
Introduction

Today the highest latitude conifer trees on earth
extend no farther than 72º N latitude in north-
eastern Siberia, Russia (Jacoby et al. 2000). These
Larix-dominated forests form a latitudinal tree-
line, are of relatively small stature and have low
density, low biomass and low diversity (Kajimoto
et al. 1999; Schulze et al. 1999). It is likely that
both the short growing-season length and low
water availability in frozen soils combine to limit
growth, reduce regeneration success and prevent
trees from maintaining a positive carbon bal-
ance, thereby limiting the poleward extent of

forests (Payette 1983; Sveinbjörnsson 2000). Ap-
parently, in the geologic past these constraints
were not as important, because high-latitude
forests of large stature are well known from the
fossil record and provide direct evidence for a
long history of forest vegetation at high latitudes. 

For example, the warmest period during the
past 65 million years occurred during the late Pa-
leocene and early Eocene (Zachos et al. 2001).
Lowland swamp forests from this period are par-
ticularly well represented in the high-latitude
fossil record. Large stature Paleocene and Eocene
swamp forests are well known from the Cana-
dian Arctic (Basinger et al. 1988, 1994; Francis
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1988, 1991; Kumagai et al. 1995; Williams, John-
son, LePage, Vann and Sweda 2003). Large, taxo-
diaceous conifers such as Metasequoia and
Glyptostrobus dominated these forests. A recent
biogeographic analysis of Metasequoia fossils
suggests the genus was an important component
of high-latitude forest ecosystems for several tens
of millions of years (LePage et al. 2005). 

Understanding these and other high-latitude
forests has important implications for under-
standing global environmental change and how
high-latitude ecosystems function under warm
climates. In particular, quantifying the physical
structure of high-latitude forests and their

standing stock of biomass is vital. Biomass esti-
mates provide a basis for comparison to other
ecosystems (both modern and fossil) and are a
starting point to estimate the flow of energy and
resources within these systems. This is particu-
larly interesting because of the unique light
regime and the physiological demands that
high-latitude plants may have experienced
(Equiza et al. 2006).

Under the appropriate conditions, a combi-
nation of fossil tree stumps preserved in growth
position and careful analysis of fossil log remains
can be used to characterize the structure, devel-
opmental history, biomass and productivity of

Table 1. Examples of directly measured and derived variables used to describe fossil forests. Variables are de-
fined as follows (length, radius and distance in meters): A, fossil forest area; ABG, aboveground biomass (Mg
ha–1); C, empirically derived coefficient; di, diameter of ith stump; E, modulus of elasticity (GN m–2); hi, height
at any radius, ri; H, Ho, estimated tree height, Hcrit, critical bucking height; db, stump diameter (m) or branch
diameter (cm) at base; L, length of transect; M, mass in grams; n1, ith stump or stem measured; ρ = wood tis-
sue density (kg m–3); ri, radius of ith stump; Ro basal radius of stump; V, stem volume (m3); X̂ stem density es-
timate.

Forest variable Example equation

Stem density from known areaa (1)

Stem density from line intersectb (2)

Basal areac (3)

Tree height allometric methodd (4) log10 H = 1.59 + 0.39(log10di) – 0.18(log10di)2

Tree height-critical bucklinge (5)

Tree height-taper methodf (6) and

Stem volume, parabolic modelg (7)

Stand biomass, parabolic modelh (8)

Foliage mass on a single Metasequoia branchi (9) M = 23.82db1.997

a Lehman and Wheeler 2001.
b de Vries 1974.
c Williams, Johnson, LePage, Vann and Taylor 2003; 

Williams, Johnson, LePage, Vann and Sweda 2003.
d Niklas 1994.

e Pole 1999.
f Williams, Johnson, LePage, Vann and Taylor 2003.
g Creber and Francis 1999.
h Whittaker et al. 1974.
i Williams, LePage et al. 2003.
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ancient forest ecosystems. Stumps and logs retain
considerable information about structural char-
acteristics and the development history of the
forest from which they came (Williams, Johnson,
LePage, Vann and Taylor 2003). Stumps preserve
features that allow the determination of species
from wood anatomy, the original basal diameters
of the trees and the spatial distribution of indi-
viduals. Logs retain dimensional information
such as stem size, taper and branching that can
provide information about vertical forest struc-
ture. Longitudinal sections of tree trunks contain
buried knots that preserve the history of branch-
ing and can be used to interpret stand dynamics
(Larson 1963; LeBlanc 1990). Treetops provide
information on the vertical distribution and size
of live branches. The integration of these differ-
ent sources of data provides an opportunity to
adequately reconstruct and quantify several
characteristics of the aboveground components
of fossil forests and to promote insight on fossil
forest carbon cycling. The results may then offer
independent validation of model-derived esti-
mates of fossil terrestrial biomass and productiv-
ity (e.g., Beerling 2000).

This paper summarizes methods useful for
deriving estimates of fossil forest structure, bio-
mass accumulation and primary productivity.
Where appropriate, Metasequoia-specific meth-
ods are highlighted to show the utility of apply-
ing a nearest living relative approach to under-
standing carbon cycling in ancient ecosystems.
The lack of considerable morphological variabil-
ity in the fossil record of Metasequoia since its
appearance in the Late Cretaceous and the abun-
dant fossil plant remains at high latitudes makes
it an ideal case study. A review of pre-Cenozoic
high-latitude forest structure and biomass is pro-
vided, as well as an evaluation of early Cenozoic
high-latitude Metasequoia forests.

Reconstructing Forest Structure

Stand Density
Tree density is a fundamental metric of forest
structure. It is a quantitative measure of the num-
ber of trees on a unit area of land. From an eco-
logical point of view, stand density when
combined with spatial data from mapping of in-
dividual stems provides information about the
spacing of fossil plants and the possible interac-

tions among plants and herbivores. Furthermore,
population studies of arboreal and herbaceous
plants show a relationship between the maxi-
mum number of individuals that can occupy an
area and the average size of individual plants
(Westoby 1984; Enquist et al. 1998). These well-
documented scaling relationships (the so-called
self-thinning laws) may provide insight about
energy flow and resource use in fossil forests
(Williams, Johnson, LePage, Vann and Sweda
2003). Closed canopy old growth conifer forests
in the North American Pacific Northwest have
stand densities on the order 400 to 500 stems per
hectare (e.g., Shaw et al. 2004). In contrast, young
forests (20 to 40 years old) in the same region
have stand densities that range from about 700 to
1500 stems per hectare (Chen et al. 2004).

Tree density in modern forests is measured
by determining the number of trees within a
two-dimensional plot (Table 1, equation 1). This
approach can be easily applied to in situ fossil
forest layers that are exposed on a bedding plane
(e.g., Lehman and Wheeler 2001). Where fossil
forest layers crop out in a laterally contiguous
one-dimensional band, it may be possible to use
a line intersect sampling approach to estimate
density as in McIntyre (1953) and Lucas and
Seber (1977). This method has been applied to
quantifying modern forest structure (de Vries
1974) and may be useful for studying outcrops of
fossil forests that are exposed cross sectionally.
Where linear counts (number per transect) of
stumps can be done along a bedding plane, the
density of stumps per hectare can be derived
using the following formula (modified from de
Vries 1974):

where X̂ = mean stump density per hectare, 
di = diameter of ith stump in meters, 
L = length of transect or sample line in

meters, 
and 

n = number of stumps intersecting the
line. 

Diameter and Basal Area
The size of forest trees is a useful indicator of tree
productivity and age and has been used as an in-
dicator of paleoclimate (e.g, Fyles et al. 1994). To
interpret the size structure of a fossil forest in a
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meaningful way, the diameter of fossil trees
should be measured at a common reference
height on the stem. In modern forestry this is
typically 1.4 m above the ground surface and re-
ferred to as diameter at breast height (DBH).
However, most fossil forests described in the lit-
erature consist of short stumps of variable height,
making it difficult, if not impossible, to directly
determine DBH. It is possible to reconstruct
DBH from regression equations relating DBH to
diameter at some other reference height
(Williams, Johnson, LePage, Vann and Taylor
2003). Ideally, these relationships would be de-
veloped using fossil material if enough well-pre-
served fossil stumps and their associated stems
are available to develop the predictive relation-
ship. The relationship between DBH and the
lower dimensions of tree stems (e.g., diameter at
base) sometimes varies among taxa and with en-
vironmental and edaphic conditions (Henwood
1973; Nichol and Ray 1996). Hence, the greatest
accuracy is usually achieved with species- and
site-specific models. Nevertheless, others have
used general equations that perform reasonably

well (Bylin 1982; Ojasvi and Bruggink 1991).
An analysis of the size-frequency distribu-

tion of fossil trees at a particular locality is com-
monly carried out in studies of in situ fossil
forests and can be interpreted to understand the
forest age structure. For example, a diameter fre-
quency distribution that approximates a normal,
bell-shaped curve is typical of a monospecific
even-aged forest (Figure 1A). In contrast,
 uneven-aged stands that are composed of small
even-aged groups of different ages typically have
a diameter distribution that is asymptotic (see
Figure 1B). However, the interpretation of fossil
forest age structure from size frequency distribu-
tions could be confounded by the lack of a defin-
itive taxonomic identification for each fossil.
This is problematic, because it is possible for a
mixed-species, even-aged stand to have the same
right-skewed distribution (see Figure 1C) as an
uneven-aged monospecific stand (see Figure
1B). This arises because of different growth rates
and shade tolerance among species. Often, in
mixed-species stands, shade-tolerant species are
slower growing, occupy the lower canopy, are of
smaller diameter and will contribute to the left
side of a right-skewed distribution. In contrast,
shade-intolerant overstory trees often grow
quickly to form a closed canopy of uniform
height and occur as a bell-shaped distribution
characteristic of a maturing, even-aged popula-
tion of trees. A composite diameter distribution
(see Figure 1C), therefore, would look to be un-
even-aged when in fact the diameters are merely
segregated by species (Smith et al. 1997). There-
fore, interpretation of forest age structure from
size structure should be carried out with caution.
The most accurate assessment of fossil forest age
structure comes from actual counts of annual
growth increments. 

Stand basal area, the cross-sectional area of
all stemwood per unit land area, is also a com-
monly used expression of forest structure. In the
absence of measurable fossil logs, stand basal
area can be used as a crude indicator of stem
wood volume. Basal area is also related to both
tree crown area and crown volume in modern
forests (Bartelink 1997; Norton et al. 2005). As
such, basal area estimates can provide informa-
tion on fossil forest crown structure, assuming
something is known about which taxa are
canopy dominants. A basal area estimate also al-

Figure 1. Typical examples of three types of forest
structure illustrated in cross-section (left) and corre-
sponding graphs of size frequency distributions. The
first stand (A) is a monospecific even-aged stand.
Stand B is a monospecific uneven-aged stand. The
third stand (C) is an even-aged mixed species stand.
Figure modified from Smith et al. (1997).
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lows for the comparison of fossil forest structure
between sites. Basal area is calculated from indi-
vidual stump or stem diameter measurements
(keeping in mind the caveats associated with di-
ameter measurements noted above). By sum-
ming the basal area values for the individual trees
on an in situ fossil forest layer, then standardiz-
ing for the land area covered by the fossil forest
(see Table 1, equation 3), forest level basal area
estimates can be calculated and expressed on a
per-unit-area basis (m2 · ha–1).

Tree Height
An accurate estimate of fossil tree height is im-
portant to the accurate reconstruction of fossil
forest vertical structure, but is often difficult to
determine. There are multiple methods for de-
riving estimates of fossil tree height and if suit-
able fossil material exists for study it is advisable
to use different methods to develop a suite of es-
timates. Two methods used to estimate the
height of fossil trees are interspecific allometric
techniques (e.g., Niklas 1994) and determination
of maximum theoretical height based on biome-
chanical principles (Mosbrugger 1990; Niklas
1992; and references therein). The allometric ap-
proach has been used to estimate fossil plant
height from a diverse array of plant families, in-
cluding the Araucariaceae, Cheirolepidiaceae,
Cupressaceae and Ginkgoaceae (Williams, John-
son, LePage, Vann and Sweda 2003; Axsmith and
Jacobs 2005; Cantrill and Poole 2005; Kvaček et
al. 2005). This method exploits the generally
high correlation of stem height with stem diam-
eter that exists between and among a wide vari-
ety of plant species. The general allometric
equations (e.g., see Table 1, equation 4) presented
by Niklas (1994) perform reasonably well when
compared to other methods of tree height esti-
mation (Williams, Johnson, LePage, Vann and
Taylor 2003). 

Likewise, the biomechanical approach has
been used to reconstruct Jurassic and Miocene
age fossil plant heights (Mosbrugger et al. 1994;
Creber and Francis 1999; Pole 1999). This
method is based on the early work of Greenhill
(1881) and predicts maximum stem length
based on critical buckling length as it relates to
basal stem diameter (see Table 1, equation 5). To
apply this model to fossil tree stems, it is neces-
sary to assume that trees were self-supporting

stems that grew near, but below, the buckling
threshold. It is also necessary to make assump-
tions about the properties of the fossil wood
(wood density and Young’s modulus of elastic-
ity). In practice, these values are estimated from
modern wood, because actual values are un-
likely to be determined from fossil material. The
height estimates predicted by this method tend
to be overestimates of actual tree height (Pole
1999; Williams, Johnson, LePage, Vann and Tay-
lor 2003). This discrepancy has been interpreted
as a design safety factor against mechanical fail-
ure (Niklas 1992). Niklas and Spatz (2004) sug-
gest that hydraulic and growth constraints,
rather than mechanical constraints, better ex-
plain the scaling of stem length with respect to
basal stem diameter. They present a new model
in which the length of all but the smallest diam-
eter stems (less than about 10 cm) scales as func-
tion of diameter to the 0.66 power. This model
can be useful for estimating fossil tree height, or
as an independent check on other fossil tree
height estimation methods, if the model can be
parameterized for fossil trees. 

When fossil logs and fossil stumps are pre-
served together other approaches to estimating
tree height are possible. In such situations, direct
measurements of entire stems would be ideal, al-
though unlikely. More often than not, fossil trees
will be found as disarticulated or partial stem
pieces. In this case, the taper of plant stems may
be used to calculate a stem length (Niklas and
Banks 1992; Pregitzer et al. 2000; Williams, John-
son, LePage, Vann and Taylor 2003). This ap-
proach assumes that the fossil plant stem con-
forms to a relatively uniform geometric shape.
For example, many conifers with an excurrent
stem form closely approximate a parabolic or
conical solid. Williams, Johnson, LePage, Vann
and Taylor (2003) used log taper to predict the
height of parabola-shaped Metasequoia and
Chamaecyparis stems. The parabolic stem
model (see Table 1, equation 6) is applicable to
nearly all conifers. However, confirmation of this
shape can be obtained from fossil stem measure-
ments. Application of a parabolic model to a tree
that is not truly parabolic will produced an un-
derestimate of tree height for trees with a conic
upper stem or top (Williams, Johnson, LePage,
Vann and Taylor 2003). Several refinements of
stem taper models have been proposed for analy-
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sis of modern trees to better model exact stem
forms (e.g., Parresol et al. 1987). However, these
models are not generally applicable to fossil ma-
terial unless there are enough intact trees on
which the detailed shape of the stem can be mea-
sured.

Stem Volume, Biomass and Productivity 
The basic parameters of forest structure men-
tioned above give a good general understanding
of the physical characteristics of a fossil forest, but
provide little information about the exchange or
storage of carbon in paleoecosystems. However,
the volume of wood added to, and contained in, a
fossil stem can be estimated (see Table 1, equation
7) and used to derive estimates of aboveground
biomass and productivity in a fossil forest. Above-
ground biomass refers to the dry weight of that
portion of the tree found above the ground sur-
face. By summing the biomass values for the indi-
vidual trees on an in situ fossil forest layer, then
standardizing for the land area covered by the fos-
sil forest (see Table 1, equation 8), locality level
biomass estimates can be calculated and ex-
pressed on a per-unit-area basis (Mg · ha–1).
There are well-established relationships among
aboveground biomass, productivity and environ-
mental variables such as mean annual tempera-
ture and growing season length (Lieth 1975;
Bonan 2002). Therefore, estimates of paleoforest
biomass and productivity can provide additional
insight on paleoenvironmental conditions and
can be useful in comparing with estimates of pa-
leoclimate derived from other proxies.

There are two approaches to deriving esti-
mates of fossil forest biomass: (1) reconstruct
tree biomass as the product of stem volume and
wood density or (2) derive estimates of tree
biomass directly using empirical relationships
that describe the scaling of tree mass with re-
spect to diameter. The approach adopted will
depend on how much and what type of fossil
material is available for study. If abundant fos-
sil logs and stumps allow for fossil stem geom-
etry and tree height to be determined, then the
first approach is feasible. A robust method for
estimating stem wood volume (V) is to model
the plant stem as a parabolic solid (Creber and
Francis 1999). This requires only an estimate of
stem length (h) and stem radius (r) and is cal-
culated as (Whittaker et al. 1974):

V = 0.5 (πr 2) h

Converting stem wood volume estimates to
biomass requires some knowledge of the average
wood density for a particular species. Ideally, the
original density of fossil wood could be deter-
mined, but this is often problematic because of
diagenetic changes in wood structure and com-
position. Therefore, application of modern wood
density values to fossil wood is necessary in
most, but not all, cases. 

In general, the wood density of most North
American tree species varies by approximately
10% (Haygreen and Bowyer 1989). This is due to
the natural variation in wood density from tree
to tree as well as from site-to-site. Although
growth rate affects wood density, this plateaus
after a certain age. Differences in the changing
proportion of earlywood and latewood, which
have different densities, can also create uncer-
tainty in the derived standing biomass estimates
due to variable light availability, edaphic factors
and climatic variations. Overall, it is difficult to
assess how accurately wood densities of living
relatives match the wood density of fossil trees.
In general, wood density is strongly conserved
within genera and in the absence of species-level
data it may be acceptable to use the average wood
density value for a genus (Chave et al. 2006).
There is a wealth of published information on
typical wood densities for different species of
trees that can provide a reasonable approxima-
tion to fossil wood density (Forest Products Lab-
oratory 1999; Wood Density Database [n.d.]).

If the wood volume of the stem is deter-
mined, estimates of carbon sequestration rate or
“net primary productivity” can be derived using
annual growth rates estimated from annual in-
crement measurements made on fossil wood.
Annual aboveground net primary productivity
(ANPP) is the sum of wood and foliar biomass
produced. Average annual diameter increment
can be determined from the tree ring measure-
ments made on stem cross sections. These data
are then used with estimates of stem volume (as
described above) to compute the annual volume
of wood produced by each fossil tree represented
by a stump of a given size. The annual volume in-
crement, when multiplied by the average wood
density of the stem, produces an estimate of an-
nual wood biomass production that can be stan-
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dardized to the fossil forest area and expressed
per unit land area per unit time (Mg · ha–1 · yr–1;
Creber and Francis 1999; Williams, Johnson,
LePage, Vann and Taylor 2003). 

If fossil logs are not available for study, but
fossil stumps are exposed in a fossil forest layer, a
second, simpler approach for reconstructing for-
est biomass can be used. This method relies on
the allometric scaling of stem mass with respect
to stem diameter. In this approach, samples from
stems of the extant nearest living relative of the
fossil taxa of interest (e.g., Metasequoia glypto-
stroboides for Metasequoia occidentalis) are se-
lected for destructive harvest, measured and
weighed. A regression model is developed to es-
timate the relationship between stem diameter
and stem mass. The regression model is then ap-
plied to predict fossil tree biomass based on stem
diameter. For example, Williams, LePage et al.
(2003) developed regression equations to predict
whole tree as well as stem wood, branch and fo-
liar biomass for modern M. glyptostroboides.
These equations were used to validate the vol-
ume approach to biomass estimation discussed
above (Williams, Johnson, LePage, Vann and
Taylor 2003). 

Whereas species and site-specific regression
equations will generally yield the most accurate
estimates of whole tree biomass, universal equa-
tions have been applied in fossil forest biomass
reconstruction (Murray 1927, as cited by Pole
1999; Thorn 2005). An ideal general biomass
equation is one that applies equally well to every
stem (regardless of species) in the forest of inter-
est. General equations would be very useful for
the purposes of biomass estimation of fossil
forests because they are independent of taxon-
omy. There are theoretical models that support
the notion that a broad-scale, predictable rela-
tionship should exist between mass and diameter
(e.g., West et al. 1997; Enquist et al. 2000; Enquist
and Niklas 2001). In the forestry literature, sev-
eral general allometric equations exist to facili-
tate aboveground biomass estimation at the
regional scale or even biome scale (Brown et al.
1999; Chave et al. 2005). For example, Jenkins et
al. (2004) compiled over 2600 regression equa-
tions for biomass prediction of North American
tree species. They reduced these equations into
general “species-group” equations to facilitate the
regional- to continental-scale estimation of forest

biomass. Chave et al. (2005) developed a set of
general allometric equations that provide reason-
able estimates of forest biomass in different types
of tropical forests (e.g., dry, wet, moist).

An analysis of hypothetical data was applied
to three allometric equations of Jenkins et al.
(2004) and Williams, LePage et al. (2003) to pre-
dict individual stem mass for a given stem diam-
eter (Figure 2). The “Metasequoia” curve was
generated using a biomass equation specific to
extant M. glyptostroboides (Williams, LePage et
al. 2003). The “cedar” curve represents the gener-
alized equation generated by Jenkins et al. (2004)
for a “cedar/larch softwood group,” which in-
cludes some data from modern Taxodiaceous
species. The third curve was generated from an
even more generalized “eastern conifer” equation
in Jenkins et al. (2004). All three curves give ap-
proximately the same predicted biomass for
smaller stems. However, predicted biomass val-
ues deviated substantially for larger stems, espe-
cially with the generalized “eastern conifer
curve.” Interestingly, biomass values derived
from the Metasequoia-specific curve were not

Figure 2. Stem mass data generated for a range of
stem diameters (5 to 100 cm) using three different
allometric equations. “Metasequoia” curve generated
using the Metasequoia glyptostroboides allometry
curve of Williams, LePage et al. (2003): M =
0.0787*D2.4086, R2 = 0.992. “Cedar” curve generated
using the species group equation of Jenkins et al.
(2004): M = 0.1390*D2.2592, R2 = 0.981. “Eastern
Conifer” curve generated from the generalized east-
ern conifer equation of Jenkins et al. (2004): M = 0.5
+ ((15000*(D2.7)) / ((D2.7)+364946)), R2 = 0.98. For
all models, M is mass in kilograms and D is stem di-
ameter in centimeters.
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significantly different from those generated by
the general “cedar” curve over the range of stem
diameters tested. The regression coefficients for
these two curves were also statistically indistin-
guishable (data not shown; t0.05(2),26 = 1.36, P
< 0.05). 

Ideally, a specific regression matched closely
to a nearest living relative rather than a general-
ized equation is recommended. If such an equa-
tion is not available, applying a generalized
equation or set of equations to generate a range
of possible biomass values that are likely to
bracket the actual biomass values for the forest
under study is recommended. Given that the hy-
draulic and biophysical conditions that constrain
present day vascular plant production and mod-
ulate allometric scaling were probably not extra-
ordinarily different in the recent geologic past
(Cenozoic to present), these generalized equa-
tions may provide a way of generating estimates
of aboveground biomass in fossil forests when no
suitable nearest living relative exists.

Canopy Mass
If preserved, the portion of conifer stems that
carried live branches can be used to obtain a gen-
eral idea of crown depth and branch dimensions
(Williams, Johnson, LePage, Vann and Sweda
2003). Allometric equations relating foliar and
branch biomass to branch diameter in nearest
living relatives (see Table 1, equation 9) can be
applied to fossil treetops with exposed branch

stubs (Figure 3) and used to estimate the foliar
and branch biomass of fossil forests. The con-
straints on branch size and form have been dis-
cussed (Morgan and Cannell 1987; Bertram
1989) and, within a species, regressions deter-
mined at a particular site are broadly applicable
for calculating branch and foliar biomass
(Gilmore and Seymour 1997; Vann et al. 1998;
Williams, LePage et al. 2003). It is clear from an
analysis of a limited set of allometric equations
that, at present, a general equation that relates
branch diameter to branch mass (independent of
taxonomy) is unlikely to exist and a species-spe-
cific equation is preferable (Williams, Johnson,
LePage, Vann and Taylor 2003). Obvious differ-
ences exist between branch allometric equations.
For example, a foliage biomass equation devel-
oped on deciduous Metasequoia plots lower than
the curves derived from evergreen conifers
(Williams, Johnson, LePage, Vann and Taylor
2003). This discrepancy is obviously caused by
structural differences between branches and fo-
liage of evergreen and deciduous trees, which
confound the application of a general equation.
Nevertheless, when fossils are well preserved, es-
timates of foliar biomass offer the opportunity to
refine the estimates of total aboveground bio-
mass of fossil plants.

In summary, the standard methods (see
Table 1) that exist to quantify different aspects of
fossil forest structure, biomass and productivity
can be applied to many fossil forests (Figure 4).
Aside from the standard metrics of forest tree
size and spacing, estimates of biomass and pro-
ductivity derived from field measurements of
fossil trees will provide a more refined under-
standing of fossil vegetation carbon dynamics.
This is important because climate and vegeta-
tion are linked through the terrestrial carbon
cycle. Thus, enumerating the size of biomass
pools and the flux of carbon in fossil forest
ecosystems should provide a standard to com-
pare forests that grew at different times in the
geologic past. 

The study of forests that grew at the highest
latitudes under past greenhouse conditions is
taking on increasing importance as anthro-
pogenic emissions of carbon dioxide result in an
enhanced greenhouse effect. Current observa-
tions and climate models indicate that positive
feedbacks result in the largest climate changes at

Figure 3. Fragment of a Picea tree crown recovered
from Pliocene age Beaufort Formation sediments,
Banks Island, NWT. Note numerous exposed branch
stubs. These would be suitable for application of
branch specific allometric equations.
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high latitudes, because of amplified atmospheric
greenhouse gas concentrations (Holland and Bitz
2003; McBean et al. 2005). There are, however,
difficulties that persist in accurately modeling
the paleoclimate of the high latitudes (Schrag
and Alley 2004) and large discrepancies between
simulated climate and climate inferred from
plant fossils. This suggests that feedbacks and
processes that have not been recognized (e.g., Pa-
gani et al. 2006) may be important for predicting
how vegetation will respond to, and interact
with, future climate. To understand these feed-
backs will require a broad synthesis of existing
data on high-latitude forest structure, biomass
and paleoclimate that is beyond the scope of this
paper. However, the review of known high-lati-
tude fossil forests presented below provides a
general overview of the spatial and temporal
variability in polar forest structure and biomass. 

Pre-Cenozoic In Situ
High-latitude Forests 

The fossil record of high-latitude in situ fossil
forests spans at least 250 Ma. Some of the earliest
known high-latitude forests are the Permian and
Triassic forests of Antarctica (Taylor et al. 1992,
2000; Francis et al. 1994; Cúneo et al. 2003). The
Late Permian Antarctic climate has been recon-
structed as cold temperate (Ziegler et al. 1997;
Gibbs et al. 2002), with the lowland swamp
forests dominated by deciduous glossopterids
and producing peat (e.g., Retallack and Krull
1999). Taylor et al. (1992, 2000) reported on two
different forests in Late Permian deposits. The
first is a young forest (at least seven years old) of
small trees with stumps 9 to 18 cm in diameter
growing at a high density (tree density of 2134
stems/ha–1). Annual ring width averaged 4.5

Figure 4. Conceptual framework for determining basic and more detailed metrics of in situ fossil forest bio-
mass. Solid lines and arrows connect entities and measurements that can be quantified directly. Hollow arrows
indicate estimates derived using empirical or allometric models. Uniformly dashed lines indicate different
methods for deriving estimates of aboveground biomass from fossil tree measurements. Broken dashed lines
indicate the pathway for net primary productivity estimation.
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mm. A second Late Permian forest was com-
posed of older and larger trees (at least 85 years
old, with stump diameters up to 0.5 m). For both
sites, reported maximum ring widths are very
large (up to 11 mm · yr–1). 

By the Middle Triassic, glossopteridalian
seed ferns had been replaced by corys-
tospermalian seed ferns as the dominant plant in
lowland swamp forests. These seem to have
formed larger-stature forests. For example, Bar-
ret (1969) describes fossil logs up to 20 m in
length in Antarctic early Middle Triassic de-
posits. Taylor et al. (2000) and Cúneo et al.
(2003) report on a Middle Triassic in situ fossil
forest from the same area that was probably a
mature forest (at least 86 years old) with trees on
the order of 20 m in height growing at a low den-
sity (274 trees/ha–1). The fossil woods from these
sites also have a wide range of annual ring sizes
(0.23 to 7.1 mm · yr–1). 

Pole (1999) describes a Middle Jurassic south
polar (paleolatitude 66° S) forest from Curio Bay,
New Zealand. The southern high-latitude cli-
mate in the Middle Jurassic is thought to have
been warm- to cool-temperate with high rainfall
and a seasonal dry period (Pole 2001; Thorn
2001). Small trees with an average diameter of 19
cm and with logs up to 27 m long dominated the
Curio Bay forests. Wood anatomy suggests that
the fossil wood is from trees of the Araucariaceae
and Podocarpaceae. Growth rings indicate that
most of the trees were no older than 70 years, al-
though the largest trees were around 200 years
old. Pole (1999) notes that the fossil logs were es-
sentially unbranched and had very little stem
taper, similar to modern Araucaria growing in a
closed canopy setting. He speculated that the fos-
sil forest was also closed canopy. Pole (1999) also
estimated the wood biomass of the fossil forest to
be 579 to 617 Mg · ha–1, calculated on the basis of
stump size using a general interspecific allomet-
ric equation (Murray 1927). Thorn (2005) de-
scribed another Middle Jurassic southern
high-latitude forest from New Zealand. This for-
est was of a higher density than the Curio Bay
forest (2353 stems compared with 851
stems/ha–1), with slightly larger-diameter conifer
(abietinean-type and Agathoxylon wood) stems.
Coincidentally, the biomass estimate of this for-
est is the same as the Curio Bay forest (579
Mg · ha–1). This value suggests a high level of net

primary productivity consistent with the age of
the trees (minimum age more than 77 years) in
this fossil forest.

Cretaceous fossil forests are known in both
the northern and southern polar settings, al-
though they differ considerably in floristic char-
acteristics. The northern high-latitude forests of
the North Slope of Alaska (paleolatitude 75° to
80° N) were dominated by taxodioid and pinoid
vegetation (Spicer and Parrish 1986; Parrish and
Spicer 1988), whereas podocarp and araucarian
vegetation was predominant in the south polar
forests (Jefferson 1982; Francis 1986; Parrish et
al. 1998). Jefferson (1982) reported on a mid-
Cretaceous Antarctic fossil forest with in situ
stumps up to 0.5 m in diameter and logs as long
as 7 m. He suggested that the forest grew in a
humid, warm-temperate paleoclimate (Jefferson
1983). Jefferson (1982) reconstructed the fossil
forests as widely spaced and of short stature, con-
cluding that this may be due to both seasonality
in light and low sun angle. Others have coun-
tered this claim, however (Pole 1999), and newer
interpretations indicate taller trees that lived
more than 200 years (Falcon-Lang and Cantrill
2000). The application of three different methods
to estimate tree height results in the wide range
of reported height estimates (4 to 5 m [Jefferson
1982], 7 to 10 m [Pole 1999] and 14 to 29 m [Fal-
con-Lang and Cantrill 2000]). Others have tried
to estimate the wood volume production of Jef-
ferson’s (1982) forest and these also differ signif-
icantly, ranging from 5.6 to 17.6 m3 · ha–1 · yr–1

(Creber and Francis 1999; Falcon-Lang et al.
2001). 

It has been suggested that the Middle to Late
Cretaceous climate in northern high-latitude set-
tings was humid and cool-temperate (Spicer and
Parrish 1986; Herman and Spicer 1996). Spicer
and Parrish (1986) report on conifer logs up to
0.5 m in diameter, and stumps in growth position
from Alaskan middle Cretaceous deposits. An-
nual ring width measurements from these sam-
ples averaged 2.8 mm with a maximum ring
width of 12.8 mm (Parrish and Spicer 1988).
Decker et al. (1998) describe an in situ forest
with stumps up to 0.7 m in diameter from Late
Cretaceous deposits in Alaska. In general, forests
at both poles were capable of supporting the
growth of larger trees during the middle to late
Cretaceous. However, with climatic cooling from
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the middle to Late Cretaceous the stature of
high-latitude forests may have been progressively
reduced. Spicer and Chapman (1990) suggest
that by the end of the Cretaceous the landscape
could have resembled modern sparsely forested
taiga.

Metasequoia-dominated 
Early Cenozoic Forests 

The past 65 million years of earth history are
characterized by dramatic global cooling. The
early Cenozoic (65 to 38 Ma) was characterized
by a weak equator-to-pole temperature gradient
that became more pronounced in the middle and
late Cenozoic (Zachos et al. 2001). Proxy records
of paleoclimate indicate that during the Pale-
ocene and Eocene the arctic regions of North
America were about 25 to 30 °C warmer on an
average annual basis than at present (Wolfe 1985;
Parrish et al. 1998). During the late Paleocene
and first few million years of the Eocene, deep-
sea temperatures warmed 3 to 4 °C and middle-
to high-latitude sea-surface temperatures rose
approximately the same amount (Zachos et al.
1994). During the early Cenozoic, Taxodiaceae-
dominated (redwood) wetland forests occupied
the high latitudes; they were circumpolar in their
distribution and were the most taxonomically
and ecologically important floral component in
arctic wetlands (LePage et al. 2005). Whereas
long-lived, high-biomass forests thrived at high
latitudes in the Paleocene and early Eocene, pale-
obotanical evidence suggests a marked shift in
the composition, and a decline in the stature, of
vegetation at high latitudes by the Miocene and
Pliocene (White et al. 1997; McIver and Basinger
1999; Williams et al. 2006). Seemingly, large-
scale and long-term shifts in the structure of ter-
restrial ecosystems accompanied high-latitude
cooling throughout the Tertiary.

One of the earliest discoveries of an in situ
arctic fossil forest was made by Schei (1903) at
Stenkul Fiord on southern Ellesmere Island.
Schei (1903), and later Nathorst (1915), de-
scribed this Tertiary sedimentary sequence (now
known to span the Paleocene–Eocene boundary;
Kalkreuth et al. 1996) noting the presence of
large permineralized fossil stumps and logs and
abundant taxodiaceous foliage. 

Williams (2002) analyzed the forest structure

of the Stenkul Fiord deposits. Based on the spa-
tial distribution of in situ stumps, tree density
was low (300 stems/ha–1). The oldest sections of
stems grew for approximately 350 years, and the
stumps were on average a minimum of 275 years
old, which suggests a minimum age for the for-
est. The annual rings of the trees sampled were
larger than those reported for a fossil forest of
similar age at Strathcona Fiord (1.28 mm ±0.3
compared with 0.78 mm; Kumagai et al. 1995),
but smaller than rings measured from an early
Eocene locality nearby (1.65 mm; Kumagai et al.
1995). The ranges of estimated total above-
ground biomass (501 to 587 Mg · ha–1) and pro-
ductivity values (5.8 to 7.8 Mg · ha–1 · yr–1) he
derived for the Stenkul Fiord forest are similar to
the biomass of modern old growth forests of the
Pacific Northwest in the United States (Grier and
Logan 1977; Gholz 1982). For example, Gholz
(1982) reports biomass and productivity values
for Pseudotsuga menziesii-dominated forests
around 200 years old in temperate western Ore-
gon, USA, between 407 and 749 Mg · ha–1 stem-
wood biomass and annual net primary
productivities of 6.2 to 10.5 Mg · ha–1 · yr–1. Tsuga
heterophylla-dominated forests were even
higher, at 960 to 1316 Mg · ha–1 stemwood bio-
mass and 13 to 15 Mg · ha–1 · yr–1ANPP. Mitsch et
al. (1977) found aboveground net primary pro-
ductivity values of 6.8 Mg · ha–1 · yr–1 for
Nyssa–Taxodium-dominated riverine forest in
Illinois, USA.

Estimates of tree height for a middle Eocene
Metasequoia-dominated floodplain forest have
varied widely (from 20 to 50 m; Basinger et al.
1988; Francis 1991; Nobori et al. 1997). The wide
variation in estimated tree size has several causes.
In some cases the estimates seem to be pure con-
jecture based on stump size and the size of mod-
ern trees (e.g., Basinger et al. 1988). Others made
estimates using regressions of stump size on tree
height for open-grown solitary trees and trees of
mixed species, leading to questionable results
(Nobori et al. 1997). Williams et al. (2000b) used
the methods discussed earlier in this paper to
produce detailed estimates of the middle Eocene
forests. Evidence suggests that these forests were
largely even-aged and of relatively even canopy
height. By today’s standards, the Eocene forests
were very high biomass forests, comparable to
the old growth forests the North American Pa-
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cific Northwest. The Eocene forests were com-
prised almost entirely of Metasequoia that
reached heights of about 40 m and a total bio-
mass greater than 600 Mg · ha–1 (Williams, John-
son, LePage, Vann and Sweda 2003). They had
moderate aboveground productivity (about 5 to
7 Mg · ha–1 · yr–1 for wood and foliage) typical of
modern cool-temperate rain forests. For exam-
ple, and Joshi (2001) found ANPP values of 4.6
and 6.9 Mg · ha–1 · yr–1 for Fitzroya cupressoides-
and Pilgerodendron uvifera-dominated forests in
the Coastal Cordillera of southern Chile. 

According to paleoclimate proxy data, global
climate began cooling in the Early Oligocene
(e.g., Collinson et al. 1981) and floristic compo-
sition of middle- to high-latitude forests changed
(Wolfe 1979, 1980, 1985). High-latitude forests of
Oligocene age are known from deposits in
Siberia, but have not been studied in detail. Do-
rofeev (1963) describes several sites where fossil
forests, including in situ stumps, logs and litter
consisting of Metasequoia or Larix have been
discovered.

Plant-bearing deposits of Miocene age are

Table 2. A comparison of the ecological attributes of select, in situ fossil forests.

Above 
Basal Mean Tree ground 

Paleo- Dominant Density area diameter height biomass
Locality Location latitude Age taxa (trees/ha) (m2/ha) (cm) (m) (Mg/ha)

Mount Antarctica 75°–85° S Late Glossopteridales 2134 65.8 11 10 Not 
Achernara Permian reported

Gordon Antarctica 65°–70° S Middle Podocarpaceae 274 21 28 20 Not 
Valleyb Triassic reported

Curio New 66° S Middle Podocarpaceae 851 16 16 14 579
Bayc Zealand Jurassic Araucariaceae

Ohanga New 66° S Middle Coniferophytic, 2353 146 25 19 579
Bayd Zealand Jurassic Agathoxylon

Alexander Antarctica 75° S Early to Podocarpaceae 568 Not 15 30 Not 
Islande middle Araucariaceae reported reported

Cretaceous

Stenkul Arctic 76°–79° N Early Taxodiaceae 300 96 76 32–36 502–513
Fiordf Canada Eocene

Axel Arctic 75°–85° N Middle Taxodiaceae 127 117 35/19 37–43 644
Heibergg Canada Eocene (400i/835j)

Axel Arctic 75-85° N Middle Taxodiaceae 396 30 23 23-27 76
Heibergg Canada Eocene

Banks Arctic 74° N Middle Pinaceae 633 116 30 14–22 193
Islandh Canada Miocene

a Taylor et al. 1989, 1992, 2000.
b Cúneo et al. 2003.
c Pole 1999.
d Thorn 2005.
e Jefferson 1982; Falcon-Lang et al. 2001.

f Williams 2002.
g Williams, Johnson, LePage, Vann and Sweda 2003.
h Williams et al. 2006.
i Stumps rooted in mineral soil.
j Stumps rooted in peat.
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well documented throughout Alaska and the
Canadian Arctic. The early Miocene fossil floras
from the Ballast Brook Formation of Banks Is-
land in Arctic Canada include Metasequoia,
Larix, Picea and Pinus in numerous woody hori-
zons (Hills 1969; Matthews and Ovenden 1990;
Fyles et al. 1994). Early Miocene megafossils of
Larix, Picea and Pinus have also been recovered
from the lacustrine sediments of the Haughton
Formation on Devon Island, Nunavut, Canada
(Hickey et al. 1988). These fossils, like those of
the Ballast Brook Formation, are suggestive of
cool-temperate climate conditions. In late
Miocene Alaskan deposits, Larix and Picea
dominate the flora, with reports of in situ stumps
and logs up to 1 m in diameter (Hopkins et al.
1971). A sharp drop in global mean annual tem-
perature occurred in the late to middle Miocene
(ca. 12 to 13 Ma) and this corresponds to the
shift from Metasequoia to Larix–Picea-domi-
nated swamps and lowlands. Recent analysis of
the Miocene deposits of Banks Island supports
this notion. Fossil wood, identified as Metase-
quoia type (sensu Visscher and Jagels 2003) con-
sistently had the smallest growth rings and was
less frequently sampled than Pineaceous wood
(Williams et al. 2006).

Synthesis and Conclusion

Based on available data (Table 2), one can con-
clude that if the present day environmental bar-
riers to tree growth weaken, large stature vegeta-
tion would occupy high-latitude land areas.
Clearly, climate in high-latitude regions was fa-
vorable for vigorous forest growth during warm
global climates of the past 250 Ma. Given the size
of the fossil trees located throughout the eastern
Arctic, as well as the geographic extent of Early
Cenozoic coal deposits, the Early Cenozoic Arc-
tic forests probably represent a maximum in for-
est productivity achievable near the poles. The
consequences of large stature vegetation at such
high-latitudes for the earth’s climate system are
manifold. Changes in plant community compo-
sition and ecosystem structure alter surface phys-
ical properties (e.g., albedo; Betts 2000), ecosys-
tem properties (e.g., biomass accumulation, leaf
area index, rooting depth) and the flux of nutri-
ents between vegetation and other pools (e.g.,
soil, atmosphere, hydrosphere). These changes

alter soil microbial activity, biomass and compo-
sition (Fisk et al. 2003), which affect the dynam-
ics of soil carbon (Cox et al. 2000) as well as at-
mospheric carbon concentrations (Bounoua et
al. 1999). Abundant high-latitude coal deposits
are indicative of massive carbon sequestration by
vegetation. The associated evidence for global
change in atmospheric carbon dioxide concen-
trations in deep time (Royer 2006) point to im-
portant vegetation–climate feedbacks at work
over long periods of geologic time. 

Interestingly, high-latitude forests have not
been shown to have any structural features that
reflect growth in a high-latitude light regime. For
example, high-latitude fossil forest tree densities
span a range of values typical of modern forests.
Likewise, the biomass and productivity of high-
latitude forests that grew in warm climates of
earth history fall within the range of productive
high-biomass forests growing on earth today. 

Canopy structures varied from entirely
closed to more open (Pole 1999; Williams, John-
son, LePage, Vann and Sweda 2003; Thorn
2005), which shows that there are similarities
across such a wide array of plant taxonomies and
geologic time. This may seem surprising, but can
be explained by recent theoretical work (West et
al. 1997; Enquist et al. 1999; Niklas and Enquist
2001). 

For example, Enquist et al. (1998) suggest
that biological and physical principles constrain
the function of vascular networks that plants use
to acquire and transport resources for biological
activity. These principles also then constrain
plant resource use, population density, biomass
and productivity at scales ranging from individ-
ual plants to entire ecosystems (Enquist et al.
2003; Brown et al. 2004; Allen et al. 2005; Kerk-
hoff et al. 2005). Presumably, these same princi-
ples were at work in deep time. Two examples
support this. Enquist (2002) and Williams, John-
son, LePage, Vann and Sweda (2003) indepen-
dently show that the allometric relationship
between mean plant mass and plant population
density (Enquist et al. 1998) holds for Middle Ju-
rassic and middle Eocene fossil forests. If this
analysis holds true for other fossil forest ecosys-
tems, it would suggest that the way in which
plants compete for and acquire the resources that
limit growth has not changed dramatically
through time. Moreover, the relative uniformity
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of allometric scaling of plant biomass with size
(Niklas and Enquist 2001) provides support for
the application of allometric equations to the
broad scale estimation of standing biomass and
productivity of in situ fossil forests. Deriving new
biomass estimates for some of the fossil forests
summarized in this paper would provide much
needed information about the dynamic relation-
ship between forest vegetation and climate in
deep time. 
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