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Summary

The relationship between leaf area and diameter at breast height (d.b.h.) or sapwood area (AS)
has been used to estimate stand leaf area or biomass of forest canopies. It has been suggested that
intra-specific variations in the relationship between stand leaf area and d.b.h. or AS can introduce
a systematic error in these estimates for younger and older stands unless additional parameters
relating to canopy structure are included in allometric functions. We collected data from a Sitka
spruce chronosequence to parametrize and test different algorithms for the estimation of foliar
biomass (FB) and litter inputs over a range of forest ages. FB estimates were significantly improved
when additional biometric information relating to crown structure (canopy openness and height
of live crown) was included in the models. Although the use of the relationship between leaf

area and AS for the estimation of leaf area is justified by theoretical considerations (pipe model
theory), we show that d.b.h. and other canopy parameters provided the most robust estimation
of leaf area across different-aged stands. Our results also suggest that the accuracy of litter

input estimates depends on needle retention time and annual turnover rate, particularly

immediately before and after canopy closure.

Introduction

The leaf area index (LAI) of a stand is a key
parameter in describing canopy characteristics
(Law et al., 2001). Defined as the projected leaf
area per unit surface area of the ground, it exhib-
its a strong effect on net ecosystem CO, and H,O
exchange (Buchmann and Schulze, 1999) and,
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therefore, is used as an input for process-based
forest productivity and hydrology models (Parton
et al., 1992; Potter et al., 2001). In attempting to
simulate biosphere—atmosphere interactions with
atmospheric circulation models, plot-level LAI
measurements are required to integrate with sat-
ellite remote sensing data obtained over large
geographic areas (White et al., 1997). Relating
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spectral vegetation indices produced from satel-
lite images to LAI also depends on precise meas-
urements of LAI at a number of geo-referenced
sites over the range of potential LAI values
(Turner et al., 2000).

Litter fall, the most important source of nutri-
ent flux to the forest floor (Pedersen and Bille-
Hansen, 1999), has long been seen as a useful
index of ecosystem productivity (Olson, 1963).
Needle/foliage biomass constitutes one of the
most important pools of essential nutrients, which
is vital for forest nutrient cycling (Waring and
Schlesinger, 1985), including carbon cycling. Lit-
ter fall can be seen as an indirect expression of
forest canopy status, a consequence of the genetic
make-up of the trees and the influence of environ-
mental fluctuations, and thus, litter fall has been
used as an indicator of forest health (Pedersen
and Bille-Hansen, 1999). Estimates of litter fall
or leaf area, based on allometric functions, have
to accommodate a lot of changes due to inherent
dynamics. However, analysis of several years’
data may be required to accommodate inter-
annual variability (Trofymow et al., 1991; Turner
et al., 2000). The change of C in litter is one of
the five C-pools required by the Marrakesh
Accords for reporting to the Kyoto Protocol as
well as to the United Nations Framework Con-
vention on Climate Change, thereby providing a
policy-based incentive for robust and reliable
estimation methods.

The leaf area of needle biomass can be esti-
mated directly or indirectly. Direct approaches
use sapwood area (AS) and litter fall, based on
the pipe model theory (Waring et al., 1982
Whitehead et al., 1984) which describes a linear
relationship between leaf area and AS. The phy-
siological basis for this linear relationship is
supported by the observations that water trans-
port in trees occurs exclusively in sapwood and
experimental manipulations of leaf area result in
a concomitant reduction in AS (Margolis et al.,
1988). There are, however, problems with exist-
ing algorithms: (1) they are species specific, each
species requiring the application of its own
regionally derived equation; (2) they commonly
overestimate LAI and biomass in old mature
stands (Turner et al., 2000) and (3) they have not
been developed for an entire age sequence, par-
ticularly not in young afforested stands, which
are important e.g. for Article 3.3 of the Kyoto
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Protocol (Schlamadinger et al., 2003). Although
AS or sapwood volume has proved a good predic-
tor of various forest parameters in the past
(Whitehead et al., 1984; Keane and Weetman,
1987), it has not been routinely measured in
national forest inventories (NFIs). Therefore,
relationships between routinely available meas-
ures of diameter at breast height (d.b.h.) and esti-
mates of stem AS are required.

The objectives of this study were to develop
algorithms, based on data from a Sitka spruce
(Picea sitchensis Bong. (Carr.)) chronosequence;
to estimate foliar biomass (FB), LAI and litter fall
using basic forest inventory data and also to
improve the predictability and accuracy of fur-
ther algorithms using more detailed parameters
such as crown diameter, taper functions and
stand density.

Materials and methods

Site description

The research was conducted on a Sitka spruce
chronosequence (Table 1) growing on wet min-
eral soil located in County Laois (~52° 57" N, 7°
15" W, altitude of 160-280 m) in the Irish mid-
lands (Black et al., 2004). The 30-year mean
annual temperature was 9.3°C, with a mean
annual rainfall of 850 mm. The general Yield
Class (YC) of the chronosequence stands was
20-24 m? ha~! a~!; the national average for Sitka
spruce in Ireland is 18-22 m? ha-! a-'.

Two events occurring during the time of
litter collection were important to record. First,
in 2002, there was an aphid infestation in the
area, affecting many spruce plantations. Second,
based on meteorological data (closest station is
Kilkenny, ~30 km away from forest area), there
was an 18 per cent reduction in annual rainfall
in 2003 compared with the 30-year mean.

Thinning operations in this region generally
occur during the summer months because of the
low load-bearing capacity of the wet, gley soil.
Also, because of the high moisture status of this
soil type, and the implications for stability,
thinnings tend to occur as early in the rotation as
possible, often beginning at 17-19 years. The
general pattern used in the first thinning is the
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Table 1: Site and tree characteristics of the Sitka spruce chronosequence in the Coillte Portlaoise forests
Age Sample plot size Stem d.b.h. Height Crown to

Forest (years) (ha) (ha™") (cm) (m) height ratio
Baunoge 10 0.01 2300 7.7 4.4 0.08
Clontycoe 15 0.01 2366 12.9 7.8 0.18
Dooary 15 0.01 2400 14.3 9.3 0.33
Glenbarrow 28 0.02 1049 23.4 16.9 0.49
Dooary 31 0.02 824 26.2 19.6 0.55
Cullenagh 46 0.03 733 31.4 27.0 0.67

The third forest in the chronosequence, Dooary, 15 years, was a site of higher productivity where YC was
24 m? ha ! a-! compared with 18-20 m? ha! a~! at the other sites.

systematic removal of one row in every seven,
followed by some degree of selective thinning
between these rows. Subsequent thinnings are
selective and conservation of stand stability is
regarded as a high priority.

Tree and shoot dimensions

Data used in the development of leaf biomass
and leaf area models were based on measure-
ments made in 2003 on harvested trees. The
height and d.b.h. of trees in three randomly
located plots at each site (~100 individuals) were
measured. Six trees closest to the mean of the
product of d.b.h. and height were selected for
harvest. These were cut at ground level and their
d.b.h. and height measured and subsequently
divided into their component parts (stem, dead
branches and live branches). Branches were clas-
sified as dead branches based on a visual assess-
ment, where more than 75 per cent of the attached
needles were brown. The point along the stem
where live branches predominated was marked
(the base of the crown), and all branches origi-
nating from the stem below this point were con-
sidered dead. After trees were felled, the crowns
were stratified into three parts, from 0 to 33, 33
to 66 and 66 to 100 per cent of the crown height
(Snowdon, 1986). The total fresh weight of each
crown section, and all tree component parts, was
obtained using a portable spring balance to a pre-
cision of 0.1 kg. Sub-samples were taken from
the components and dried to constant weight
at 80°C. Fresh to dry weight ratios were used to
calculate the dry weight of each tree component
(Mund et al., 2002). To measure sapwood diam-
eter, disks were taken at two points along the

stem, at d.b.h. (1.3 m above soil level) and at the
base of the crown. Sapwood diameter was calcu-
lated from averages of measurements made on
two diameters oriented in perpendicular direc-
tions (Drexhage et al., 1999; Mund et al., 2002)
per disk. In most cases, sapwood and heartwood
were easily differentiated by eye, where the defi-
nition was obscure methyl orange stain was used
(USDA-FS, 1962).

Estimates of specific leaf area (SLA) and the
dry mass of shoots were made on sub-samples
from different-aged locations on branches with-
in the crown. Shoot-projected surface area was
assessed using captured images from a flat bed
scanner, and the area was determined using Scion
Imaging Software (Beta 4.0.1, Scion Corporation,
Maryland, USA). The dry mass of each shoot was
determined following drying at 65°C for 48 h in
a ventilated oven. The FB was converted to a
projected stand-level leaf area (LAI, m? m™)
using a mean half-surface SLA for all shoots
(see equations 6 and 7).

Tree-level leaf mass models

FB per tree was estimated using five different
regression functions, based on harvested biomass
data and d.b.h. or AS. All functions were devel-
oped using individual tree- and/or stand-specific
variables. The 7% and slope of the observed against
model-predicted values are reported as indicators
of goodness of fit for linear, non-linear and log-
transformed regression models. The F-ratio was
used to indicate the degree of variation in the
observed data, which was explained by the model.
The percentage error of estimate (per cent SEE)
was used as an indicator of the accuracy of the
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estimate based on the difference between the
actual and predicted values, expressed as an
average percentage deviation.

The d.b.h.-based allometric estimates of FB

This approach was based on the relationship
between d.b.h. and FB as described by Turner
et al. (2000):

FB, = exp(a + (b x In(d.b.h.))), (1)

where FB is given in kilogram per tree and a and
b are the species-specific coefficients. An alterna-
tive function for the FB (FB,) uses two additional
variables to account for differences in canopy
openness:

FB, = a x exp((d.b.h. x C, x HC) x b), (2)

where a and b are specific coefficients; HC is the
live crown depth or length (m), as determined
from measured total tree heights and crown
height ratios (Table 1), and C_ is canopy open-
ness, based on the formula described by Leech
(1984):

C, =1 x w? x n/10000. (2a)

This calculation of canopy openness is based
on crown radius (w) and the number of trees per
hectare (1), assuming trees are regularly spaced.
The value for w was derived from the linear
relationship:

w=axdbh +b (7=089), (2b)

where the solved coefficients a and b, 0.0456 and
0.693, respectively, were derived from inventory
measurements taken in 2002.

AS-based models for leaf biomass

(National) Forest inventory measurements do not
usually include AS assessments. Therefore, a
species-specific model for AS at breast height
(AS,,,) was first developed using d.b.h. and
sapwood diameter measurements obtained from

harvested stem discs:
AS,, . =al(1 +exp (-(d.b.h.-b)/c)). (3a)

The following algorithms, based on AS
were used to estimate FB:

FB, =a xexp (AS,,, x b), (3)
FB, = a x exp((AS,,, x C,x HC) x b), (4)

d.b.h
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where a and b are the specific coefficients, AS,,
is the estimated AS at breast height (equation 3a)
and C_ is the canopy openness factor (equation
2a). A derivative of the ZELIG-PNW forest suc-
cession gap model (Garman et al., 1992; Turner
et al., 2000) was used to estimate FB., based on
AS at the base of the crown (AS,,,):

FB, = a x exp((AS,;, x C, x HC) x b).  (5)

For this application, AS,,, was estimated using
a taper function from breast height to HC:

ASy, = AS,,, x TF, (5a)

where TF is a modelled taper factor derived from
the measured taper from the diameter at the base
of the stem to the base of the crown (Kozak et al.,
1969; Turner et al., 2000). The observed TF, val-
ues were modelled against tree and crown
height:

TF, = (a - b x (HC/HT)

+cx (HCYHT?)"  (#2=0.91), (Sb)

where the solved coefficients a, b and ¢ are 0.88,
2.08 and 1.43, respectively, and HT is the total
height of the tree.

An alternative to the taper factor was derived
to account for smaller trees, where the crown
height was lower than breast height. Therefore,
in theory, the AS at crown height in small trees
should be greater than the AS at breast height,
which is not accounted for in equation (5b). The
alternative taper factor (TF,) was derived from
the measured taper from diameter at crown height
to d.b.h. The observed TF, values were modelled
against tree and crown height:

TF, =a + b x exp(HC/HT) x ¢ (r* = 0.87), (5¢)

where the solved coefficients a, b and ¢ are 0.49,
0.85 and -3.87, respectively.

Scaling from tree- to stand-based estimates of
leaf area and litter fall measurements

Four selected sampling plots at each site within
the chronosequence (Table 1) were surveyed over
a period of 1 week in July 2002 to obtain inven-
tory information including HT, HC and d.b.h.
measurements. The survey was repeated in the
summer of 2004 on the same plots. The plot sizes
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varied from 0.01 to 0.03 ha depending on the
age and management of the site (see Table 1).
In 2002, trees were marked with white paint at
1.3 m high so that the survey could be repeated
in 2004. Tree height was estimated to the clos-
est centimetre using a laser hypsometer (Laser
Technology Inc., Colorado, USA). Crown radius
measurements were taken in 2002 using the
procedure outlined by Gill ez al. (2000).

The biomass of foliage litter was estimated
using stand FB, calculated from the inventory
data and the best-fit FB algorithm, based on an
equation described by Law et al. (2001):

LAL= (M, x (1 + F,) x SLA)/E,  (6)

where M, is the annual foliage litter fall (t ha™!
year™!), SLA is the half-surface SLA of needles, F,
is the annual foliage turnover rate (F, = 0. 20
Norman and Jarvis, 1973) and F_is the frac—
tional mass loss on abscission (F, = 0.1, Law
etal.,2001). Equation (6) was rearranged to solve
for M, using FB directly (since LAI = FB x SLA):

M, = FB x (#/10000) x F/(1 + F., ), (7)
where 7 is the number of trees per hectare. The
direct estimation of FB reduced the potential
error in the estimate because SLA, which may
vary from tree to tree, is not required.

For comparison with estimates, litter fall was
collected every month from ten 25-1 plastic buck-
ets, randomly located within one 30 x 30-m plot
at every site in the chronosequence. The litter was

separated into green needle, dead needle, bud
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scale and woody components prior to oven drying
to a constant mass.

Results

Estimation of AS

Scatter plots of AS at breast height (AS,,,) vs
d.b.h. show a non-linear relationship (Figure 1).
The best fit was obtained by applying a sigmoidal
function to the AS,, , and d.b.h. data (Figure
1A). Analysis of residuals for predicted wvs
observed data showed a standard error of esti-
mate of 2.1 with no bias towards either an
over- or an underestimation for trees of different
d.b.h. and age classes (Figure 1B). Although there
was a larger residual error in older stands, this
was associated with a larger variation in d.b.h.
and AS,, , between individual trees in the older
stands (Flgure 1B). The coefficients of variation
were, however, similar for younger and older
trees.

When AS at crown height (AS,,,) was directly
estimated as the product of AS,, | and the taper
function, based on the predicted taper between
the base of the stem and crown height (TF,), AS .,
was significantly underestimated in young, and
overestimated in older, stands (Figure 2A,B). This
bias was partially removed when the improved
taper function (d.b.h.: diameter at HC, TF,) was
used to estimate AS,,,, with a slope of the linear
regression of the observed against predicted
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Figure 1. Non-linear relationship between d.b.h. and (A) the measured AS at breast height (AS,, )
and (B) the residuals of the modelled values. The sigmoidal function used was AS, ., = 294/(1+exp
(-(DBH-4.7)/16.4)), with 7> = 0.95, F-value = 241 (P < 0.0001), SEE = 25.3 and a slope for the observed

vs predicted linear regression of 0.97.
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Figure 2. The linear regression between observed AS at crown height (AS,,,) and the calculated value, based
on the product of AS at breast height (AS,, , ) and different taper factors (TF, (A), TE, (C)). Scatter plots
of the residuals vs the measured AS,,, (B and D) show the significant over- and underestimation of AS
when TF, was used (B). The linear relationships, shown by the solid lines for panel (A) (y = 0.65x +
1.26, 7> = 0.65), panel (B) (y = 0.91x + 2.1, 2 = 0.79) and panel (C) (y = 0.47x - 18.3, > = 0.43), were all
significant (P < 0.05). The linear relationship shown by the broken line (D) was not significant (P > 0.05).

values of 0.91. Analysis of the predicted and
observed residuals demonstrated that the sig-
nificant relationship of Figure 2B degenerated to
non-significance in Figure 2D where the magni-
tude of the residuals was also reduced.

Tree-level FB estimates

There was a strong relationship between d.b.h.
and FB (7> = 0.72, Table 2). However, analysis of
the residuals between observed and predicted
values showed that FB was underestimated in the
youngest stand, prior to canopy closure (Figure
3B). When canopy openness and live crown
height (HC) were included in the FB, algorithm,
the coefficient of determination (%) and the F-
ratio of the relationship increased, and there was
a smaller standard error of estimation (Table 2)
and no residual under- or overestimation of FB
in different-aged stands (Figure 3C,D). The
algorithm FB, provided the best fit for FB, giving

an % of 0.91, the lowest error of prediction (1.9)
and a slope of ~1 for the regression of predicted
vs measured data (Table 2).

The coefficient of determination (#2) and the
F-ratio for the prediction of FB, based on AS,,
(FB,), decreased from 0.91 to 0.76 and 347 to
107, respectively, when compared with FB, esti-
mates (Table 2 and Figure 4A). An improvement
to the non-linear FB, function was found by
including the same extra biometric predictors (C,
and HC) as used for the FB, model, to account for
differences in FB between trees of the same AS,,
(see algorithm FB,, Table 2 and Figure 4C). When
AS at crown height (AS, ) was used as a predictor
(FB,, Figure 4E) instead of AS,, , (FB,), 7* did not
increase significantly (0.85 to 0.87), but predicted
(FB) values were generally underestimated when
compared with the predicted FB, values (i.e. slope
reduced from 0.94 to 0.81, Table 2).
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Table 2: Coefficients for various FB algorithms derived from harvested data

Coefficient  Coefficient Slope %
Algorithm symbol value () 7 F-ratio  SEE
FB, = exp(a + (b x In(d.b.h.) . 7 0.94 072 o1 311
FB, = a x exp((d.b.h. x C, x HC)b) . SR A
FB, = a x exp(AS,,, x b)* : 222 078 076 107 284
FB, = a x expl(AS,,  x C, x HC) x b)* ¢ 3. 094 085 175 277
FB, = a x exp((AS, , x C, x HCO)b)* : 220 081087 142 279

Correlation coefficients (r2), F-ratio, slope (a) of linear relationship and the unsigned standard error of estimate
(% SEE) were derived from linear regressions between predicted and measured FB data.
*AS,, . and AS values were measured values.
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Figure 3. Scatter plots of the measured (filled symbols) FB (panels A and C) or residuals (panels B and D)
vs d.b.h. The open symbols represent the relationship between the predicted FB and d.b.h., using different
algorithms: FB, = exp(a + (b x In(d.b.h.))) (panel A) and FB, = a x exp(d.b.h. x C_ x HC) x b (panel C).
Symbols highlighted by the circle in panel (B) show that the FB of smaller trees was underestimated, when
the FB, model was used.

Coefficients of determination for the algo- AS,,, values were used as predictors of FB, the
rithms FB., FB, and FB; were calculated using values for 7%, slope, F-ratio and per cent SEE
the modelled AS, , (Figure 1A) and AS,, (Table 3) were similar when compared with
(Figure 2C) because AS is not normally a meas-  values obtained using the measured AS,, .
ured parameter in NFIs. When the estimated (Table 2). FB was, however, underestimated when
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Figure 4. Scatter plots of the measured (filled symbols) FB (panels A, C and E) and residuals of the observed
vs predicted values (B, D and F) in relation to the various sapwood predictors: AS at breast height (AS,, | ,
panels A and B); the product of AS,, | , canopy openness (C,) and height of the crown (HC, panels C and D)
and the product of sapwood area at crown height (AS /), C_ and HC (panels E and F). The open symbols show
the relationship between the predicted FB and the following AS algorithms: FB, = 2 x exp(AS,,, x b) (panel
A),FB, = a x exp((AS,, , x C, x HC) x b) (panel C) and FB, = a x exp((AS,;, x C_ x HC) x b) (panel E).

derived AS,;, values were used, instead of meas-
ured values, because of underlying errors in the
estimation of AS,,, (Figure 2D).

Canopy characteristics of different-aged stands

The algorithm FB,, based on d.b.h., C  and
HC, was used to calculate stand FB and tree

leaf area to AS ratios (AL : AS,, . or AL: AS )
shown in Table 4. The tree leaf area to AS ratios
varied significantly, depending on age and YC.
The structural characteristics of the canopy in
different-aged stands also varied considerably
(Table 4). Canopy openness (C ), which is a
function of crown radius and stem density
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Table 3: Coefficients for FB derived from estimated AS values (see Figures 1 and 2)
Coefficient Coefficient Slope %
Algorithm symbol value (0) 7 F-ratio SEE
FB, = a x exp(AS,,, x b) Z ;:gi 102 0.80 0.76 109 3.01
FB, = a x exp((AS,;,, x C,x HC) x b) Z ?25)( Lo 0.82 0.83 170 2.44
BB = a x exp((AS, , x C. x HC) x b) ¢ %:?i o 0.71  0.73 81 2.90

Correlation coefficients (r?), F-ratio, slope (a) of the linear relationship and the unsigned standard error of
estimate (% SEE) were derived from linear regressions between predicted and measured FB data. AS,, , and

AS,,, values were estimated from sapwood algorithms.

varied from 0.88, in the youngest stand, to 1.24
m m~2in the 15-year-old Dooary stand. C_ could
reach values of >1 because the branches of the
crown overlapped, particularly after canopy
closure and prior to the first thinning cycle
(at ~20 years).

The mean half-surface SLA was found to be
4.48 kg m~2. The LAI estimates varied from 4.3
to 7.4 m?> m~? (Table 4) and were highest after
canopy closure and before the first thinning
cycle (at the 15-year-old stands). After the first
thinning, LAI decreased markedly, but showed
only small reductions following subsequent
thinnings.

Litter fall estimation from FB

Needle litter accounted for 86-100 per cent of
the total annual litter fall (August 2003-July
2004), for all of the sites investigated (M, Obs
vs Total, Table 4). The total litter fall in the
younger Dooary site was 6.71 t ha™! year™! in
2002/2003, compared with 7.27 t ha™! year~! in
2003/2004 (Black et al., 2005). There was no
general agreement between measured annual
needle litter fall (M, Obs) and predicted needle
litter fall (M, Pre), when FB estimates and a nee-
dle turnover rates of 20 per cent were used, based
on the data from Norman and Jarvis (1973) (see
Table 4). However, when the needle retention
time (NRT) was reduced from 5 to 2.5 years,
and the corresponding annual turnover rate
increased from 20 to 40 per cent, the predicted
needle litter fall (M, Pre ) agreed very closely
with M, Obs.

Discussion

The fact that algorithms based on single predic-
tors, such as d.b.h. or AS, |, systematically
underestimate FB in younger (our data) or older
stands (Turner et al., 2000) suggests that the
departure of the relationship between d.b.h. or
AS and FB is due to variations in canopy charac-
teristics, such as crown condition, crown depth
and degree of self-shading. As expected, the in-
clusion of canopy openness and crown depth
improved estimates of FB (Nowak, 1996) and
overcame the bias for underestimating this
value in younger (this study) and older stands
(Turner et al., 2000), most likely by accounting
for differences associated with management
practices (timing of thinning cycles, etc.).

As trees develop within the forest and compete
for light, above-ground growth is directed largely
towards crown production (and the bulk of stem
necessary to support it). However, immediately
prior to and after canopy closure, there is a change
in allocation to tree height, induced by competi-
tion for light, resulting in a deeper rather than an
expansive crown. The use of canopy openness
and crown depth as parameters in the FB algo-
rithms appears to have been successful in account-
ing for such changes. Based on our analysis, we
suggest that FB and LAI can be estimated using
standard inventory measurements such as d.b.h.,
HC and crown width, all of which are currently
measured in the Irish NFL It is evident from our
results that the FB, algorithm is more appropriate
than FB,, particularly as AS is not always readily
available.
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locally specific correction factors (Kif$ner and
Mosandl, 2000). An underestimation of the
actual LAI has been commonly reported (Smith
et al., 1993; Stenberg et al., 1994). The need to
account for clumping effects is stressed by many
authors when an optical estimation of LAI is
required (Chen, 1996; Law et al., 2001), particu-
larly in forests of low LAI Because of this, the
litter fall method could provide useful estimates
of LAI, were it not for the climatic influences on
foliage retention times, as well as considerable
genetic and environmental variation in SLA. In
addition, SLA should be determined using fresh
foliage biomass to reduce errors associated with
shrinkage (up to 25 per cent during drying, War-
ing et al., 1982). Needle age and spatial location
within the crown can also be associated with var-
iations in SLA (Bartelink, 1996).

Theoretically, litter fall can be estimated indi-
rectly from FB under steady state, if the NRT or
needle turnover rate is known (Turner et al.,
2000; Law et al., 2001). It is evident from our
analysis that NRT is not constant and may
change during canopy development and after
thinning events. This suggests that an additional
senescence factor that is a function, for instance,
of variables that influence NRT, such as self-
shading and thinning activity, which need to be
incorporated into any algorithm. Our analysis
also suggests that NRT is shorter on the sites
studied than previously reported (Norman and
Jarvis, 1973; Law et al., 2001). A further com-
plication is that annual litter fall can vary in
Sitka spruce stands, even when they are of a
similar age, due to insect infestation, drought,
management and other factors (Pedersen and
Bille-Hansen, 1999; Turner et al., 2000). This is
consistent with our observation that the annual
litter fall in the 15-year-old Dooary stand was
higher in 2002/2003 compared with 2003/2004.
This may be due, in part, to a high infestation
of green spruce aphid (Elatobium abietinum) in
2002 (J. O’Brien, personal communication).
Also, it is possible that our underestimation
of litter fall in 2003/2004 may be due to the
drought experienced across Europe. An 18 per
cent reduction in annual rainfall was recorded
during this year, when compared with the
30-year mean.

In conclusion, estimates of foliage biomass
using algorithms based on d.b.h. were most
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reliable, particularly after the inclusion of crown
parameters. The inclusion of these parameters,
such as canopy openness and crown height,
can account for differences in the relationship
between d.b.h. and FB in younger and older for-
est stands. This is particularly important with
regard to reporting forest activities under Article
3.3 of the Kyoto Protocol to the intergovernmen-
tal panel on climate change (IPCC). We show
that algorithms developed for older forests can-
not necessarily be applied to younger forests. The
algorithms produced here will contribute to a
better prediction of Sitka spruce forest canopy
characteristics and, most importantly, to the
change associated with forest age. However, due
to uncertainties involved in the measurement or
estimation of LAI, further comparisons between
allometric and optical methods are still required.

Acknowledgements

The Irish National Council for Forest Research and
Development provided funding for this work as part of
the CARBIFOR research project. The authors would
like to thank Coillte Teo. for allowing access to their
forests and the destructive sampling required. In par-
ticular, thanks go to Marie Mannion and John O’Brien
for providing maps, inventory and management details
of the sites surveyed.

References

Bartelink, H.H. 1996 Allometric relationships on
biomass and needle area of Douglas fir. For. Ecol.
Manage. 86, 193-203.

Black, K., Tobin, B., Siaz, G., Byrne, K.A. and Osborne,
B. 2004 Allometric regressions for an improved esti-
mate of biomass expansion factors for Ireland based
on a Sitka spruce chronosequence. Ir. For. 61, 50-65.

Black, K., Bolger, T., Davis, P., Nieuwenhuis, M.,
Reidy, B., Saiz, G. et al. 2005 Inventory and eddy
covariance based estimates of annual carbon seques-
tration in a Sitka spruce (Picea sitchensis (Bong.)
Carr.) forest ecosystem. J. Eur. For. Res. DOI:
10.1007/s10342-005-0092-4.

Buchmann, N. and Schulze, E.-D. 1999 Net CO, and
H,O fluxes of terrestrial ecosystems. Global Bio-
geochem. Cycles 13, 751-760.

Chen, J.M. 1996 Optically-based methods for meas-
uring seasonal variation of leaf area index in
boreal conifer stands. Agric. For. Meteorol. 80,
135-163.



464

Dean, T.]., Long, ].N. and Smith, F.W. 1988 Bias in leaf
area-sapwood area ratios and its impact on growth
analysis in Pinus contorta. Trees 2, 104-109.

Drexhage, M., Huber, F. and Colin, F. 1999 Com-
parison of radial increment and volume growth in
stems and roots of Quercus petrea. Plant Soil 217,
101-110.

Garman, S.L., Hansen, A.]., Urban, D.L. and Lee, P.F.
1992 Alternative silvicultural practices and diversity
of animal habitat in western Oregon: a computer
simulation approach. In Proceedings of the 1992
Summer Simulation Conference. P. Luker (ed.).
Society for Computer Simulation, Reno, NV, pp.
777-781.

Gill, S.J., Biging, G.S. and Murphy, E.C. 2000 Mode-
ling conifer tree crown radius and estimating canopy
cover. For. Ecol. Manage. 126, 405-416.

Jonckheere, 1., Muys, B. and Coppin, P. 2005 Allometry
and evaluation of in situ optical LAI determination
in Scots pine: a case study in Belgium. Tree Physiol.
25,723-732.

Keane, M.G. and Weetman, G.F. 1987 Leaf area-
sapwood cross-sectional area relationships in rep-
ressed stands of lodgepole pine. Can. J. For. Res.
17,205-209.

Kozak, A., Monro, D.D. and Smith, J.H.G. 1969
Taper equations and their application in forest
inventory. For. Sci. 45, 78-283.

Kutscha, N.P. and Sachs, I.B. 1962 Colour tests for
differentiating heartwood and sapwood in certain
softwood tree species. United States Department of
Agriculture, Forest Service, Forest Products Labora-
tory, University of Wisconsin, Report No. 2264.

KiSner, R. and Mosandl, R. 2000 Comparison of
direct and indirect estimation of leaf area index in
mature Norway spruce stands of eastern Germany.
Can. J. For. Res. 30, 440-447.

Law, B.E., Van Tuyl, S., Cescatti, A. and Baldocchi,
D.D. 2001 Estimation of leaf area index in open-
canopy ponderosa pine forests at different succes-
sional stages and management regimes in Oregon.
Agric. For. Meteorol. 108, 1-14.

Leech, J.W. 1984 Estimating crown width from
diameter at breast height for open-grown radiata
pine trees in South Australia. Aust. For. Res. 14,
333-337.

Margolis, H.A., Gagnon, R.R., Pothier, D. and Pineau,
M. 1988 The adjustment of growth, sapwood area,
heartwood area, and saturated permeability of bal-
sam fir after different intensities of pruning. Can. J.
For. Res. 18, 723-727.

FORESTRY

Mencuccini, M. and Grace, J. 1995 Climate influences
the leaf area/sapwood area ratio in Scots pine. Tree
Physiol. 15, 1-10.

Mund, M., Kummetz, E., Hein, M., Bauer, G.A. and
Schulze, E.-D. 2002 Growth and carbon stocks of
a spruce forest chronosequence in central Europe.
For. Ecol. Manage. 171, 275-296.

Norman, J.M. and Jarvis, P.G. 1975 Photosynthesis
in Sitka spruce (Picea sitchensis (Bong.) Carr.): V.
Radiation penetration theory and a test case. J. App.
Ecol. 12, 839-878.

Nowak, D.J. 1996 Estimating leaf area and leaf
biomass of open-grown deciduous urban trees. For.
Sci. 42, 504-507.

Olson, J.S. 1963 Energy storage and the balance of
producers and decomposers in ecological systems.
Ecology 44, 322-330.

Parton, W.]., McKeown, R., Kirshner, V. and Ojima, D.
1992 CENTURY Users’ Manual. Natural Resource
Ecology Laboratory, Colorado State University, Fort
Collins.

Pedersen, L.B. and Bille-Hansen, J. 1999 A comparison
of litterfall and element fluxes in even aged Norway
spruce, Sitka spruce and beech stands in Denmark.
For. Ecol. Manage. 114, 55-70.

Potter, C., Bubier, J., Crill, P. and Lafleur, P. 2001
Ecosystem modeling of methane and carbon dioxide
fluxes for boreal forest sites. Can. J. For. Res. 31,
208-223.

Schlamadinger, B., Boonpragob, K., Janzen, H.,
Kurz, W., Lasco, R., Smith, P. et al. 2003 Suppli-
mentary methods and good practice guidance arising
from the Kyoto Protocol. IPCC Good Practice Guid-
ance for Land Use, Land-Use Change and Forestry.
M. Amano and E. Trines (eds). Institute for Global
Environmental Strategies, Kanagawa, Japan, pp.
4.1-4.120.

Shidei, T. and Kira, T. 1977 Primary Productivity of
Japanese Forests: Productivity of Terrestrial Com-
munities (JIBP Synthesis). University of Tokyo Press,
Tokyo, Japan.

Smith, N.J., Chen, J.M. and Black, T.M. 1993 Effects
of clumping on estimates of stand leaf area
index using the LI-COR 2000. Can. J. For. Res. 23,
1940-1943.

Snowdon, P. 1986 Sampling strategies and methods
of estimating the biomass of crown components in
individual trees of Pinus radiata D. Don. Aust. For.
Res. 16, 63-72.

Stenberg, P., Linder, P., Smolander, H. and Flower-
Ellis, J. 1994 Performance of the LAI-2000



ASSESSMENT OF ALLOMETRIC ALGORITHMS

plant canopy analyser in estimating leaf area index
in some Scots pine stands. Tree Physiol. 14,
981-99S.

Trofymow, J.A., Barclay, H.J. and McCullogh, K.M.
1991 Annual rates and elemental concentrations
of litter fall in thinned and fertilized Douglas-fir.
Can. J. For. Res. 21, 1601-1615.

Turner, D.P., Acker, S.A., Means, J.E. and Garmen, S.L.
2000 Assessing alternative allometric algorithms for
estimating leaf area of Douglas-fir trees and stands.
For. Ecol. Manage. 126, 61-76.

Waring, R.H. and Schlesinger, W.H. 1985 Forest
Ecosystems: Concepts and Management. Academic
Press Inc. Ltd., London, UK, 340 pp.

465

Waring, R.H., Schroeder, P.E. and Oren, R. 1982
Application of the pipe model theory to predict
canopy leaf area. Can. J. For. Res. 12, 556-560.

White, J.D., Running, S.W., Nemani, R., Keane, R.E.
and Ryan, K.C. 1997 Measurement and remote sens-
ing of LAI in Rocky Mountain montane ecosystems.
Can. J. For. Res. 27,1714-1727.

Whitehead, D., Edwards, W.R.N. and Jarvis, P.G.
1984 Conducting sapwood area, foliage area
and permeability in mature trees of Picea sitch-
ensis and Pinus contorta. Can. ]. For. Res. 14,
940-947.

Received 16 September 2005



