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Reconstruction of Tertiary Metasequoia forests. I. Test of a
method for biomass determination based on stem dimensions

Christopher J Williams, Arthur H. bhnson, Ben A. LePage, David R. Vann, and
Karen D. Taylor

Abstract.—Accurate reconstruction of the biomass, structure, and productivity of ancient forests
from their fossilized remnantsremains an interesting challenge in paleoecology. In well-preserved
Tertiary fossil Metasequoia forests of Canada® Arctic, in situ stumps and fragments of stems, tree-
tops, and branches contain substantial information about tree dimensions that can be used to de-
termine tree height, stand biomass, and other characteristics such as canopy depth and structure,
and the history of stand development. To validate a method for reconstructing the biomass of the
Eocene Roodplain Metasequoia forests of Axel Heiberg Island, we measured stump diameters and
spacing, and stem, branch, and treetop characteristicsin living Metasequoia glyptostroboides and Cha-
maecyparis thyoides standsin waysthat simulate the limited measurementsthat can bemadein well-
preserved fossil forests in Canada and probably elsewhere. We used those limited measurements
to estimate tree height and volume, branch and foliar dry weights, and tree biomass. The estimates
derived from thelimited data set are usually within 15% of the estimates derived from the methods
currently used in forest ecology for determining those metrics in modern forests. Under appro-
priate conditions, the biomass of ancient forests can be estimated with reasonable conbdence.
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Introduction

Studies of in situ stumps and logs have re-
vealed general information about the ecology
of forest trees growing in different environ-
mental settings at different timesin earth his-
tory (e.g., Francis 1991; Taylor et al. 1998; Pole
1999; Lehman and Wheeler 2001), but very
few studies have rigorously debPned the basic
paleoecosystem attributes related to carbon
accumulationN productivity and biomass.
Under appropriate conditions, the combina-
tion of tree stumps preserved in growth po-
sition and careful analysis of fossil log rem-
nants can be used to characterize the struc-
ture, developmental history, biomass, and pro-
ductivity of an ancient forest ecosystem. Such
information can offer independent validation
of model-derived estimates of terrestrial bio-
mass and productivity (e.g., Beerling 1999,
2000).

Although there are published methods for
estimating the height of fossil trees (Mosbrug-
ger 1990; Niklas 1994) there are no established
methods for determining fossil forest bio-
mass. In situations where preservation is
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good, the remains of fossil forests often con-
sist of stumps, scattered fossil logs of variable
length, and upper tree stems (i.e, tree tops).
In a companion paper to thisone (Williams et
al. 2003a), we have used such remains to re-
construct two Metasequoia-dominated Eocene
forests that grew well above the Arctic Circle
on RBoodplainsin what isnow Axel Heiberg Is-
land, Nunavut, Canada.

We present the details and justibcation of
the methods we used and discuss the circum-
stances under which thisapproach can be suc-
cessfully applied to other fossil forests. In
many respects, in situ fossil forests that crop
out in three dimensions are analogous to
modern forest clear-cuts where the trees have
been felled leaving a beld of stumps and
slashN the scattered remains of tree tops,
branches, and trees unsuitable for harvest.
The challenge is to extract information from
disarticulated plant remains to rebuild the
forest. Stumpsand logsretain considerablein-
formation about structural characteristics, bio-
mass, productivity, and the development his-
tory of theforest they camefrom (see Williams
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et al. 2003a). Stumps preserve features allow-
ing determination of species from wood anat-
omy, the original basal diameters of the trees,
the spatial distribution of individuals, and
data relevant to determining the distribution
of size classes of treesin the stand. Logsretain
dimensional information such as stem size, ta-
per, and branching that can provide informa-
tion about vertical forest structure. Longitu-
dinal sections of tree trunks contain buried
knots that preserve the history of branching
and can be used to interpret stand dynamics
(Farrar 1961; Larson 1963; LeBlanc et al. 1987).
Treetops provide information on the vertical
distribution and size of live branches. Thein-
tegration of these different sources of data
provides an opportunity to reconstruct a
modern forest, and to quantify several char-
acteristics of the aboveground components of
fossil forests.

In this paper, we compare two estimates of
the aboveground biomass of two modern
gymnosperm-dominated forests. We deter-
mined biomass from (1) allometric equations
as they are commonly used by forest ecolo-
gists (e.g., Whittaker and Woodwell 1968; Sic-
cama et al. 1994), and (2) the limited mea-
surements that can be obtained from fossil
forest remnants that include in situ stumps
and fragments of tree trunks. We were guided
by the geometric forms used to simulate the
shape of conifer stems and our experience in
the in situ fossil Boodplain forests on Axel
Heiberg Island. We focused our efforts on
Metasequoia glyptostroboides, the nearest living
relative of the dominant tree in the Boodplain
forests we studied on Axel Heiberg. We tested
this approach on another extant wetland co-
nifer, Chamaecyparis thyoides. The latter is a
shade-intolerant species that forms generally
even-aged stands of fairly uniform height
(Laderman 1989).

Materials and Methods

Our approach to determining tree biomass
from a limited set of stump, stem fragment,
and treetop measurements involved the fol-
lowing steps: (1) reconstruction of individual
stem diameter at breast height from stump di-
ameter, (2) estimation of dominant tree height
from parabolic curves simulating the shape of
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the main stem, and (3) calculation of individ-
ual tree stem volume and biomass from par-
abolic stem volumes and wood densities. For
the Metasequoia stand, we simulated a set of
fossil tree tops with branch stubs by measur-
ing the diameters of branches at their base
along the top 9 m of the upper stems, and cal-
culated the biomass in branches and foliage
using regressions of those variables against
branch diameter developed for Metasequoia
(Williams et al. 2003Db).

Sites.—One of the study siteswas a 48-year-
old Metasequoia stand at the Tokyo University
Forests, Tanashi Experimental Station near To-
kyo, Bpan. This plantation ison a 3at area ap-
proximately 60 m above sealevel. Soilsare de-
rived from volcanic parent material and are
well drained. The mean annual temperature at
this site is 13.7!C and mean annual precipi-
tationis" 1400 mm. The stand we studied was
established from rooted cuttings of two par-
ent trees. Trees were planted on a 2-m square
grid pattern (2500 trees ha*') and the original
plot size was " 600 m2. Five trees were re-
moved from the plot in 1970 for study by Sa-
too (1974). Otherwise, the stand has received
no silvicultural treatment and thinned natu-
rally. Tree density was810treesha?*when we
sampled in 2000.

There was a noticeable edge effect whereby
many of the largest individuals were growing
along two of the stand margins. We did not
exclude these trees when randomly selecting
individuals to sample for stem dimensions.
However, many of the edge trees had diame-
ters outside the range of the allometric equa-
tions used to derive independent biomass es-
timates. Therefore, we established a smaller
294-m?2 plot within the stand for biomass re-
construction and excluded the outer row of
trees from the biomass calculations.

We also estimated biomass of an approxi-
mately 80-year-old, natural stand of Chamae-
cyparis thyoides in Wharton State Forest in
southern New Xrsey, U.SA. The forest is
growing on poorly drained organic-matter-
rich soil typical of the stream marginsin the
region. The mean annual temperature at this
siteis 11.7!C and mean annual precipitation is
" 1300 mm. We established four 225-m? plots
within the forest, two of which were used for
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biomass reconstruction. The other two plots
were used for stump measurements. Stand
densities were 1300 trees ha** and 1200 trees
ha*! in the two plots whose biomass we esti-
mated.

Biomass Estimates for Intact Modern Forests.—
Estimates of forest biomass are routinely pro-
duced in forest ecology to understand carbon
storage and nutrient capital, and in commer-
cial forestry to determine the volume of har-
vestabletimber (Gower et al. 1992; Husch et al.
1993). The constraints on tree size and shape
for conifersgrowing in closed stands are sim-
ilar among diverse forests (Oliver and Larson
1990), and the general shape of conifer stems
is fairly easy to model successfully. Figure 1
shows a simple version of conifer shape (con-
sisting of three parts: stump, stem, and crown)
that we have found to be useful in describing
the shapes of modern forest-grown conifers
(e.g., Vann et al. 1998). Allometric equations
based on regressions of tree components ver-
sus diameter at breast height (DBH) are used

Geometric forms assumed by portions of a conifer tree stem.

to describe the size or mass of tree parts. It is
accepted practice in modern forest ecology to
use equations generated from trees at one site
to predict biomass at other sites so long as
there are similarities in height, climate, and
edaphic conditions (Gholz et al. 1979; Gower
et al. 1987). Compilations of allometric equa-
tions such as that by Tritton and Hornbeck
(1982) have been produced to facilitate the de-
termination of biomassin awide range of for-
ests of the eastern United States.

Because of the lack of allometric equations
for Metasequoia, we produced ageneralized set
for Metasequoia glyptostroboides that relates
stem biomass, branch biomass, and foliar bio-
mass to DBH. We used the methods described
by Vann et al. (1998). We felled and weighed
the components of 14 trees (stem biomass,
branch biomass, and foliar biomass) in awide
range of size classes of plantation-grown
Metasequoia obtained at three sites in Jpan
(Williams et al. 2003b). We applied these equa-
tions to the Tanashi stand to estimate stem,
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branch, and foliar biomassfrom the DBH mea-
surements. We made biomass estimates of two
Chamaecyparis thyoides stands by using mea-
surement of DBH and published allometric
equationsderived from whole-tree harvests of
Chamaecyparis in a similar-age forest located
" 20 km from our study site (Reynolds et al.
1979).

Field Measurements Used to Simulate a Limited
Set of Fossil Forest Measurements.—Because
whole trees with foliage intact are not pre-
served in the fossil record, it is necessary to
reconstruct fossil trees from the measure-
ments gathered from disarticulated frag-
ments. Under appropriate conditions, the
height and shape of the main stem (which
contains most of the biomass) can be recon-
structed with reasonable conbdence. If fossil
treetops are preserved, the length of the live
crown can be estimated from visible branch
stubs, and this can be combined with the re-
constructions of the stem to give an idea of
vertical structure.

A critical component of estimating forest
biomassistree height. Thisisgenerally not di-
rectly measurable in fossil forest deposits. We
test the proposition that tree heights can be
modeled for most conifers by using stem di-
ameters and the shape of stem segments
shown in Figure 1 (with appropriate modib-
cations as necessary). To test the accuracy of
heights reconstructed in this way, we mea-
sured the actual height of the intact trees in
theplotswereconstructed, and compared this
to the height calculated from the dimensions
of a set of randomly chosen stem segments.
We generated a population of stem segments
for our live forests as follows.

The stem dimensions of 20 trees were mea-
sured in the Metasequoia stand. The treeswere
selected to represent the range of size classes
present. We measured atotal of 15treesby us-
ing an extension ladder to make stem diame-
ter measurementson thelower 7 m of the stem
at 1-m intervals. Four additional trees were
measured by climbing using the methods of
Vann et al. (1998). Thisinvolved climbing each
tree to a point as close to the apex of the tree
as possible (typically within 3 m of the apex).
Thisdistance wasdetermined by assessing the
canopy density and safety of the climber. The
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climber then moved down the length of the
stem, measuring stem diameter at intervals of
1E2 m. Stem diameter measurementswere col-
lected on one additional treethat wasfelled as
part of a separate research project.

Within the Chamaecyparis stand, we mea-
sured stem dimensions at 1-m intervals on the
lower stems of 22 individuals by using an ex-
tension ladder to a maximum height of 5.7 m.
We also made measurementson four treesthat
had recently been toppled by wind.

DBH.—In estimates of forest biomass using
allometric equations, DBH is used as a refer-
ence measurement. Most fossil forests de-
scribed in the literature are composed of
stumps $ 1.4 m in height and disarticulated
remnants of tree trunks. Without knowing the
exact relationship between the stumpsand the
trunk sections, it is not possible to determine
DBH directly. At our study sites, we used di-
ameter measurements near ground level (35
cm abovethe ground; Dg, ) to simulate the top
of fossil stumps. We chose this height because
it represented the approximate height of fossil
stumpsin several Canadian Arctic siteswhere
we have worked.

For each of the trees in each stand we re-
constructed diameter at breast height (1.4 m
above the ground) from regressions of DBH
on Dg, (in cm). To develop a general equation
for Metasequoia, we used measurements of 410
trees growing in three different plantationsin
Jpan (DBH % 0.779*Dg, %4 R? % 0.992). For
Chamaecyparis, we based the regression equa-
tion on 54 Chamaecyparis measured in our
study forest but from different plots than the
ones we used for biomass reconstruction
(DBH % 0.921*Dg, *%°%; R? % 0.98). We tested
the accuracy of predicting DBH in our test
plots from Dg_ by comparing the calculated
DBH with actual DBH.

Stem Tapers and Tree Height.—To simulate a
set of fossil tree trunk fragments, we random-
ly selected stem segments 2B4 m long from
our set of stem measurements. Thisrepresents
rather short sections of the tree stems, but we
suspect that it is typical of the measurable
lengths of logs found in many fossil deposits.
Though longer stem fragments yield more
precise equations debning stem shape, we
present data from the relatively short seg-
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ments to demonstrate that this method does
not require long sections of trunks to work ef-
fectively.

We used sequential diameter measurements
made along the length of the stem segments
to determine stem tapers, from which we de-
rived an estimate of tree height by using stan-
dard parabolic volume curves and the DBH
calculated from Dg, of thelargest stumps. The
parabolic stem form of atreeis given by i %
#H,3 R2 & H, (1), whereh equals height at
any radiusr along the stem and H, equalsthe
absolutetree height and R, equalsthe stem ra-
dius at 1.4 m above the ground. The rate of
change in i with respect to r is equal to the
brst derivative of (1), where dh/ dt % # 2H /
R,?r (2). From sample logs we developed an
empirical relationship between di/ dt and r
whereby dh/ dt % Cr, where C is the slope of
the linear relationship between di/ dt of a
sample log and its average radius . By sub-
stitution of Cr for di/ dt in equation (2) we
solve for H, by using one-half the reconstruct-
ed DBH for R,. Total tree height isequal toH
& 1.4 m to account for the portion of the tree
below breast height.

For shade-intolerant trees growing in a
closed stand of fairly even canopy height, the
maximum rate of taper for agiven diameter is
found in the largest diameter trees in the
stand (Fig. 2A). The upper domain of the re-
lationship between dh/ df and r is set by sam-
plesfrom the largest-diameter treesin the for-
est under these conditions. The scatter in the
relationship between dh/dt and r is also an in-
dicator of whether the stand is made up of
similar-height trees or of treeswhose height is
proportional to diameter. The latter situation
is characteristic of shade-tolerant trees, where
for a given diameter, the tapers are similar
(Fig. 2B).

A least-squares regression line bt to the
maximum bounding points at the upper
boundary of the data beld expresses the rela-
tionship between the stem taper and the sam-
ple average radius for the largest trees (see
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Fig. 2A). Using ajackknife analysis (Sokal and
Rolhf 1995), we determined arange in calcu-
lated heights.

Stem Volume and Biomass.—For each tree in
each plot we estimated stem volume (V) from
a parabolic curve using the formula V %
%' &%h, wherer %radius at breast height and
h % reconstructed canopy height. Thisvolume
was then multiplied by bole wood density (on
a dry-weight basis) to obtain bole weight. We
assumed bole wood density of Metasequoia
and Chamaecyparis to be equivalent to the av-
erage of published bole wood density values.
Limited wood density data are available for
mature Metasequoia from temperate climates.
We used an average value of 300 kg/ m? for
Metasequoia with typical wood properties (Pol-
man et al. 1999). Chamaecyparis wood density
is better known and we used an average value
of 352 kg/ m® (Korstian and Brush 1931; Nik-
las 1992; Forest Products Laboratory 1999).

Tree Tops.—If present in fossil forests, the
portion of conifer stems that carried live
branches can be used to obtain branch dimen-
sions and a general idea of crown depth. In
combination with allometric equations relat-
ing foliar and branch biomass to branch di-
ameter in nearest living relatives, fossil tree-
topswith branch stubs can be used to estimate
the foliar and branch biomass of fossil forests
(with obvious limitations). Using the fossil
Metasequoia treetops measured by Williams et
al. (2003a), we generated a data set to simulate
fossil treetop data for the Tanashi Metasequoia.
On climbed and felled Metasequoia, we mea-
sured the diameter of each branch at the main
stem on segments of up to 9 m, the length of
the live crown in the Tanashi plantation. We
developed branch diameter versusdry-weight
regressions for foliage and branch wood of
canopy branches cut from a variety of plan-
tation-grown Metasequoia (Williams et al.
2003b). As is the standard for forest biomass
calculations (Sprugel 1983), data for branch
diameter, branch biomass, and foliar biomass
were natural-log-transformed prior to analy-

<«

Ficure 2. Two conceptual models of forest tree growth and the resulting relationship between log size (radius)
and the rate of taper expressed as the change in length (m) over the changein radius (cm) for shade-intolerant (A)

and shade-tolerant (B) species.
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Ficure 3. Relationship between log radius and stem taper for Metasequoia glyptostroboides (A) and Chamaecyparis
thyoides (B). Maximum boundary relationship shown by solid line.

sis. Branch wood and foliagedry weights (n %
80) were regressed against branch basal di-
ameter using ordinary least-squares regres-
sion to predict branch and foliar biomass.
These regressions were then applied to the
basal diameters of branches from upper stem
segments of the Tanashi trees, and the results
were summed to estimate the dry weight of
branch wood and foliagein the canopy of each
tree. Measured weights were related to di-
ameters using ordinary least-squares regres-
sions with the standard allometric formula Y
% (2, where ( % e%*and * % the regression

intercept and +% an error term equal to one-
half the mean squared error from the regres-
sion analysis and ) % the slope of the linear
regression. The error term compensates for a
bias introduced during back-transformation
of regression estimates (Bell et al. 1984). Sta-
tistical analyses were completed with the sta-
tistical program JMP 4.03 (SAS Institute, Ra-
leigh, N.C.).

Results

Reconstructed DBH values were slightly
larger than measured DBH valuesin the Meta-
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TaeLe 1. Field-measured and reconstructed structural variables and aboveground biomass of two Chamaecyparis
thyoides study plots and a Metasequoia glyptostroboides plantation. Actual biomass values derived from allometric

equations for M. glyptostroboides in Table 2.

Actual Reconstructed Actual Reconstructed

Chamaecyparis thyoides Plot 1 Plot 1 Plot 2 Plot 2
Mean DBH (SE) (cm) 27.5 (1.58) 27.0 (1.53) 25.8 (1.85) 25.4 (1.88)
DBH range (cm) 11.4043.8 10.9P41.5 11.9044 11.5042.3
Mean tree height (range) (m) 20.2 (18.9E21.5) 16.4, 1.4 20.3 (18.7ER2.3) 17.2, 15
Total stemwood biomass (Mg ha*?t) 242 211, 18 206 197, 17

Actual 48-yr-old Reconstructed

Metasequoia glyptostroboides Metasequoia Metasequoia
Mean DBH (SE) (cm) 45.4 (2.43) 44.3 (2.52)
DBH Range (all trees) (cm) 13.8D73.7 13.2b72.9
DBH Range (biomass plot) (cm) 19.8E60.6 19.5661.3
Mean tree height (m) 30.7 26.6, 05
Total stemwood biomass (Mg ha*?t) 318 367, 5
Total branchwood biomass (Mg ha*?t) 313 34.7
Total foliar biomass (Mg ha*?t) 8.8 8.9
Total aboveground biomass (Mg ha*?t) 358 411

sequoia stand but they were not signibcantly
different. Actual mean DBH of all treesin the
Metasequoia stand was 45.4 versus 44.3 cm re-
constructed DBH (T % # 1.004, p - 0.31). Re-
constructed Chamaecyparis DBH was slightly
less than actual DBH but not signibcantly dif-
ferent in either plot (Plot 1 actual % 27.5 ver-
sus 27.0 cm reconstructed; T % 0.22, p - 0.41;
Plot 2 actual % 25.8 versus 25.2 cm recon-
structed; T % 0.22, p - 0.41).

The mean measured tree height of 15 can-
opy-dominant trees in the Metasequoia stand
was 30.7 m (SE % 0.25 m). Figure 3A shows
the taper measurements made on Metasequoia
logs. Using the jackknifed regression for the
maximum boundary relationship (dh/ dt %
# 0.0377r) with the size of the largest tree in
the plot (73.7 cm DBH), we determined tree
height to be 26.6 , 0.5 m. The individual log
tapers plotted on Figure 3A are scattered, as
istypical of treesfrom aforest with auniform
canopy height, and the tapers display a clear
upper boundary and closely match those as
predicted by the shade-intolerant model (Fig.
2A).

The mean measured tree height of six can-
opy-dominant trees in Plot 1 of the Chamae-
cyparis stand was 20.2 (range 18.9E21.5 m).
Mean tree height in Plot 2was nearly identical
(20.3 m, range 18.7E22.3 m; n % 6). Using the
parabolic equations developed from taper
measurements on randomly selected stem

segments (Fig. 3B) we determined tree height
in the Chamaecyparis plot 1to be 16, 1.4 m;
we calculated this by using the jackknifed re-
gression for the maximum boundary relation-
ship (dh/ dt % # 0.068r) with the size of the
largest tree in the plot (41.5 cm DBH). We de-
termined tree height in plot 2to be 17.2, 1.8
m (43.1 cm DBHN largest tree in plot 2). In-
dividual log tapers plotted on Figure 3B were
scattered, asistypical of standswith even can-
opy height, and the upper boundary was eas-
ily identibable.

Our estimated stemwood biomass values
for each stand are shown in Table 1. Stem-
wood biomass of the Metasequoia stand calcu-
lated from the stem segmentswas 367, 5Mg
ha** and was 15% greater than our allometric-
ally derived estimate of 318 Mg ha**.

We calculated a stemwood biomass of 211,
18 Mg ha** for Chamaecyparis plot 1. This es-
timate was 12% less than the allometrically
determined stemwood biomass of 242 Mg
ha**. In Plot 2, we calculated a stemwood bio-
mass of 197, 17 Mg ha**. Allometrically de-
rived biomass for Plot 2 was 206 Mg ha** or
" 4% greater than our estimate.

Using the vertical distribution of branch di-
ameters measured on four different Metase-
quoia treetops, we estimated an average of 46.4
kg branch biomass per tree and 11.7 kg of fo-
liage per tree. Applying the average canopy
biomass to each tree in the biomass recon-
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struction plot, we estimated 34.7 Mg ha**
branch biomass and 8.9 Mg ha** foliage bio-
mass. These values are in remarkably good
agreement with the allometrically derived es-
timates for both branch (31.3 Mg ha**) and fo-
liar biomass (8.8 Mg ha**) predicted on the ba-
sis of stem DBH. When combined with stem-
wood biomass, we found that our projected
aboveground biomass was 15% higher than
the allometrically derived values for Metase-
quoia.

Discussion

Wewere ableto predict DBH reasonably well
using basal stem measurements and regression
techniques.ldeally, similar relationships would
be developed from fossil material provided
enough well-preserved fossil stumps and their
associated stemswere available to develop the
predictive relationship. If this were not the
case, it would be necessary to use modern
trees to develop the regression equations. In
this case we would suggest the use of closely
related taxa from similar environmental set-
tings. The relationship between DBH and the
lower dimensions of tree stems often varies
among taxa and with environmental and
edaphic conditions (Henwood 1973; Nichol
and Ray 1996). As aresult, universal relation-
ships are not likely to exist between stump
and stem diameters. Nevertheless, othershave
shown general equations to perform reason-
ably well (Ojasvi and Bruggink 1991), al-
though the greatest accuracy is typically
achieved with species- and site-specibc mod-
els. Bylin (1982) found the simple linear re-
gression, as applied in this study, performed
as well as more complex multivariate models
for 15 different tree species. Notably, DBH pre-
dictions were better for conifers than hard-
woods and species with buttressed stumps.

An accurate estimate of fossil tree height is
critical to the accurate determination of fossil
forest structure and biomass but is often dif-
bcult to determine. Accurate reconstruction of
tree height for the largest individuals is most
important because those trees contain alarge
portion of the aboveground biomass. Two of
the most common methods of determining
height of fossil trees are interspecibc allome-
tric techniques (e.g., Niklas 1994) and deter-
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mination of maximum theoretical height
based on biomechanical principles (e.g., Mos-
brugger et al. 1994; Niklas 1992 and references
therein).

Application of these methodsto themodern
forests studied here overestimatestree height.
Applying the biomechanical approach of Mos-
brugger (1990) with wood propertiesfor mod-
ern Metasequoia (Polman et al. 1999) resultsin
a height estimate of just under 47 m for the
largest tree in the stand, an overestimate of 17
m (&53%). The interspecibc allometric ap-
proach of Niklas (1994) performed somew hat
better. Using the general equation for woody
species results in a height estimate of 36.8 m
for the largest tree. This represents an over-
estimate of 6.1 m (& 20%). Other than in the
study by Pregitzer et al. (2000), who used stem
taper data of modern Picea in concert with
measurements of fossil trees to estimate tree
height for an in situ Pleistocene Picea forest,
stem taper has been used only as a rough in-
dicator asto whether the trees were @hort@pr
@all@e.g., Basinger et al. 1988).

We estimated tree height by using the taper
of short segments of logsand a parabolictaper
model. There are three important require-
ments for successful use of this method: (1)
the reconstructed trees stems should be rea-
sonably parabolic; (2) stem segments from the
largest diameter class of trees should be ob-
tained; (3) samples from the very base of the
trees should be excluded becausetheroot Rare
often causes the basal section of the stem to be
strongly tapered.

The brst requirement restricts our analysis
to trees with an excurrant growth form. The
parabolic stem model is applicable to nearly
all conifers, and conbrmation of this shape
can be obtained from fossil stem measure-
ments. It should be noted that conifer stem
form is often not exactly parabolic, but some-
thing between parabolic and conical (Ass-
mann 1970). Application of a parabolic model
to a tree that is not truly parabolic has two
consequences. First, tree height will be under-
estimated for trees with a more conical upper
stem or top. Thisis typibed by our estimates
of Metasequoia tree height. Several rebPnements
of stem taper models have been proposed for
analysis of modern trees to model exact stem
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FiIGURE 4. Stem probles of two Metasequoia glyptostroboides measured in the Peld at Tanashi Experiment Station
(solid circles) and lzu Forest Experiment Station (solid diamonds). Calculated heights for a given radius derived
from an exact parabolic model plotted for each tree (open symbols).

formsmore precisely (e.g., Parresol et al. 1987;
Kozak 1988). In particular, most aim to inte-
grate different component shapes into one
continuous function (Max and Burkhart 1976).
Such a rebnement is probably not generally
applicable to fossil material unless there are
enough intact trees on which the detailed
shape of the stem can be measured.

The second consequence of applying an ex-
act parabolic model to a nonparabolic stem is
the derivation of a less precise estimate of
stem volume. However, the parabolic model
produces reasonable stem biomass values
even when the stem form deviates somew hat
from a true parabolic form. For example,
Whittaker et al. (1974) used an exact parabolic
model to estimate stem volume and biomass
for a wide variety of temperate tree species
with reasonable accuracy (Siccama et al.
1994). The exact parabolic model we applied
overestimated Metasequoia biomass at the
stand level despite underestimating tree
height. This results from an overestimate of
stem volume driven by the difference in stem
form shown in Figure 1. Stem analysis of se-
lected Metasequoia from this stand suggests

that the trees are not exactly parabolic but less
convex (Fig. 4). However, Metasequoia from
other plantations that we have sampled for
other studies have nearly exactly parabolic
shapes (Izu site, Fig. 4). Differences in stem
form most likely arise from differencesin ini-
tial planting density and crown size. In spite
of a deviation of stem form, our estimates of
biomass still fell within 17% of the actual stem
values. Thus, provided the trees approximate
a parabola, we contend that stem volume and
subsequent biomass estimates should be rea-
sonable.

With regard to the second requirement that
taper data must include samples of the largest
diameter class of individuals of the forest, the
largest individuals are likely to be preserved
with less distortion and less decay. Fossil logs
sometimes undergo vertical collapse during
burial. Nevertheless, it is usually assumed
that the width of a compressed fossil log is
equivalent to its original diameter (e.g., Pole
1999; Retallack 1999; Williams et al. 2003a).
This assumption is valid if the object under-
goes pure vertical collapse where the sur-
rounding matrix prevents lateral expansion of
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the fossil despite vertical compression (Rex
and Chaloner 1983; Niklas and Banks 1992).
However, Niklas (1984) has demonstrated that
cylindrical objects may expand laterally (up to
10%) when compressed during burial. In this
case an underestimate of tree height may re-
sult when using the method we describe in
this paper because of achangein theempirical
relationship between log taper and width. Itis
important to note that our simulated fossil
logs were not subjected to any physical defor-
mation. However, we applied a 10% defor-
mation factor to the simulated fossil logs an-
alyzed in this study and found that the re-
sulting height estimate differed from theorig-
inal estimate by 5%. Finally, it should be noted
that even though compressive forces and any
resulting deformation are likely to be uniform
along shorter lengths of logs, our method
should be applied with caution when defor-
mation is suspected to be heterogeneous
along buried logs because thiswould alter the
original stem taper in an unpredictable man-
ner.

It is not important where in the stem the
fragments comefrom, nor that completestems
be obtained, because the taper function of the
largest trees is determined from a composite
of values as shown by the upper bound lineon
Figures 2A and 3. Our relationships proved
fairly robust to removal of individual stem
segments as long as some sections from larger
individuals are retained in the regression.
Further, the stem segments we selected were
quite short, but they preserved enough infor-
mation when combined to give reasonable
height estimates. Omission of stem segment
samples from the largest size class of individ-
ualsin the stand resultsin an overestimate of
tree height because in stands with arelatively
even canopy height, thefastest rate of taper for
a given diameter occurs in the largest diam-
eter trees.

Thedistribution of stem tapersalso givesan
indication of the vertical structure of the for-
est. The stands we studied were of shade-in-
tolerant species. Thesetreesput apremium on
vertical extension to maintain a dominant or
co-dominant position in the canopy to avoid
being shaded out by competitors (Oliver and
Larson 1990). As a consequence, these species
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tend to have a wide range of stem diameter
despite growing to a rather uniform tree
height. This manifests itself in the form of
widely scattered stem tapersfor tree segments
of agiven diameter. Thisisrepresented in Fig-
ures 2A and 3. In contrast, shade-tolerant
trees would be expected to have a height pro-
portional to diameter. A sampling of stem ta-
pers from such an assemblage would be ex-
pected to cluster more closely together, with
increasing overlap in therelationship between
stem taper and stem size as the proportion of
height to diameter acrossindividualsin afor-
est becomes more uniform (see Fig. 2B).

We converted estimates of stemwood vol-
ume to biomass, assuming that the average
wood density for each species well represent-
ed theactual wood density at each site. Ideally,
the original density of fossil wood could be
determined but this seems problematic. Thus,
application of modern wood density valuesto
fossil trees is probably necessary and repre-
sents an important source of uncertainty. In
general, the wood density of most North
American tree species has a coefbcient of var-
iation of " 10% (Haygreen and Bowyer 1989).
Thisrepresentsthenatural variability in wood
density resulting from tree to tree as well as
site-to-site variation. Although thereis an age
effect on wood density (e.g., juvenile wood
versus mature wood), density plateaus after a
certain age. Some publications report a nega-
tive correlation between wood density and
growth rate for some conifer species (DeBell et
al. 1994). This results from a changing pro-
portion of earlywood and latewood, which
have different densities. Overall it is difbcult
to assess how accurately modern wood den-
sities of living relatives match the wood den-
sities of fossil trees. Because biomass and pro-
ductivity estimates are a function of wood
density, fossil biomass and productivity val-
ues estimated with an assumed wood density
should be interpreted with this uncertainty
and natural variability in mind.

The amount of biomassin thelive canopy is
usually asmall fraction of the total biomass of
mature forests, though reconstructing the
structure and biomass in the canopy may still
be desirable. In most cases it seems that mod-
ern analogswill be needed to accomplish this,
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Ficure 5. Allometric relationship between basal branch diameter and branch dry weight (A) and foliage dry
weight (B) for different conifer species. See Table 2 for equations and literature sources.

because it is difbcult to imagine that intact
treetops with branches and foliage attached
will be plentiful in fossil forests. The con-
straints on branch size and form have been
discussed (McMahon and Kronauer 1976;
Morgan and Cannell 1987; Bertram 1989), and
certainly, within a species, regressions deter-
mined at one sitearewidely applicablefor cal-
culating branch and foliar biomass (Kershaw
and Maquire 1995; Gilmore and Seymour
1997; Vann et al. 1998). In Table 2 we have
compiled a set of allometric equationsthat re-
late branch diameters (measured at the base of
the branch next to the trunk) and branch and

foliar biomass from a variety of conifers to
give some idea of the similarity of this rela-
tionship across taxa. When taken together, the
equations provide biomass values for a given
branch diameter with the range of the esti-
mate increasing with branch diameter. For ex-
ample, the range of predicted branch biomass
for a branch with a diameter of 5cm is" 1.2
kg. Likewise, the range of predicted foliage
biomassison the order of 0.5 kg. Obviousdif-
ferences exist between the equations (Fig. 5),
most notably, the foliage biomass equation de-
veloped on deciduous Metasequoia plots lower
than the curves derived from evergreen coni-
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fers. Thisillustrates structural differences be-
tween branches and foliage of evergreen and
deciduous trees and suggests that specibc al-
lometric equations be developed for each type
of tree. Unfortunately, branch-level allometry
data for other deciduous conifersis not avail-
able, making it difbcult to assess the range of
variation in allometric equations for decidu-
ous conifer trees. It is clear from the limited
set of allometric equations that, at present, a
universal or general allometric equation relat-
ing branch diameter to branch massisunwar-
ranted and a species-specibc equation is pref-
erable.

In summary, our approach to deriving es-
timates of forest structure and aboveground
biomass by combining basic measurements of
tree stem size and shape with indirectly cal-
culated weights appears to give satisfactory
estimates when compared with independent
measurements of modern forests. The dimen-
sional analysis of logs provides basic insight
into forest structure and, when paired with
stump measurements, provides reasonable es-
timates of stem biomass, the largest above-
ground biomass component. Branch-level al-
lometry applied to treetops provides the po-
tential to rebne aboveground biomass esti-
mates by deriving estimates of canopy
biomass. This subtle rePnement may provide
additional insight into fossil canopy biomass
when fossil treetops are preserved. The com-
bined methods are probably sufbcient to ob-
tain estimates of fossil tree size and biomass
with errors in the range of 15820%, not far
from the 10B15% error obtained for modern,
intact forests.
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