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Abstract

By taking core samples, dendroecological studies can reconstruct radial growth over
the lifespan of a tree, providing a valuable way to estimate the sensitivity of tree
productivity to environmental change. With increasing prevalence of such studies in
global change science, it is worth cautioning that the incremental growth rate of a5

sub-dimension of a tree organ, such as annual ring width (w), does not respond to
extrinsic perturbations with the same relative magnitude as the primary production of
that organ. For example, if an extrinsic force causes a two-fold increase in the absolute
growth rate of stemwood biomass (AGR), it should only theoretically translate into a
1.3-fold increase in w, or a 1.7-fold increase in basal area increment (BAI), when a10

2 : 1 ratio in resource allocation to lateral and apical meristems is assumed. Express-
ing the magnitude of a response in relative terms does not, therefore, provide a valid
means of comparing estimates of relative growth derived from measurement of differ-
ent dimensional traits of the tree. From our perspective, enough conformity to facili-
tate comparison of environmental sensitivity across studies of tree growth is warranted15

so we emphasize the benefit of dimension analysis to transform measurements of w
and BAI into the AGR. Although conversion to AGR introduces an error from the use
of allometric equations, the approach is widely accepted in mainstream ecology and
global change science at least partially because it avoids discrepancies in response
magnitude owing to differences in dimension. Studies of organ elongation have histori-20

cally provided invaluable information, yet it must be recognized that they systematically
underestimate the response magnitude of primary production, and confound compar-
isons of growth sensitivity between many dendroecological studies that focus on w and
studies of primary production.
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1 Introduction

Tree-ring measurements provide a cost-effective way to study historical variability in
the growth rate of trees. They complement forest inventories by expanding the temporal
viewing angle (Metsaranta and Lieffers, 2009; Bowman et al., 2013; Babst et al., 2014),
providing the ability to study inter-annual variability in climate. Research typically fo-5

cuses on one of three response variables: annual ring width (w), basal area increment
(BAI), or the absolute growth rate of biomass (AGR). Most studies analyze variability in
w, while fewer studies transform observations of w into BAI, and very few studies trans-
form it into AGR. Greater attention to w most likely reflects cases where the pith goes
undetected, prohibiting direct estimation of inside-bark diameter (Dib) or basal area10

(BA) of the tree without extrapolation techniques (Duncan, 1989; Voelker, 2011). Stud-
ies that focus on w or BAI often report findings in relative terms so that the sensitivity
of growth can be compared with other types of observation, such as ecophysiological
model predictions, vegetation greenness indices, or stable isotope ratios. The practise
of analyzing relationships between climate and standardized w or BAI is problematic,15

however, because relative changes in w or BAI are not directly comparable with relative
changes in AGR. Here, we describe the problem in more detail and document some
brief examples.

2 Dependence of forcing on dimension

Even when expressed in relative terms, the derivatives of Dib and BA are sys-20

tematically less than that of stemwood biomass (B), or stemwood volume (V ). To
understand this, consider the growth of a generic three-dimensional system with
V = length (l )×width (w)×height (h). In its initial state, the system has V = 2.0 m3 and
subsequently increases at a relative growth rate of 2.0 %yr−1. After 100 years, the sys-
tem grows to be 14.5 m3, constituting a 7.2-fold increase in V . If we assume equidi-25

mensional growth, initial and final values of l , w, and h are each 1.2 and 2.4 m, re-
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spectively, which constitute just 1.9-fold increases in each dimension. As the example
demonstrates, derivatives of each dimension of a state variable with n dimensions, and
undergoing equidimensional growth, are defined by the nth root of the state variable’s
derivative. So for a system volume, with n = 3 and sensitivity, λ, the expected forcing

for each dimension is λ1/3.5

3 Examples

As an example with context, we measured a Douglas-fir (Pseudotsuga menziesii var.
menziesii) tree growing near Campbell River, Canada that exhibited Dib = 12.6 cm in
1970 and increased to 40.0 cm in 2010. From these measurements, we calculate 3.2-
and 10.0-fold increases in Dib and BA, respectively, over the forty year measurement10

period. Using locally-calibrated equations to derive h from Dib, we estimate a 2.3-fold
increase in h. Based on allometric functions of height and diameter for Douglas-fir
from Canada’s National Biomass Equations database (Ung et al., 2008), we estimate
a 16.0-fold increase in B, while using the standard taper equation for Douglas-fir in
British Columbia (Kozak, 1988), we estimate a 19.0-fold increase in V .15

The dependence of forcing on dimension has important implications for the interpre-
tation of studies that report temporal trends in tree growth based on observations of
w, or BAI. If a perturbation in growth due to a combination of increasing atmospheric
carbon dioxide and warming, for example, were to cause a two-fold increase (doubling)
in biomass at the age of merchantability, then we would expect enhancements in Dib20

and BA of just 19.0 and 60.0 %, respectively. Likewise, if an extreme drought event
reduced biomass by 100.0 %, we should only expect decreases in Dib and BA of just
9.5 and 30.0 %. Taking a real example, the British Columbia Ministry of Forests Lands
and Natural Resource Operations collected tree rings from a subsample of Douglas-fir
trees at 35 permanent sample plots in coastal British Columbia, Canada. The stands25

were fully stocked and dominated by Douglas-fir. The plots were evenly distributed be-
tween maritime and submaritime regions within the natural range of coastal Douglas-
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fir. Date of establishment of the stands ranged from the 1860’s to the 1960’s. Temporal
trends in tree growth were inferred using the “cohort comparison” approach (Lopatin
et al., 2008), gauging trend from change in specific yield between stands of different
date of establishment. Here, we arbitrarily chose a reference ring age of 75 years. Fit-
ting Monod functions to Dib, or Chapman–Richards functions to BA and B indicated5

positive temporal trends between discrete classes in date of establishment (Fig. 1),
which may be the result of natural stand dynamics, extrinsic processes like climate
change in increasing atmospheric carbon dioxide concentration, and sampling biases
(Briffa and Melvin, 2011; Brienen et al., 2012). Regardless of the cause, differences in
the relative magnitude of the enhancement – with trends in Dib and BA being substan-10

tially less than that of B – are consistent with the above examples.
Lastly, the relative sensitivity of standardized w to extrinsic factors may vary with

age or size in ways that are not consistent across dimensions. Consider a hypothetical
simulation where annual growth of stemwood biomass is characterized by prescribed
limitations of heat and water:15

AGR = G10

(
Q

( T−10
10 )

10

)(
1

1+exp(τ(ETp −ETp, th))

)
(1)

where the sensitivity to air temperature (T ) is prescribed as Q10 = 6, the growth at
T = 10 ◦C (G10) is set to 3.5 kgCyr−1, and the sensitivity to potential evapotranspiration
(ETp, mmsd−1) is defined by the shape parameter, τ = 4.0, and threshold, ETp, th =

2.1 mmd−1. In a hypothetical scenario, the tree grows for 200 years under simulated20

inter-annual climate variability, defined by a normal distribution of air temperature (µ =
10.0, σ = 2.0 ◦C) and ETp that varies with T according to ETp = 0.17T +0.1+ε, where ε

adds a normally-distributed random component of variation (µ = 0, σ = 0.15 mmd−1).
The scenario is intended to simulate a tree that operates on the upper cusp of the tran-
spiration stress function (i.e., lower cusp of the corresponding “vulnerability” curve),25

and thus commonly experiences moderate levels of hydraulic dysfunction. Ontogenetic

8345

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-print.pdf
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 8341–8352, 2015

Ideas and
perspectives: use of
tree-ring width as an

indicator of tree
growth

R. A. Hember et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

variation is intentionally stationary (i.e., AGR is independent of B and age). The re-
sulting case leads to a temperature sensitivity that is significantly different from zero
(λAGR = 0.15±0.01 kgC ◦C−1). The relative sensitivity to T can be calculated as the
slope of the AGR vs. T regression relationship, divided by the mean of AGR (for all
ages), times 100 to convert it to a percent. If the relative sensitivity is subsampled from5

the first or second halves of the tree’s existence (i.e., young and old treatments), the
sensitivities are estimated to be λAGR = 5.4 and 5.3 % ◦C−1, respectively, which are not
statistically different (P < 0.001). To compare this with estimates based on the more-
commonly analyzed ring width, we re-calculate the relative temperature sensitivity, only
using w (λw ), for each age treatment. In this case, w was derived from inverting the10

allometric equation for AGR assuming the relationship, B = 0.018D2.05. As in standard
dendroecological procedures, values of w were then standardized to remove the vari-
ance explained by ring age:

f (A) = b1

(
1

1+ (b2A)

)
(2)

where b1 and b2 are fitted parameters, and A is age. In the absence of stand dynamics15

and a biological signal, the fitted age response function is an unbiased estimator of w
and effectively removes the geometric effect. If the standardization is based on the ratio,
w/f (A), then the relative temperature sensitivity for the young and old age treatments
are λw = 7.7 and 11.6 % ◦C−1, respectively. If the standardization is based on residuals,
w − f (A), then the relative temperature sensitivity for the young and old age treatments20

are λw = 7.3 and 3.4 % ◦C−1, respectively. The hypothetical scenario demonstrates that
interaction between ontogeny and extrinsic factors can be specific to the dimension
being measured due to different ontogenetic patterns of each dimension (Bowman
et al., 2013). Although discrepancies in the sensitivities in the example are relatively
small, they are strongly influenced by the relatively high level of prescribed water stress25

and are expected to be far greater in cases where temperature sensitivity is not as
strongly counteracted by water stress.
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4 Summary

Problems associated with the dimension and standardization of ring-width measure-
ments indicate a bias in the sensitivity of tree growth inferred from w, or BAI. Several
studies recognize the ineffective standardization of w and work instead with BAI be-
cause it is more closely related to AGR (e.g., Smith et al., 1989; Becker et al., 1994;5

Bert et al., 1997; Silva et al., 2010; Lapointe-Garant et al., 2010; Gómez-Guerrero
et al., 2013). Despite the extent of valuable forest science that has reported findings
based on analysis of BAI, we advocate use of AGR (e.g., Graumlich et al., 1989; Ba-
scietto et al., 2004; Hogg et al., 2005; Metsaranta and Kurz, 2012) because it also
resolves the problem of state variable-specific forcing. We are careful to note, however,10

that working with AGR does not dismiss the need to distinguish between intrinsic and
extrinsic forcings through a combination of careful experimental design and statistical
modelling (e.g., Girardin et al., 2008; Lapointe-Garant et al., 2010; Girardin et al., 2012;
Hember et al., 2012). By working with absolute growth rate of stemwood biomass,
studies can circumvent difficulties interpreting trends and environmental sensitivity of15

w that arise from geometric distortion and dimension-dependent sensitivity to extrin-
sic forcing and conform with the universally-accepted definition of primary production,
as a flux density of mass or energy. Dendroclimatologists have compiled extensive
databases of tree ring chronologies, yet they have limited capacity to clearly inform on
the environmental sensitivity of tree growth without accurate reconstruction of tree size20

and transformation of dimensional measurements into AGR. Although use of allometric
equations to convert tree ring measurements into gravimetric or volumetric units intro-
duces additional uncertainty, we consider this source of error to be less confounding
than the problems that currently arise from use of w or BAI. Hence, although there
is a strong scientific need to use tree-level measurements to estimate the sensitivity25

of growth to environmental factors (Moore et al., 2006), or to compare tree-ring mea-
surements with other data sources, such as model predictions (Girardin et al., 2011;
Rammig et al., 2014), remote sensing (Andreu-Hayles et al., 2011; Beck et al., 2011;
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Williams et al., 2011), or stable isotopes (Bert et al., 1997; Sleen et al., 2014), it is
important to recognize that sensitivity of primary production indirectly inferred from
analysis of w or BAI is significantly underestimated.

Acknowledgements. This research was funded by the Pacific Institute for Climate Solutions.
We thank Kevin Hardy, British Columbia Ministry of Forests, Lands and Natural Resource Op-5

erations for collection and access to tree-ring measurements.

References

Andreu-Hayles, L., D’Arrigo, R., Anchukaitis, K. J., Beck, P. S. A., Frank, D., and Goetz, S.:
Varying boreal forest response to Arctic environmental change at the Firth River, Alaska,
Environ. Res. Lett., 6, 045503, doi:10.1088/1748-9326/6/4/045503, 2011.10

Babst, F., Bouriaud, O., Alexander, R., Trouet, V., and Frank, D.: Toward consistent measure-
ments of carbon accumulation: a multi-site assessment of biomass and basal area increment
across Europe, Dendrochronologia, 32, 153–161, doi:10.1016/j.dendro.2014.01.002, 2014.

Bascietto, M., Scarascia-Mugnozza, G., and Cherubini, P.: Tree ring from a European beech for-
est chronosequence are useful for detecting growth trends and carbon sequestration, Can. J.15

Forest Res., 34, 481–492, 2004.
Beck, P. S. A., Juday, G. P., Alix, C., Barber, V., Winslow, S. W., Sousa, E. E., Heiser, P. A.,

Herriges, J. D., and Goetz, S. J.: Changes in forest productivity across Alaska consistent
with biome shift, Ecol. Lett., 14, 373–379„ doi:10.1111/j.1461-0248.2011.01598.x, 2011.

Becker, M., Nieminen, T., and Geremia, F.: Short-term variations and long-term changes in oak20

productivity in northeastern France – the role of climate and atmospheric CO2, Ann. Sci. For.,
51, 477–492, doi:10.1051/forest:19940504, 1994.

Bowman, D. M. J. S., Brienen, R. J. W., Gloor, E., Phillips, O. L., and Prior, L. D.:
Detecting trends in tree growth: not so simple, Trends Plant Sci., 18, 11–17,
doi:10.1016/j.tplants.2012.08.005, 2013.25

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., and West, G. B.: Toward a metabolic
theory of ecology, Ecology, 85, 1771–1789, doi:10.1890/03-9000, 2004.

Duncan, R. P.: An evaluation of errors in tree age estimates based on increment cores in
Kahikatea (Dacrycarpus dacrydioides), New Zealand Natural Sciences, 16, 1–37, 1989.

8348

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-print.pdf
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1088/1748-9326/6/4/045503
http://dx.doi.org/10.1016/j.dendro.2014.01.002
http://dx.doi.org/10.1111/j.1461-0248.2011.01598.x
http://dx.doi.org/10.1051/forest:19940504
http://dx.doi.org/10.1016/j.tplants.2012.08.005
http://dx.doi.org/10.1890/03-9000


BGD
12, 8341–8352, 2015

Ideas and
perspectives: use of
tree-ring width as an

indicator of tree
growth

R. A. Hember et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fritts, H. C.: Tree Rings and Climate, Academic Press, New York, New York, 1976.
Hember, R. A., Kurz, W. A., Metsaranta, J. M., Black, T. A., Guy, R. D., and Coops, N. C.:

Accelerating regrowth of temperate-maritime forests due to environmental change, Glob.
Change Biol., 18, 2026–2040, doi:10.1111/j.1365-2486.2012.02669.x, 2012.

Hogg, E. H., Brandt, J. P., and Kochtubajda, B.: Factors affecting interannual variation in growth5

of western Canadian aspen forests during 1951–2000, Can. J. Forest Res., 35, 610–622,
2005.

Kozak, A.: A variable-exponent taper equation, Can. J. Forest Res., 18, 1363–1368,
doi:10.1139/x88-213, 1988.

Girardin, M., Raulier, F., Bernier, P., and Tardif, J.: Response of tree growth to a changing10

climate in boreal central Canada: a comparison of empirical, process-based, and hybrid
modelling approaches, Ecol. Model., 213, 209–228, doi:10.1016/j.ecolmodel.2007.12.010,
2008.

Girardin, M., Bernier, P., Raulier, F., Tardif, J., Conciatori, F., and Guo, X.: Testing for a CO2
fertilization effect on growth of Canadian boreal forests, J. Geophys. Res.-Biogeo., 116, 1–15

16, doi:10.1029/2010JG001287, 2011.
Girardin, M. P., Guo, X. J., Bernier, P. Y., Raulier, F., and Gauthier, S.: Changes in growth of

pristine boreal North American forests from 1950 to 2005 driven by landscape demographics
and species traits, Biogeosciences, 9, 2523–2536, doi:10.5194/bg-9-2523-2012, 2012.

Gómez-Guerrero, A., Silva, L. C. R., Barrera-Reyes, M., Kishchuk, B., Velázquez-Martínez, A.,20

Martínez-Trinidad, T., Plascencia-Escalante, F. O., and Horwath, W. R.: Growth decline and
divergent tree ring isotopic composition (δ13C and δ18O) contradict predictions of CO2 stimu-
lation in high altitudinal forests, Glob. Change Biol., 19, 1748–1758, doi:10.1111/gcb.12170,
2013.

Graumlich, L. J., Brubaker, L. B., and Grier, C. C.: Long-term trends in forest net primary pro-25

ductivity: Cascade Mountains, Washington, Ecology, 70, 405, doi:10.2307/1937545, 1989.
Lapointe-Garant, M.-P., Huang, J.-G., Gea-Izquierdo, G., Raulier, F., Bernier, P., and

Berninger, F.: Use of tree rings to study the effect of climate change on trembling aspen in
Québec, Glob. Change Biol., 16, 2039–2051, doi:10.1111/j.1365-2486.2009.02048.x, 2010.

Lopatin, E., Kolstrom, T., and Spiecker, H.: Long-term trends in radial growth of Siberian spruce30

and Scots pine in Komi Republic (northwestern Russia), Boreal Environ. Res., 13, 539–552,
2008.

8349

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-print.pdf
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1111/j.1365-2486.2012.02669.x
http://dx.doi.org/10.1139/x88-213
http://dx.doi.org/10.1016/j.ecolmodel.2007.12.010
http://dx.doi.org/10.1029/2010JG001287
http://dx.doi.org/10.5194/bg-9-2523-2012
http://dx.doi.org/10.1111/gcb.12170
http://dx.doi.org/10.2307/1937545
http://dx.doi.org/10.1111/j.1365-2486.2009.02048.x


BGD
12, 8341–8352, 2015

Ideas and
perspectives: use of
tree-ring width as an

indicator of tree
growth

R. A. Hember et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Metsaranta, J. M. and Kurz, W. A.: Inter-annual variability of ecosystem production in boreal
jack pine forests (1975–2004) estimated from tree-ring data using CBM-CFS3, Ecol. Model.,
224, 111–123, doi:10.1016/j.ecolmodel.2011.10.026, 2012.

Metsaranta, J. M. and Lieffers, V. J.: Using dendrochronology to obtain annual data for mod-
elling stand development: a supplement to permanent sample plots, Forestry, 82, 163–173,5

doi:10.1093/forestry/cpn051, 2009.
Moore, D., Aref, S., Ho, R., Pippen, J., Hamilton, J., and Lucia, D.: Annual basal area increment

and growth duration of Pinus taeda in response to eight years of free-air carbon dioxide
enrichment, Glob. Change Biol., 12, 1–11, 2006.

Paine, C. E. T., Marthews, T. R., Vogt, D. R., Purves, D., Rees, M., Hector, A., and Turn-10

bull, L. A.: How to fit nonlinear plant growth models and calculate growth rates: an up-
date for ecologists, Methods in Ecology and Evolution, 3, 245–256, doi:10.1111/j.2041-
210X.2011.00155.x, 2012.

Rammig, A., Wiedermann, M., Donges, J. F., Babst, F., von Bloh, W., Frank, D., Thonicke, K.,
and Mahecha, M. D.: Coincidences of climate extremes and anomalous vegetation re-15

sponses: comparing tree ring patterns to simulated productivity, Biogeosciences, 12, 373–
385, doi:10.5194/bg-12-373-2015, 2015.

Van der Sleen, P., Groenendijk, P., Vlam, M., Anten, N. P. R., Boom, A., Bongers, F.,
Pons, T. L., Terburg, G., and Zuidema, P. A.: No growth stimulation of tropical trees by
150 years of CO2 fertilization but water-use efficiency increased, Nat. Geosci., 8, 24–28,20

doi:10.1038/ngeo2313, 2015.
Smith, R. B., Nornbeck, J. W., Federer, C. A., and Krusic, P. J.: Regionally averaged diameter

growth in New England forests (Research Paper NE-637), Department of Agriculture Forest
Service, Northeastern Forest Experiment Station, Durham, New Hampshire, 1989.

Voelker, S. L.: Age-dependent changes in environmental influences on tree growth and their25

implications for forest responses to climate change, in: Size- and Age-Related Changes in
Tree Structure and Function, edited by: Meinzer, F. C., Lachenbruch, B., and Dawson, T. E.,
Tree Physiology, Springer Netherlands, 455–479, 2011.

Williams, A. P., Allen, C. D., Macalady, A. K., Griffin, D., Woodhouse, C. A., Meko, D. M., Swet-
nam, T. W., Rauscher, S. A., Seager, R., Grissino-Mayer, H. D., Dean, J. S., Cook, E. R.,30

Gangodagamage, C., Cai, M., and McDowell, N. G.: Temperature as a potent driver
of regional forest drought stress and tree mortality, Nature Climate Change, 3, 1–6,
doi:10.1038/nclimate1693, 2012.

8350

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-print.pdf
http://www.biogeosciences-discuss.net/12/8341/2015/bgd-12-8341-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.ecolmodel.2011.10.026
http://dx.doi.org/10.1093/forestry/cpn051
http://dx.doi.org/10.1111/j.2041-210X.2011.00155.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00155.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00155.x
http://dx.doi.org/10.5194/bg-12-373-2015
http://dx.doi.org/10.1038/ngeo2313
http://dx.doi.org/10.1038/nclimate1693


BGD
12, 8341–8352, 2015

Ideas and
perspectives: use of
tree-ring width as an

indicator of tree
growth

R. A. Hember et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. List of variable symbols and description.

Symbol Description

B Biomass of stemwood (kgCtree−1)
AGR Absolute growth rate of stemwood biomass, AGR= ∆B/∆t (kgCtree−1 yr−1)
Dib Inside-bark diameter of stemwood (cm)
Dob Outside-bark diameter of stemwood (cm)
w ring width, or ∆(Dib/2)/∆t (mmyr−1)
BA Basal area of stemwood (cm2)
BAI Annual incremental growth of stemwood basal area (cm2 yr−1)
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Figure 1. Analysis of age-class yield curves for discrete classes in calendar year ranging from
1920–1939, 1950–1969, and 1980–1999 (a) diameter (b) basal area (c) stemwood biomass
(d) summary of the change in specific yield at ring age 75 years relative to the first class.
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