas, at the edge of the present-day ice sheet, and give
an evergreen or mixed forest signal matching the simulated forest distribution (Fig. 3; Table 1). We also simulate an extensive area of deciduous forest between 60
and 801S on the Antarctic continent with a central core
of evergreen forest at the pole. At present, however,
there is no fossil evidence to test the validity of this
result. We note that many Southern Hemisphere conifer
taxa, like Araucaria and the podocarps, are evergreen
today but are restricted in their southerly extent. In the
Cretaceous, the pool of deciduous taxa available for
forming deciduous forests was also severely restricted
to Ginkgo and some Cupressaceae conifer types that
might have been deciduous (Douglas & Williams, 1982).
It is also conceivable that fire-specific adaptations, such
as the fire-activated serotinous cones of the modern-day
Jack pine Pinus banksiana, could have led to trees of
longer LL having a greater effective colonization capacity than considered here.
A general problem with current GCM simulations of
ancient greenhouse conditions is their tendency to predict high latitudes that are too cold relative to proxy
climate indices (Barron et al., 1995; Schmidt & Mysak,
1996; Valdes et al., 1996; Hotinski & Toggweiler, 2003).
To assess the extent of this problem for the HadAM3
simulations, we made a site-by-site comparison of temperature reconstructed from terrestrial proxies (plant
physiognomy, plant and vertebrate NLRs, and vertebrate oxygen isotopes) with those derived from the
HadAM3 simulation. The comparison is necessarily
confined to mean annual temperature, because of the
paucity of proxy evidence for the coldest month. Nevertheless, we find an average cold bias in the model of

10
5
0
Late Cret proxies
Mid Cret proxies
GCM

−5
−10
−15

80

60
−60
Palaeolatitude (deg)

−90

Fig. 4 Cretaceous continental latitudinal mean annual temperature (MAT) gradient inferred from fossil evidence and
simulated by the Hadley Centre GCM. Data for the Northern
Hemisphere sites from: Wolfe & Upchurch (1987), Herman &
Spicer (1996), Tarduno et al. (1998), Amiot et al. (2004), Jenkyns et
al. (2004); Southern Hemisphere sites: Parrish et al. (1991),
Dettmann et al. (1992), Cantrill (1995), Parrish et al. (1998), Hayes
(1999), Kennedy et al. (2002), and Francis & Poole (2002).
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Fig. 5 Sensitivity of simulated polar forest biome distributions to the Cretaceous land surface climatology. Simulated Arctic biome
distributions with the control climate (a), and the effect of 1 5 1C (b) and 1 10 1C (c) winter warming. Simulated Antarctic biome
distributions with the control climate (a), and the effect of 1 10 1C (b) and 1 20 1C (c) winter warming.

Corresponding sensitivity experiments for the Arctic,
with a winter warming of 5 1C or 10 1C showed the
general insensitivity of the simulated biome distributions (Fig. 5a–c). Cover of the deciduous biome decreased from the control run of 12.0  10611.8  106
and to 9.3  106 km2 with 5 1C and 10 1C of winter
warming, respectively. Even though this result emerges
in part from the smaller imposed warming, it, nevertheless, indicates the robust persistence of the northern
high-latitude deciduous biome.
A second set of sensitivity runs was performed to
allow for the possibility that the GCM underestimates
the precipitation in the Arctic during the Cretaceous.
With precipitation doubled, the area occupied by the
deciduous biome north of 601N decreased from
12.0  106 to 9.8  106 km2, with the coverage of mixed
forest almost doubling, from 1.8  106 to 3.5  106 km2.
This result is consistent with the mechanistic analysis
presented in the following subsection; by lengthening
the fire return interval, the enhanced precipitation
favours evergreens in these regions. Overall, however,
the patterns remained similar to those in the control
integration.
Overall, our sensitivity analyses argue strongly that,
given an appropriate land surface climatology, the
coupled USCM and forest dynamics scheme adequately
reproduce patterns of polar forest biogeography seen in
the fossil record. The process-based nature of the model
allows investigation of the ecological and climatic mechanisms driving the simulated patterns.

Mechanistic analysis of simulated Cretaceous polar forest
LL across latitudinal transects
Our regional-scale simulations and sensitivity analyses
(Figs 3 and 5) indicate a crucial role for climate in
determining the biogeography of polar forest LL. To
investigate climate–LL interactions, we analyse a latitudinal transect for a Cretaceous climate in the Northern
Hemisphere (60–901N), stretching from western Canada
to Alaska. Simulations account for nine competing LLs,
but for ease of interpretation and to illustrate variation
in ecological properties, we examine two dominant LLs
for deciduous (LL 5 6 months) and evergreen (LL 5 96
months) trees (Fig. 6). The transect, therefore, focuses on
variation in climate and disturbance, providing a generally applicable exemplar for explaining why evergreen and deciduous trees dominate at different
latitudes in our simulations.
Both MAT and MAP decline along the transect (Fig.
6a and b), causing a decrease in the fire return interval
from 1200 to 50 years (Fig. 6c). Evergreens dominate in
the temperate climate of western Canada (60–701N),
where fire return intervals are relatively long, whereas
deciduous trees dominate in the higher latitudes (Fig.
6d), where a drier climate leads to a shorter fire return
interval. Because the latitudinal decline in NPP is
similar for both LLs (Fig. 6e), in agreement with experimental and field observations (Hollinger, 1992; Royer
et al., 2003, 2005; Dungan et al., 2004), it cannot explain
the transition from evergreen to deciduous forest. In-
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Fig. 6 Climate and ecological traits of trees with different leaf lifespan (LL) along an exemplar latitudinal transect from western Canada
to Alaska. Solid symbols indicate sites at which that LL is dominant along the transect. Changes in mean annual temperature (MAT)
(a), mean annual precipitation (MAP) (b), fire return interval (1/g) (c), fractional cover for each LL (d), wood net primary production
(NPP, g C m2 yr1) (e), potential cover (f), height attained in the space of a fire return interval
(g), dashed lines show the height that
n
P
would be attained without disturbance by fire, competitive advantage defined as 1  cij vj ðhÞ; (h), reproductive effort (i) and
j¼1
colonization rate (j) along the transect. See text for further details.

stead, the explanation lies in a sequence of secondary
succession, reflecting a trade-off with increasing LL
between the ability to compete for light and colonize
after disturbance.
The long fire return interval at lower latitudes (Fig.
6c) allows potential cover to approach 1.0 for evergreen
and deciduous trees (Fig. 6f), because both slow and

fast colonizers would have sufficient time to spread
throughout the gridbox in the absence of competition.
However, this climatic potential is modified as a result
of competition for light, with the height advantage (Fig.
6g) of evergreens promoting a significant competitive
advantage (Fig. 6h). Trees with longer LLs grow taller
because their lower stomatal conductance to water
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vapour (Reich et al., 1999; Wright et al., 2004) can be
matched by a lower trunk conductance, while still
avoiding desiccation of leaves in the treetop (Whitehead
et al., 1984; Osborne & Beerling, 2002b; Koch et al., 2004).
The low trunk conductance of tall trees results from a
high ratio of length to cross-sectional area in sapwood,
which transports water through the trunk. Simulated
tree heights of 40 m (Fig. 6g) are well within the limits
reached by today’s forests of the humid temperate
climate of western Canada, and entirely compatible
with estimates of 40 m for a fossilized deciduous forest
of Eocene age (Metasequoia sp.) from the Canadian High
Arctic (Williams et al., 2003).
As the fire return interval shortens with increasing
latitude, the potential cover of evergreen trees is greatly
diminished (Fig. 6f) because their reproductive effort is
low relative to deciduous trees (Fig. 6i), and colonization rate declines rapidly (Fig. 6j) as a consequence of
this and falling NPP (Fig. 6e). At latitudes of 781N and
higher, the colonization rate of evergreens is insufficient
for recovery after fire disturbance, preventing the establishment of populations and their persistence at high
latitudes (potential cover 5 0). In effect, deciduous trees
establish more rapidly and effectively than evergreens,
and this is a critical determinant of success in a disturbed environment. We emphasize that the absence of
evergreens with long LL from these deciduous highlatitude forests does not preclude the occurrence of
evergreens with shorter LL. In fact, forests with a range
of LLs are an emergent property of our dynamic vegetation model simulations.
We have focused on fire as the mechanism of disturbance because it is the principal determinant of
boreal and subboreal forest composition in the present
day (Johnson, 1992; Frelich, 2002). Furthermore, evidence of wildfire in the Cretaceous polar forests, in
the form of charcoal, is abundant in the Arctic (e.g.
Falcon-Lang et al., 2004), and has been discovered in the
Antarctic (Eklund et al., 2004). Other sources of disturbance could, however, easily be incorporated into the
model.

of the two specific localities shifts the focus from
latitudinal gradients of climate to variation in LL.
From Svalbard, LL values estimated from fossil
woods fell into two distinct groups, with LL either less
(n 5 4) or greater (n 5 8) than 18 months (Table 2). In
comparison, we simulate a bimodal distribution of LLs
at this locality, with peaks of fractional cover at 6
months in the deciduous and 48 months in the evergreen range (Fig. 7a). This result compares favourably
with the two groups of LL estimated using fossils,
which had mean values of 8 and 50 months, respectively (Table 2; Fig. 7a). Two independent lines of
evidence therefore indicate that Svalbard was populated by a mixed forest biome in the Early Cretaceous.
On Alexander Island, Antarctica, our reinterpretation
of a published report of PL for a range of wood taxa
(Falcon-Lang & Cantrill, 2000) (Eqn (11)) gives a different pattern, with only a single taxon having a short LL,
and four taxa with LL of 79 months or more (Table 2).
The range of high LLs at this site are in agreement with
complementary approaches used to infer leaf habit from
fossils, especially the presence of leaf traces, leaf taphonomy and leaf physiognomy (Falcon-Lang & Cantrill,
2000). The wood taxa used in this analysis closely
Table 2 Estimated leaf lifespan (LL  upper and lower 95%
confidence limits) of fossil woods from the European high
Arctic (Svalbard) and Alexander Island, Antarctica

Site

Wood taxon

Svalbard

Laricioxylon (species A)
Laricioxylon (species B)
Taxodioxylon (species C)
Protocedroxylon
Mean
Araucariopitys
Piceoxylon
Cedroxylon
Xenoxylon
Taxodioxylon
Taxodioxylon
(species B)
Cupressinoxylon
Juniperoxylon
Mean
Taxodioxylon
Araucarioxylon
Araucariopitys
Podocarpoxylon
(morphospecies 1)
Podocarpoxylon
(morphospecies 2)
Mean

Simulated and observed LLs of Antarctic and high Arctic
polar forests
We sought to unite model predictions of LL with
observations on fossil wood for two case studies on
high northern (Svalbard in the high Arctic) and southern (Alexander Island on the Antarctic Peninsula) latitude sites. Analysing the fossil remains of polar forests
from these two sites provides information about the
actual range of LL in these ecosystems, as well as a
direct quantitative test of model accuracy. Examination
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Alexander
Island
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Estimated LL
(  95% range)
(months)
11
5
13
18
11.8
57
35
76
69
42
100

(5.5–18.2)
(2.1–9.2)
(6.7–21.1)
(9.8–27.9)
(5.9–19.4)
(38.7–75.9)
(21.7–49.6)
(54.3–97.7)
(48.5–89.7)
(26.9–58.2)
(75.0–124.5)

48
41
58.5
13
83
79
89

(31.6–65.3)
(26.2–57.0)
(40.0–77.7)
(6.7–21.1)
(60.2–105.6)
(56.8–101.1)
(65.4–112.3)

98 (73.2122.3)
87.3 (63.9–110.4)
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mirror the foliage fossil record at the same locality
(Cantrill & Falcon-Lang, 2001). Model simulations for
Alexander Island indicate a predominance of evergreen
trees with LL448 months, and a minor component of
deciduous trees with LL 5 9 months (Fig. 7b).
Estimated and simulated LLs from both Arctic and
Antarctic sites are in close quantitative agreement, an
agreement that provides strong validation for the
coupled USCM and forest dynamics scheme. Climatic
differences and ensuing disturbance regimes between
the sites underpin their contrasting forest compositions.
In Svalbard, a cool, dry climate (unadjusted MAT 5
4 1C, MAP 5 600 mm) yields a fire return interval of
80 years, leaving insufficient time for evergreen trees
with long LL to achieve a high potential cover (Fig. 8a,
Eqn (6)) as colonization rate declines sharply with
LL (Fig. 8b). This results from a decrease in the partitioning of resources to reproduction with LL (Fig. 8c,
Eqns (2) and (3)), rather than a change in NPP with LL
(Fig. 8d). Potential cover of deciduous trees with short
LLs is also constrained by colonization rate (Fig. 8a and
b), as a consequence of decreasing reproductive effort
(Fig. 8c) and NPP (Fig. 8d). The net outcome is the
elimination of trees with very short or very long LLs by
fire (Fig. 7a). The most successful trees, in terms of
cover, are those with an LL ensuring they attain reasonable potential cover while retaining a significant competitive advantage (Fig. 8e). Competitive advantage
mirrors height (Fig. 8f, Eqn (4)), which is inversely
related to the transpiration rate. Transpiration peaks
with an LL of 18 months because the short-lived evergreen canopy attains both a high LAI in combination
with a high stomatal conductance. The mixture of trees
at this locality reflects the complex interplay between
climate, LL and the ecological processes involved in
succession.
On Alexander Island the warm, wet climate (GCM
MAT 5 6.9 1C, MAP 5 1378 mm) lengthens the fire re-

0.8
0.7
0.6
0.5
0.4
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0.2
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0

Svalbard

20

Palaeobotanical interpretation of polar forests has long
hinged on the assumption that the deciduous leaf habit
was an important adaptation for tree survival in a
warm, high-latitude environment (Osborne et al.,
2004). Recent experiments (Royer et al., 2003, 2005)
and the reinterpretation of Antarctic fossil floras (Falcon-Lang & Cantrill, 2001a, b) are now challenging this
view. This paper presents a first attempt at an alternative interpretation of the factors controlling the biogeography of LL in polar forests that links mechanistic
understanding of its functional consequences for plant
resource-use and forest dynamics. An important outcome highlighted by our analyses is the crucial influence of disturbance and its interaction with LL. We
recognize that there are alternative approaches to simulating fire in the natural landscape (e.g. Thonicke et al.,
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turn interval to 368 years, ensuring that trees with all
LLs have a high potential cover (Fig. 8a). In support of
such low fire frequencies, we note that long tree ring
sequences of fossil woods from the same Antarctic site
indicate tree longevities of at least 180 years (Chapman,
1994; Falcon-Lang & Cantrill, 2000). Consequently, forest composition is determined by competition for light
(Fig. 8e) (i.e. by the potential height of trees with each
LL) (Fig. 8f). Without frequent disturbance, the small
height advantage of slow colonizing trees with long LLs
(448 months) is enough to tip the balance decisively in
their favour, leaving only 10% of the vegetated area
occupied by deciduous trees (Fig. 7b). The marked
contrast in forest composition at this locality with that
at Svalbard highlights the critical importance of vegetation dynamics for shaping community composition in
the postdisturbance environment. Disturbances other
than fire, such as wind-throw, volcanism, herbivory or
flooding, would amplify these effects.

40
60
LL (months)

80

100

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Alexander Island

0

20

40
60
LL (months)

80

100

Fig. 7 Modelled and observed dominance of trees with different leaf lifespans (LLs) of the Cretaceous polar conifer forests of Svalbard
(a) and Alexander Island, Antarctica (b). For Svalbard, the mean and range of the observed deciduous LLs are shown; for the evergreens,
the mean and interquartile range is indicated. Individual estimates of LL are shown for Alexander Island.
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Fig. 8 The simulated influence of leaf lifespan (LL) on the ecological properties of Cretaceous polar forests at Svalbard (European high
Arctic) and Alexander Island, Antarctica. The graphs illustrate the effect of LL on potential cover (a), colonization rate (b), reproductive
effort (c), wood net primary production (NPP, g C m2 yr1) (d), competitive advantage (e) and height (f). See text for details.

2001) and to describing the relationship between LL and
the process of succession (e.g. Shugart & Smith, 1996;
Hall & Hollinger, 2000; Bugmann, 2001). Our work,
therefore, represents the first step towards developing
an alternative perspective on the significance that LL
holds for polar forest biogeography.
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Appendix A: Validation of coupled USCM

tree cover dataset (DeFries et al., 2000a, b); and a 1 km
resolution NPP dataset for 1999 derived from SPOTVEGETATION satellite measurements using the C-Fix
methodology (http://www.geosuccess.net). LAI, NPP
and tree cover data were extracted using the ISLSCP
categorization for conifer forests only, and classified as
either evergreen or deciduous. Modelled LAI and NPP
values were weighted by the fractional cover of each LL.
Across all sites (n 5 237) modelled LAI data exceeded
the satellite data by an average of 1.6 (m2 m2), with a
standard deviation of the differences of 1.9. The agreement is reasonable given the test is imperfect because of
the introduction of errors by methodological procedures for processing satellite data (Beerling & Woodward, 2001). Fractional tree cover also introduced
another source of error. Satellites measure the LAI for
a grid cell that may contain a mixture of vegetation
some of which has a lower LAI than forest (e.g. grassland or tundra) or bare ground. Correcting for this effect
using tree cover fraction, assuming an typical LAI for
grasslands/tundra of 2.0, gives a mean error between
observed and modelled of 0.18 with a standard deviation of 0.74; both datasets were significantly correlated
(r2 5 0.34, Po0.001). A Kolmogorov–Smirnov test the
5% significance level showed that the frequency histogram of LAI errors was normally distributed. Overall,
this analysis indicates there was no systematic bias in
simulated forest LAIs at the regional scale.
Across all sites (n 5 237) modelled and satellite NPP
differed by an average of 0.3 g C m2 yr1 and a standard deviation of 158.2 g C m2 yr1. This is a reasonable
match given the large difference between the methods
used to estimate NPP. Both datasets were significantly
correlated (r2 5 0.30, Po0.001). A Kolmogorov–Smirnov
test at the 5% significance level showed the frequency
histogram of differences between observed and simulated
lacked systematic bias and were normally distributed.
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We tested the accuracy of annual LAI and NPP simulations using a database of modern observations encompassing a diverse range of LLs (4–138 months), and
climatic regimes ranging from the Russian boreal zone
to the Mediterranean, and Alaska to Florida (Osborne &
Beerling, 2002a). We forced the model with site-average
climatologies for the years 1961–1990 (New et al., 1999,
2000), as LL41 at the majority of test sites, implying the
integration of interannual climate variability by canopy
structure. In all simulations, the USCM was driven with
a mean LL value for the dominant species at each site,
and an atmospheric CO2 concentration appropriate for
the year of observation.
Simulations of LAI for conifer forests at 16 different
sites, and NPP for 23 sites, both give reasonable agreement with observations (Appendix Fig. 1A, LAI
r2 5 0.84, Po0.01, NPP r2 5 0.89, Po0.01). In both cases,
agreement between the USCM and observations was
comparable with that obtained by driving the uncoupled model with prescribed soil carbon and nitrogen
values (LAI, r2 5 0.88; NPP, r2 5 0.91) (Osborne & Beerling, 2002a), suggesting adequate simulation of soil
carbon and nitrogen cycling in a self-consistent manner.
On a site-by-site basis, therefore, these results indicate
the capability of the USCM to accurately simulate the
structure and function of conifer forests across a wide
climatic gradient from inputs of climate, LL and CO2.
We verified regional-scale model simulations of forest
properties by comparison with satellite data products:
the ISLSCP global land cover dataset (Meeson et al.,
1995), which classifies each 11 gridbox into one of 15
land surface types (water, ice, desert and 12 vegetation
types); the Moderate Resolution Imaging Spectroradiometer monthly 16 km LAI dataset (Myneni et al., 1997),
averaged over the same decade (1982–1991) as the climatological forcing data; the Global Land Cover Facility
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Fig. A1 Correlations between observed and measured leaf area indices (a) and net primary production of contemporary conifer forests
across a wide climatic gradient. Regression details for (a) r2 5 0.84, Po0.01; and for (b) r2 5 0.89, Po0.01. See Osborne & Beerling (2002a)
for dominant LLs and climatic details of sites.
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