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Preface

This issue of Studia Forestalia Suecica contains
some of the papers presented during a IUFRO
workshop on “Management of Structure and
Productivity of Boreal and Subalpine Forests”.
The workshop was a mixture of lectures and
excursions, during which the participants trav-
elled from the lowlands of Central Finland to
the forest limit in Northern Sweden. The empha-
sis of the workshop was on the biological and
environmental constraints on forest yield in
managed boreal and temperate forests. During
such a short meeting it is impossible to cover
more than a few aspects of the functioning of
forest ecosystems. The four main areas selected
were forest genetics, forest structure, nutrition
and environmental stress. The problems associ-
ated with scaling-up basic knowledge from the
level of organs to trees and ecosystems were also
discussed.

Forests cover more than a third of the land
surface of the earth, and are almost equally dis-
tributed between the temperate and the tropical
regions. In the temperate regions, forest and
woodland account for approximately 40% of
the total land area. The forests of the boreal
zone, together with temperate forests of the
northern hemisphere, form the main base for
the world’s current timber and pulp production.
Forests and other wooded land thus constitute
the largest component of current and future land
use in terms of area, and play an important part
in the global carbon balance. The role of man-
aged forest as a carbon sink or source, as well
as the possibility of increasing carbon seques-
tration in forest ecosystems through silvicultural
practices, is therefore a new and important area
of research for forest scientists.

Managed forests cover a range from plan-
tations, in which management includes all silvi-
cultural activities, through natural forest man-
aged for wood production, to natural forests
simply exploited for timber products.

Factors regulating biomass production con-
cern the physical and biological processes con-
trolling carbon gain and partitioning. These

processes are the same in high-yielding as in
low-yielding stands, as well as in different
species. Specific site conditions, in terms of
climate and fertility determine, however, actual
biomass production.

To be able to understand and evaluate the
potential effects of natural and anthropogenic
environmental changes on the future structure,
biomass production and yield of managed
forests, it will be necessary to predict both the
short-term responses of the forest to altered
climate, disturbance and silvicultural practices,
and the effects on long-term sustainable site
productivity and biodiversity. The long-term
emphasis will require that conceptual advances
be made in our capacity to characterise the
sustainability and resilience of ecosystems in
response to altered rates of input, loss and
cycling of carbon, water and mineral nutrients.

The papers presented during the workshop
demonstrated convincingly how current silvicul-
tural practices may have both positive and nega-
tive effects which last longer than a rotation.
However, they also indicated how practices
which have a sound scientific base can provide
management tools which guarantee the sustain-
able use and stability of our forest eco-
systems.

Financial support for the workshop was pro-
vided by the Academy of Finland, the
Finnish Ministry of Agriculture and Forestry,
“Fonden for skogsvetenskaplig forskning”,
“Cellulosaindustrins ~ Stiftelse”, the Royal
Swedish Academy of Agriculture and Forestry,
the Swedish Council of Forestry and Agri-
cultural Research and the National Swedish
Environment Protection Board. The support
given by these bodies is gratefully acknowledged.
We wish also to thank our friends and colleagues
for their excellent help in refereeing the individ-
ual papers.

Uppsala and Joensuu, December 1993

Sune Linder Seppo Kellomdki
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Provenance and Family Variation for Juvenile
Growth Characteristics of Pinus taeda L.
and the Impact on Early Selection for Growth
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Abstract

McKeand, S.E. & Bridgewater, F.E. 1993. Provenance and family variation for juvenile
growth characteristics of Pinus taeda L. and the impact on early selection for growth. In
Management of structure and productivity of boreal and subalpine forests (ed. S. Linder &
S. Kellomiki). Studia Forestalia Suecica 191. 94 pp. ISSN 0039-3150, ISBN 91-576-4822-0.

Stem elongation in first-and second-year Loblolly pine (Pinus raeda L.) seedlings has reliably
predicted 8- to 12-year heights of half-sibs in Atlantic Coastal Plain provenances. However,
stem elongation traits may not be useful for early selection with other provenances. For
western provenances, shoot dry weight at 4-6 months is used to predict field performance,
but dry weight has not been a good predictor for the Atlantic Coastal provenances.

A study with 13 to 16 open-pollinated families from each of five provenances was
established to test for differences among them for early selection. Ranks of stem elongation
traits for the five provenances were as expected with the southern and lower coastal plain
sources growing the fastest. Heritabilities for most traits in most provenances were moderate
to high. Elongation traits were most strongly related to 5-year heights of older half-sibs in
other trials for the Atlantic Coastal, Middle-Upper Gulf, and Marion County, Florida
provenances, but the relationships were weaker for the Lower Gulf and the Gulf Hammock,
Florida provenances. Thus, there is evidence that early selection based on first- and second-
year stem elongation traits may be effective only for certain provenances of Loblolly pine.
Key words: genetic gain, heritability, juvenile-mature correlation, shoot elongation, tree
breeding, tree improvement.

Steven E. McKeand! and Floyd E. Bridgwater?.

ICooperative Tree Improvement Program and * USDA Forest Service, Department of
Forestry, P.O. Box 8002, North Carolina State University, Raleigh NC, 27695-8002, USA.
MS. received 11 November 1992

MS. accepted 7 January 1993

Introduction

Stem elongation in first- and second-year enances, and it is

possible

Loblolly pine (Pinus taeda L.) seedlings has re-
liably predicted 8-12 year field performance in
eastern North Carolina (NC) and South
Carolina (SC) provenances (Williams, 1987;
Bridgwater, 1989; and Li, McKeand & Allen,
1989, 1991). While other juvenile traits have
been evaluated, stem elongation appears to be
the most reliable and most easily assessed trait
for early selection.

The utility of stem elongation for early selec-
tion has not been demonstrated for other prov-

provenances will not behave in the same way.
For example, total stem dry weight at 4-6
months is being used in the operational breeding
program of the Western Gulf Cooperative with
provenances from west of the Mississippi River
(Lowe & van Buijtenen, 1989). However, dry
weights have not been good predictors of field
performance of older siblings in studies of the
NC provenance (Williams, 1987; Li et al., 1991).

Since breeding and testing trees in a tra-
ditional, long-term tree improvement program
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is very expensive, the ability to screen selections
before they are placed into breeding populations
would be very valuable. For breeders to use
early selection as a screening tool, a reliable and
repeatable early selection method for the breed-
ing populations is required.

The objective of the study is to evaluate the
use of stem elongation traits as a method of
early selection for families from five provenances
of Loblolly pine.

Materials and methods

Open-pollinated seeds of 13 to 16 families from
each of five provenances in the southeastern
United States were planted in the trial (Table 1).
These same families from the Atlantic Coastal
(ACP), Marion County (MC), Gulf Hammock
(GH), and Lower Gulf (L.G) provenances were
previously planted in a series of six tests estab-
lished in 1982 and 1983 by members of the
University of Florida Cooperative Forest
Genetics Research Program and the North
Carolina  State  University —  Industry
Cooperative Tree Improvement Program
(Anonymous, 1988). The Middle-Upper Gulf
(MUG) families had been planted as series of
three trials in central Alabama and Georgia in
1984 (Anonymous, 1990).

Seeds for the present study were sown in a
greenhouse in Raleigh, North Carolina
(35°47'N, 78°42'W) in early November, 1988
and seedlings were grown in RL Super Cells®
(164 cm®) until they were outplanted 13-15
March 1989 near Georgia-Pacific’s (G-P) nur-
sery at Cedar Springs, Georgia (31°10'N,
85°3'W) and at International Paper Company’s
(IPCo) Southlands Experiment Forest near
Bainbridge, Georgia (30°54'N, 84°36'W)
(Fig. 1). A randomized complete block design
with 36 blocks of single-tree plots of 72 families
was used at each location. Thus, a total of 72

O Provenances Sampled
% Study Locations

Fig. 1. Map of the southeastern United States showing
the general location of the five provenances and the
location of the two field sites. GH is Gulf Hammock,
Florida and MC is Marion County, Florida.

seedlings were planted per family. The trees were
planted at a spacing of 1.3 x 1 m at G-P and
1 x 1 m at IPCo to minimize block sizes. No
cultural treatments were imposed on the trees
except that tip moths (Rhyacionia sp.) were con-
trolled with periodic insecticide applications,
and competing vegetation was controlled with
periodic herbicide applications.

After the first growing season, height to the
end of the free growth cycle and total stem
height were measured (free growth being defined
as the developmental progression from hypoco-
tyl emergence to the first terminal bud (Sweet
& Bollmann, 1976). After two growing seasons,
total height was measured again, and the lengths
for first- (excluding free growth) and second-
season elongations were calculated. The number
of growth cycles or flushes was counted after
both growing seasons. (A cycle is commonly
referred to as a flush or internode in reference
to stem growth. In Pinus, each is typically
characterized by a zone of sterile cataphylls,

Table 1.‘ Provenances of loblolly pine used in the study

Provenance (Code)

Latitude range Longitude range

Atlantic Coastal Plain (ACP)

Marion County, Florida (MC)

Gulf Hammock, Florida (GH)

Lower Gulf Coastal Plain (LG)
Middle-Upper Gulf Coastal Plain (MUG)

32°-34°N 79°-83*W
28°50'-29°20'N 81°30'-82°30'W
29°00-29°20'N 82°20'-83°00'W
31°-32°N 86°-89°W
32°-34°N 83°-89°W




subtended by a zone of secondary needles, and
a whorl of branches (Van Den Berg & Lanner,
1971)).

Family and provenance means across the two
planting sites were calculated for each trait. All
statistical analyses were conducted using the
GLM and VARCOMP (Type I sums of squares)
procedures in SAS (SAS Institute Inc., 1985). To
estimate the significance levels for provenance
effects in the analyses of variance (Table 2), an
approximate F-test (Satterthwaite, 1946) was
used. Genetic and environmental components
of variance were estimated for each provenance
separately. The variance among open-pollinated
families within each provenance was assumed
to estimate one-quarter of the additive genetic
variance (Falconer, 1989), and individual tree
heritabilities for each provenance were calcu-
lated as:

2
4 ¢

hz - —
- 2
GZF + (o= + GZ

where: o’ = variance among families

o?pr = variance due to family by location
interaction

o? = variance among trees within a family
within location

Standard errors of each h? estimate were cal-

culated using methods of Becker (1984). Family
mean (product-moment) correlations between
variables measured in the early selection trial
and the five-year field heights from the older
field trials were calculated for each provenance.
Family mean correlations are usually conserva-
tive estimates of genetic correlations. If environ-

Table 2. Form of the analysis of variance used in
the overall analyses

Deg. of

Source freedom Expected mean squares?
Location 1
Blocks (L) 69
Provenance 4 6%+ b6T orpy + 1D

103 1 DG p 4 D62
LxP 4 o2 + bt ke + (0% e + DIGEp
B(L)xP 276 %+ 165 up
F(P) 67 o4 bcixm, +1bo g,
LxF(P) 67 o+ bot wrp)

B(L)xF(P) 4562 &2
Corr. total 5050

!Provenances were considered as fixed effects, all others
as random effects.

ments are uncorrelated, the estimates are the
same.

The ideal method to compare different stem
elongation traits in different provenances for
their potential as early selection traits would be
to compare the correlated response (Falconer
1989) at rotation age from selecting on the
different juvenile traits:

CR=ij hy hy 155 Op,,

where:

CR=correlated response at rotation age from
selecting at juvenile ages

i;=selection intensity for juvenile trait
hy=square root of heritability for juvenile trait
hyr=square root of heritability for mature trait
¥y.3r = genetic correlation between juvenile trait
and mature trait

Py, =phenotypic standard deviation of mature
trait.

However, we do not have estimates of h;,; and
op,, and we have only the family mean corre-
lations between juvenile traits and 5-year
heights, not the genetic correlation between juv-
enile and mature traits. We used the product of
h; and r;.5,, to determine which stem elongation
traits have the most potential for early selection.
These products were also compared among
provenances to determine which provenances
would likely be responsive to early selection.

Results and discussion

At both test sites, growth and survival (97%)
were excellent after two growing seasons.
Provenances differed significantly (p>0.01) for
total height, stem elongation, and number of
growth cycles (Table 3), and rankings were as
expected based on other provenance studies
with Loblolly pine (Kraus, Wells & Sluder,
1984). The Florida provenances grew the most
and had the most cycles in both years, followed
by the Atlantic Coastal, Lower Gulf, and the
Middle-Upper Gulf provenances.

There were very large differences estimated
for the degree of genetic control for the different
traits (Table 4). Individual tree heritabilities
were very high for the Middle-Upper Gulif prov-
enance and were intermediate for most of the
other provenances. There were small differences
in growth among the families in the Marion Co.
provenance, with h? values of only 0.09 and 0.15
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Table 3. Provenance means for total height, stem elongation, and number of growth cycles. Range of
family means within each provenance is in parentheses

Atlantic
Marion Gulf Ham. Coastal Middle-Upper
Trait Co, FL FL Plain Lower Gulf Gulf
Height {cm)
Yr 1 85.3 85.2 70.4 61.3 54.0
(81-92) (73-96) (61-79) (50-68) (45-69)
Yr2 241.2 242.8 211.2 190.9 175.6
(232-236) (211-260) (186-235) (169-206) (157-200)
Stem elong. (cm)
Yr 0-1 532 525 39.1 30.6 26.3
(48-60) (40-62) (27-50) (23-38) (20-40)
Yr 0-2 209.1 210.0 179.9 160.2 148.0
(199-222) (179-226) (154-206) (143-176) (130-170)
Yri-2 155.5 1571 140.3 129.3 121.4
(147-163) (138-168) (124-157) (119-139) (110-139)
No. of growth cycles
Yri 39 39 2.8 2.1 1.8
(3.5-4.7) (3.0-4.4) (1.8-3.5) (1.7-2.7) (1.1-2.9)
Yr2 49 5.0 4.6 44 4.1
(4.5-5.3) (4.6-5.6) (4.3-5.2) (4.1-4.6) (3.6-4.5)

Table 4. Individual tree heritability estimates and standard errors in parentheses for different prov-
enances for total height, stem elongation, and number of growth cycles

Atlantic

Marion Gulf Ham. Coastal Middle-Upper
Trait Co, FL FL Plain Lower Gulf Gulf
Height
Yri 0.09(.05) 0.44(.17) 0.44(.16) 0.42(.17) 0.93(.31)
Yr2 0.11(.06) 0.49(.18) 0.58(.20) 0.45(.18) 0.80(.28)
Stem elongation
Yr 0-1 0.15(.08) 0.40(.16) 0.53(.18) 0.35(.14) 0.75(.27)
Yr 0-2 0.10(.06) 0.49(.18) 0.64(.21) 0.42(.17) 0.71(.25)
Yr1-2 0.11(.06) 0.32(.13) 0.37(.14) 0.21(.10) 0.44(.18)
No. of growth cycles
Yri 0.46(.17) 0.55(.20) 0.59(.20) 0.33(.14) 0.84(.29)
Yr2 0.30(.12) 0.37(.14) 0.47(.17) 0.10(.06) 0.53(.21)

for total height and stem elongation, respect-
ively, in both the first and second year. The
range of heritability estimates for the Atlantic
Coastal provenance was very similar to values
reported by Li et al. (1991) for height and first-
year stem elongation in a greenhouse (h*=0.37
to 0.73) for families from North Carolina (a
slightly more northern provenance, 34°-37°N,
76°-79°W, than was used in the current study).
For second-year stem elongation in a nursery,
heritabilities from 0.36 to 0.54 were found for
the North Carolina families (Li, Williams,
Carlson, Harrington & Lambeth, 1992). No
variance component estimates have been re-
ported for these traits for the other provenances
used in our study.

There was an interesting trend in the herita-
bility values for the annual height increment in
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the first and second years. The h? estimates for
stem elongation from year 1 to year 2 decreased
can average of 0.15 from the h? for stem elong-
ation in the first year. Apparently, the environ-
mental variation was higher or family variation
was lower for cyclic growth in the second year
as compared to the first year. This was also
suggested by the lower h? values (average de-
crease =0.20) for the number of growth cycles
in the second year.

The family mean correlations with the 5-year
field data (Table 5) were less variable than the
heritability estimates. For second year height,
the age-age correlations of family means ranged
from 0.42 for the Gulf Hammock, Florida prov-
enance to 0.85 for the Middle-Upper Gulf prov-
enance. These moderate to strong correlations
of total height and stem elongation with 5-year



Table 5. Family mean correlations between 5-year field height for different provenances with total
height, stem elongation, and number of growth cycles in the early selection study

Atlantic

Marion Gulf Ham. Coastal Middle-Upper
Trait Co, FL FL Plain Lower Guif Gulf
Height
Yri 0.43 0.34 0.44 0.53 + 0.85*
Yr 2 0.65* 042 0.59 + 0.49 + 0.85*
Stem elongation
Yr 0-1 0.13 0.24 0.48 0.46 0.83*
Yr 0-2 0.55% 0.38 0.58 + 0.45 0.85*
Yr1-2 0.58* 0.43 0.61 + 0.41 0.77*
No. of growth cycles
Yri —0.01 —0.03 0.58 + 0.41 0.83*
Yr2 —-0.17 0.07 0.43 0.48 0.67*

* + significant at P<.05 and P<.10, respectively.

heights for all the provenances, especially in the
second year, indicated that families were ranked
with some degree of certainty at two years of
age in our study. While there was a trend for
the second-year heights to be more strongly cor-
related to 5-year field data than first-year
heights, there was no advantage in using stem
elongation versus total height. Apparently the
“noise” from the free-growth cycle (e.g. maternal
effects; Williams, 1987) at the time of planting
had little influence on the correlations, especially
after two growing seasons.

The number of growth cycles correlated very
well with 5-year heights for the Middle-Upper
Gulf provenance and was intermediate for the
Atlantic Coastal and Lower Gulf provenances.
There was no correlation for the two Florida
provenances.

The ability to use stem elongation traits to
predict later field growth appears to have
differed among provenances. When the index of

h ;xr;s, was used to compare the provenances
(Table 6), early selection among families from
the Middle-Upper Gulf provenance would be
the most effective because of the high heritabilit-
ies and age-age correlations for height. Early
selection in the Atlantic Coast provenance
should result in greater gains than early selec-
tion in the Lower Gulf and the two Florida
provenances. The age-age correlations for the
Marion County provenance were comparable
to the correlations for the Atlantic Coastal and
Middle-Upper Gulf provenances. However, the
low heritabilities for height and stem elongation
for the Marion County provenance suggest that
early selection among families will be only mar-
ginally effective. For the Gulf Hammock and
Lower Gulf families, both the heritabilities and
age-age correlations were moderate, suggesting
that early selection will not be as effective as for
the Atlantic Coastal and Middle-Upper Gulf
provenances.

Table 6. Product of the square root of juvenile trait heritability and family mean correlations between
5-year field height for different provenances (h; x1;.s,,) for total height, stem elongation, and number

of growth cycles in the early selection study

Atlantic

Marion Gulf Ham. Coastal Middle-Upper
Trait Co, FL FL Plain Lower Gulf Gulf
Height
Yrl 0.13 0.23 0.29 0.34 0.82
Yr2 0.22 0.29 0.45 0.33 0.76
Stem elongation
Yr 0-1 0.05 0.15 0.35 0.27 0.72
Yr 0-2 0.17 0.27 0.46 0.29 0.72
Yr1-2 0.19 0.24 0.37 0.19 0.51
No. of growth cycles
Yr i —0.01 —0.02 0.45 0.24 0.76
Yr2 —0.09 0.04 0.29 0.15 0.49




Conclusions

Early selection for total height after two years
in the field is a useful tool for reducing numbers
of families that must be evaluated for longer
times in larger field trials in the Atlantic Coastal
Plain and Middle-Upper Gulf regions. Other
methods for early selection must be developed
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Genotype x stocking interactions in Pinus
radiata: productivity and yield implications
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Abstract

Beets, P.N. & Kimberley, M.O. 1993. Genotype x stocking interactions in Pinus radiata:
Productivity and yield implications. In: Management of structure and productivity of boreal
and subalpine forests (ed. S. Linder & S. Kellomiki). Studia Forestalia Suecica 191. 94 pp.
ISSN 0039-3150, ISBN 91-576-4822-0.

A trial comprising a mixture of clones and seedlings of P. radiata was planted in 1973 on
a highly productive, ex-pasture site in New Zealand. Rooted cuttings of six clones were
planted in mixture with seedlings in a stand stocked at 2 200 trees ha™* and subsequently
thinned to give four final stockings (60, 180, 550, 2 200 trees ha ~!). Plot trees were measured
for height, stem diameter at breast height, and height and stem diameter at the base of the
green crown in 1990, at stand age 17 years.

Significant genotype x stocking interactions were evident for most traits. For tree size
traits, one clone dominated at higher tree stockings both in total height and diameter at
breast height (dbh). In contrast, two clones which were gradually being suppressed at higher
stocking levels ranked equally, in terms of dbh, with the fastest growing clone in stands at
the lower stocking levels. A major proportion of the interaction for dbh was accounted for
by the linear relationship between growth rate and the logarithm of stocking, with different
slopes for different clones.

Estimates of environmental and genetic variance in dbh were obtained for each stocking,
based on the variance within clones and between seedlings. With reducing stocking,
environmental variance was found to decrease while genotypic variance increased. Broad-
sense heritability estimates for dbh increased with decreasing stocking.

Key words: Genetics, productivity, clonal forestry, silviculture, thinning, tree health,
competition.
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Introduction

New Zealand’s Pinus radiata D. Don plantations
are usually highly productive and intensively
managed. Improvement of growth and form
traits is an important component in their silvi-
cultural management. Planting of improved
genotypes at low densities, and pruning and
thinning to low stockings are typical practices
aimed at reducing stand establishment costs
while increasing the size and value of the logs.
Tree selection for breeding or thinning requires
information on the relative performance of
genotypes at a range of stockings.

In tree improvement programmes the assess-
ment of relative performance of genotypes is
costly, and for both practical and economic re-
asomns, testing would ideally be undertaken early
in the rotation and using a limited amount of

space. This is being achieved by accelerating tree
growth through weed control, fertilising, plant-
ing at high stocking densities, and then assessing
tree performance on the basis of early height
growth (R. D. Burdon, pers. comm.). Choice of
optimal testing-age has received attention for a
number of traits and is commonly taken into
consideration in tree improvement programmes;
early versus late performance is expressed by
the age-age correlation (Sziklai, 1974). However,
stocking effects have not been satisfactorily
addressed, with available information on geno-
type x stocking interactions in tree species both
limited and inconclusive.

Campbell & Wilson (1973) observed that for
Pseudotsuga menziesii (Mirb.) Franco there is
insufficient information to determine if genotype
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x stocking interaction is a serious problem.
Their experiment on family performance as-
sessed at a range of stockings (1, 3, 5, 7 inches
apart) showed that genotype x stocking inter-
action evident in their data at age 3 years re-
sulted from changes in trait variance at different
stockings. The interaction was not evident after
the data were transformed, and no significant
changes in rank were found. Given that the
range of stockings in commercial forests is usu-
ally small, they concluded that genotype x stock-
ing interaction in P. menziesii was unlikely to
affect selection accuracy.

Total genotypic, environmental, and inter-
action variances can be estimated more precisely
using clones (Burdon & Shelbourne, 1974). The
role of stocking, as a source of interaction vari-
ance, needs to be determined but few clonal
studies have incorporated a range of tree stock-
ings (Fries, 1984), and the testing age has some-
times been too early (Hattemer, Andersson &
Tamm, 1977). An additional problem has been
physiological aging of clonal material, which is
associated with the method of vegetative propa-
gation. Historically, this has resulted in poor
performance of cuttings in comparison with
seedlings (Pawsey, 1971), making the study of
competitive interactions difficult. To avoid
physiological aging, cuttings can be taken from
very young parent material and the genotypes
subsequently maintained in a more juvenile state
through the practice of hedging (Bolstad &
Libby 1982).

Inaccurate selection would occur if pro-
ductivity, quality, and health traits become ap-
parent only later in life or under particular
environmental conditions. Accurate selection
then requires testing to be undertaken under
appropriate conditions. Cannell (1982), working
with juvenile trees, found that families rank
differently in performance depending on the
amount of competition. Ideally, rankings should
be accurate for performance at final stocking
and at the end of the rotation.

A genotype x stocking interaction implies that
some genotypes may grow differently depending
on the amount of competition. Growth pro-
cesses, such as photosynthesis, respiration,
allocation, nutrient uptake, and translocation,
are linked with tree structure (e.g. height, diam-
eter, leaf area distribution), and depend ulti-
mately on genetics and the environment (Dixon,
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1990). Because stocking is known to have large
consequences for growth and product quality,
particularly on fertile sites, more research into
genetic aspects of stocking and competitive
interactions is called for (Morgenstern, 1982).
An opportunity to obtain relevant infor-
mation was provided in a trial set up in the
central North Island of New Zealand in 1973.
Rooted cuttings of Monterey pine clones inter-
planted with seedlings were included in the
design. The development of the clonal material
in comparison with seedling-origin material was
assessed at stand age 17 years. The objectives of
the study reported here were to i) examine the
effects of genotype, stocking, and their inter-
action on growth of Monterey pine, and ii} com-
pare performance variability in clones with that
in non-clonal material at a range of stockings.

Materials and methods

Site description and experimental material

The trial was established at the 35 ha Puruki
Catchment, which is part of the Purukohukohu
Experimental Basin. This basin is located in the
central North Island of New Zealand, where a
major proportion of NZ’s plantation forests are
located. Puruki is a highly productive, ex-
pasture site with a current annual stem volume
production rate exceeding 50 m® ha ' yr ' in
closed canopy stands (Beets & Brownlie, 1987).
Foliar analysis indicates that nutrients are
generally in adequate supply but magnesium
(0.08-0.10% of dry weight) and boron (11—
12 ppm) levels are in the marginal range, with
some variation in tree nutritional status evident
within the catchment. A more complete descrip-
tion of previous land-use, soil, climate, and plan-
tation history has been given by Beets &
Brownlie (1987).

After uniformly spraying with herbicide to kill
pasture plants, the catchment was planted with
1-year-old climbing-select (a largely unimproved
standard used by the NZFRI} P. radiata seed-
lings in 1973 at a stocking rate of 2 200 trees
ha ! (2.4 x 1.8 m spacing ). In three areas total-
ling 1.2 ha, every third seedling in every third
row was replaced with a rooted cutting from
one of six clones (FRI Clone Nos. 448, 450, 451,
454, 455, 456). The size of the planting stock



was not recorded, but one year after planting
the clones averaged 78 cm (range 58—113 cm)
and seedlings 65 cm (range 18—131 cm), based
on trees measured in the unthinned control plot.

An equal number of ramets of each clone was
planted in a fully random sequence. The clonal
areas were deliberately sited on the most level
terrain available in the catchment so that the
areas would be comparable in terms of aspect
and slope. One area fell entirely within the stand
subsequently thinned to 180 trees ha™!, while
the other two areas were each split between two
stocking levels (60/550 and 550/2 200). The
bounded measurement plots installed in these
areas, which comprised seedling-origin material
interplanted with clonal material, differed in size
(0.33, 0.27, 0.40, 0.17 ha at the 60, 180, 550 and
2 200 trees ha~! stocking levels, respectively).
The clones had been identified with a labelled
peg placed next to each ramet, but in some cases
the labels were missing. Live ramets next to
unlabelled pegs were identified from morpho-
logical and chemical (terpene composition) pro-
files we developed for each clone. Mortality data
were considered too unreliable to include in
this paper.

This set of clones was originally propagated
from one-year-old seedlings selected at random
from open-sown nursery beds (Jackson, Gifford
& Hobbs, 1973). The physiological age of the
rooted cuttings at time of planting at Puruki is
uncertain. The cuttings were collected from
hedges derived originally from seedlings, as
documented in Knight (1978), to minimise poss-
ible effects of physiological aging.

Stand management

The plantation was pruned to 2.2 m height and
repeatedly thinned to give four final crop stock-

ing levels as documented in Table 1. The thin-
ning regimes were designed to provide
information for the following canopy conditions:
(i) The unlimited condition of continuous open
growth (at 60 trees ha™! in Tahi subcatchment);
(if) The limited condition of canopy closure (at
2 200 and 550 trees ha* in Rua subcatchment);
(iii) An intermediate condition of successive
open growth followed by canopy closure (at 180
trees ha ™! in Toru subcatchment).

Clones were normally favoured when sel-
ecting trees to remove during thinning oper-
ations, unless a ramet was noticeably deformed
owing to wind damage. The special consider-
ation given to clones was overlooked when
stands were thinned in 1983 and 1984. In those
years tree selection was based on quality and
spacing criteria, as was always the case for the
seedling-origin material. Straight trees free of
forks and with small branches and healthy
crowns were favoured, with tree size and spacing
of secondary importance. The on-site selection
ratio for seedling origin material varied mark-
edly with the thinning regime; 1:1, 1:4, 1:12,
1:36 for unthinned to heavily thinned stands,
respectively, and some improvement in seedling
performance at lower stocking levels might
therefore be expected.

Measurement of tree growth and health

The clonal plots were measured in 1990 at stand
age 17 years. Table 2 gives the number of live
ramets of each clone and of seedling-origin trees
measured at each stocking level. Stem diameter
at breast height (dbh, at 1.40 m above ground)
and height of clonal and seedling-origin trees
were measured to indicate tree growth rate. The
following additional measurements and obser-

Table 1. Nominal pruning and thinning regime in Puruki catchment. All stands were nominally planted

at 2 200 trees ha™ ' in 1973

Thinning year and stocking

Pruned, Ht Trees Trees Trees
Stand Year (m) Year ha™! Year ha™! Year ha™!
Tahi 1979 2.2 1979 550 1983 180 1987 60
Toru 1981 2.2 1981 550 1984 275 1988 180
Rua 1980 22 1980 550 — — — —

Cont® — — — —

“Unpruned and unthinned control stand is within Rua subcatchment.
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vations were made of factors likely to influence
tree growth.

The size and configuration of trees surround-
ing the clonal trees were recorded in the un-
thinned control and the stand thinned to 550
trees ha ™!, so that within-plot variation in tree
performance could be related to competition
with neighbouring trees. Competitors were
selected using a prism, 8—10 trees around each
target tree being measured for dbh and
proximity.

The dbh and height of trees in a portion of
the unthinned control plot were measured annu-
ally. It was therefore possible to relate early
performance to performance at age 17 years.
Height at age 6 (when canopy closed) was con-
sidered to be a suitable basis for comparison
because competitive effects would have been
minimal up to that time.

Susceptibility to a needle-cast fungus,
Cyclaneusma minus (Butin) DiCosmo et al. re-
duced needle retention in the lower crown, lead-
ing to a rise in the height to the base of the
green crown (htbge). Htbge, which was defined
as the point of attachment of the lowest live
branch above which no dead major whorl
occurs, was measured by clone and stocking
level to indicate relative susceptibility of clones
to C. minus. In addition, canopy closure was
followed by increased branch mortality at the
base of the crown owing to low light levels.

Calculations and statistical analysis

The clonal tree data were analyzed as single tree
plots, with ramets of a clone as replicates. Two-
way analyses of variance were performed to test
for clone, stocking, and interaction effects on
dbh, height (ht), and htbgc at age 17 years. Each
sum of squares for stocking was partitioned into
that representing a linear contrast in log(stock-
ing), and that representing deviation from the
linear relationship. A similar partition was ap-
plied to the interactions. A further analysis was
run to determine the effect of C. minus on dbh.
In the analysis, htbge was fitted as a covariate
after removal of the clone and stocking effects
but prior to consideration of the interaction
effect. No test for block effects was possible in
this study. Competition from neighbouring trees
was calculated using a modification of Spurr’s
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index (Spurr, 1962). A competition index was
calculated by summing (dbh/distance)® for all
competing trees around the target tree.

Because the trial contained clones and seed-
lings growing in mixture, it was possible to sep-
arate the phenotypic variance in dbh (1;) into
its two components of genotypic variance (Vg)
and environmental variance (Vg). For each
stocking, 1, was estimated by the variance of
seedling origin trees, Vg by the within clone
variance, and V; by subtracting Vg from ¥
(Falconer, 1960). No variance component be-
tween clones was calculated, so the low repli-
cation and unbalanced nature of the dataset
were not of concern.

Results

Diameter, height, and height to base of the
green crown

Means of size traits at age 17 years are given in
Table 2, and the results of analysis of variance
in Table 3. The mean dbh of clones at the lowest
stocking was approximately twice that found at
the highest stocking, with two clones attaining
50 cm dbh at the lowest stocking. Tree mean
height was largest at the lowest stocking and
approached 30 m in some clones. Height was
much reduced at the highest stocking, where
tree mortality was evident in all clones except
451. Height to the base of the green crown in-
creased with stocking from 4 to 15 m, depending
on the clone. Large differences in live crown
ratio ( green crown length /tree height) were
evident, ranging from 25% for clone 448 at the
highest stocking to 85% for clone 451 at the
lowest stocking.

The dbh of clones 448, 451 and 454, which
were better represented at the extreme stockings
than the other clones, is compared with seedling-
origin trees in Fig. 1. Clone 451 was significantly
larger than seedling-origin trees at the two high-
est stockings, but not significantly different at
the lowest stocking. Clone 454 tended to be
smaller than the seedling-origin trees, but the
difference was not significant at the lowest stock-
ing. Clone 448 also tended to be smaller than
seedling-origin trees, but significantly so only at
the lowest stocking level.



Table 2. Number of ramets and means of size traits (diameter at breast height (dbh), total height and
height to base of green crown (htbgc)) are given by clone and stocking level. Number of seedling-origin
trees and means of size traits are also given (Stocking 1 =60, 2=180, 3=550, 4=2 200 trees ha™'

nominal)
Number of dbh Height htbge
ramets {cm) {m) (m)
Stocking 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Clone
448 2 0 6 2 41 — 33 21 23 — 25 20 4 — 14 15
450 3 0 3 0 38 — 25 — 26 — 25 — 6 — 13 —
451 5 0 8 5 51 — 41 31 29 27 26 4 — 10 1
454 10 9 9 6 50 41 30 22 27 27 26 24 4 8 13 15
455 2 6 0 0 44 27 — — 26 24 — — 5 10 — —
456 0 3 2 4 — 45 36 19 — 27 26 18 — 6 10 10
Seedling
12 35 190 173 56 45 34 26 27 24 25 — 3 5 10 14
Clone and green crown length, with dbh significantly
larger than the other clones at the two highest
60 - stocking levels, but not significantly different
£ from 454 at the lowest stocking. The large dbh
0 B of clones 454 and 456 at the lower stocking
40| é% j levels tested is in marked contrast to their small
f:' % 3 dbh at the two highest stocking levels tested.
) 30 % Clones 448, 450 and 455 performed poorly, in
20 % terms of dbh, at each stocking level tested.
10k % Within a stocking level, C. minus was primarily
% 3 responsible for differences in htbge among
:,;, ) o 73 Y A p g
0 ; 180 550 2200 clones; clones 448, 450, and 454 were the most
STOCKING susceptible clones. Greater defoliation was re-

Fig. 1. Mean dbh of three clones and seedling-origin
trees at four stockings (trees ha™!). Error bars indicate
standard error of the mean. Significant clone, stocking
and genotype x stocking interactions were found.

Genotype x stocking interactions

The significant clone effects found for dbh and
htbge interacted with stocking (Table 3). Clone
451 tended to be the largest clone in height, dbh,

corded in seedling-origin trees growing at the
higher stocking level examined (Table 4).

The effect of stocking in the interaction be-
tween clone and stocking found for dbh and
htbge (Table 3) can be accounted for by the
linear contrast in log(stocking). This indicates
that deviations by individual clones from the
overall relationship with stocking were linear,
but with different slopes for each clone.

Table 3. Analysis of genotype and stocking effects on size traits in Pinus radiata on a fertile site. The
effect of stocking was partitioned into a linear contrast in log (stocking), and into a contrast representing

the deviations from a linear relationship

Mean squares

Stocking Clone x stocking
Trait Clone Linear Non-linear Linear Non-linear Error
dbh (cm) 220%* 6358%* 40%* g9+ 41 26
height (m) 33.9%* 106.6** 29.0%* 9.5 13.0 49
htbge (m) 11.3* 907.7%* 22.77%% 5.7*% 0.2 1.7
d.f. 5 1 2 5 3 68

*significant at 5% level, **significant at 1% level.
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Table 4. The percentage of P. radiata trees with
different levels of needle retention, given in re-
lation to stocking at Puruki. Susceptibility to the
effects of C. minus is considered to be high when
needle retention in the lower crown is low (0
years), and low when needle retention is high
(3 + years). Needle retention was recorded in
spring 1992, in randomly located assessment plots
described by Beets and Brownlie (1987)

Needle retention (years)

Stocking

(trees ha™') 3+ 2 1 0

550 29 19 17 33
60 51 14 26 9

When the dbh of clones 448, 451 and 454 was
analyzed using htbgc as a covariate, the covari-
ate was significant (F 1,45=5.92) and the inter-
action effect was reduced but still significant (F
2,45=3.24).

Competitive relationships in stands

Tree dbh was weakly related to competition
index. The competition index explained 18.8%
of the environmental variance in dbh in the stand
at 550 trees ha™! (Fig. 2), and 15.3% in the
stand at 2 200 trees ha*. No significant inter-
action occurred between clone effects and com-
petition index. Height at age 6 years, measured
for a small number of trees in the stand at 2 200
trees ha™! (Fig. 3), explained 58% of the en-
vironmental variance in dbh for those trees.

Clone
601 O 448
® 450
= A 451
50+~ A 454
" A A o 456
T .1 N A" ® Seedings
L 40 a0 °© ph g m
A A
T A R [s) lA a
Q301 ° %
e g He e
201 R °
A

1
4 5 6 7 8 9 10 M
Competition index

Fig. 2. The relationship between dbh and the compe-
tition index at age 17 years. The competition index was
derived from the dbh and distance of selected trees
surrounding the target tree. The stand was stocked at
550 trees ha™™.
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Fig. 3. The relationship between dbh, and competition
index at age 17 years, and tree height at age 6 years
(indicated adjacent to each plotted point) for ten trees
in the unthinned control plot.

Source of variation in dbh

Phenotypic variance in dbh did not vary greatly
with stocking in absolute terms, but when ex-
pressed as a coefficient of variation (CV) it in-
creased from 14% at the lowest stocking to 29%
at the highest stocking (Table 4). Genotypic
variance decreased at the higher stockings (al-
though when expressed as a CV, it remained
approximately constant). Conversely, environ-
mental variance increased at higher stockings.
The ratio of all genotypic to phenotypic variance
(i.e. broad-sense heritability; Zobel & Talbert,
1984) was, therefore, greatly affected by stock-
ing, decreasing from 0.79 at the lowest stocking
to 0.23 at the highest stocking (Table 5).

Discussion

Because of deficiencies in the design of this trial,
some qualifications regarding these data are
necessary. Caution is required when considering
the effects of thinning on height because (except
in the unthinned control stands where suppres-
sion was occurring) at Puruki mean height is

Table 5. Components of variance of dbh, and heri-
tability estimates ( V/Vp) at four stocking levels.
(Seedlings)

Stocking
(treesha™') CV Vp Ve Vs Ve/Vp
60 13.6 58.5 12.3 462  0.79
180 16.9 58.0 19.4 386  0.66
550 244 68.5 30.3 382 056
2200 28.8 544 420 124 023




known to be less affected by stocking and more
by site and establishment factors (Beets &
Pollock, 1987). Furthermore, the large choice of
potential crop trees at the lowest stocking could
have allowed the selection of seedling-origin
trees of good form without sacrificing tree size.
Stocking and site effects were confounded be-
cause of the lack of true replication. However,
the large differences observed in.dbh and hthgc
were clearly associated with stocking effects. In
terms of variance components, because the vari-
ance between seedlings and within clones (no
between clone variance was calculated) were
based on a large number of trees, the unbalanced
nature of the design did not cause problems in
the analysis. Clonal effects include those of
physiological aging, with implications for esti-
mation of variance components (Burdon &
Shelbourne, 1974). We assume that physiologi-
cal aging was negligible in our material.

Competitive relationships in pine plantations
are receiving increased attention, with impli-
cations both for tree improvement and silvicul-
tural management. Family differences in
competitive ability are expected (Ford, 1975;
Hara, 1984; Magnussen, 1989; von Euler,
Baradat & Lemoine, 1991). The consequences
of competition for estimating genetic parameters
and variances in progeny trials using single-tree
plots are difficult to deal with, and a genotype
x stocking interaction, as demonstrated in our
study, further complicates the estimation of gen-
etic parameters (Magnussen, 1989). Our finding,
that most of the increase in variation in diameter
at high levels of competition was environmental
rather than genetic in origin, is consistent with
that of Cotterill & Zed (1980) who showed that
the heritability of dbh in P. radiata was generally
low to moderate. However, the ratio V/V} in-
creased with thinning intensity (Table 5), sug-
gesting that the heritability estimate for dbh is
very sensitive to competitive conditions in the
testing environment. Our results indicate that
statistically superior performance is more appar-
ent under open-grown conditions, as also found
by Cannell (1982).

Stability in growth performance over a range
of growing conditions is considered desirable
(Zobel & Talbert, 1984). Our results demon-
strate the importance of rapid early growth rate
on stability over a wide range of stockings. The
selection of plus trees in unmanaged stands es-

tablished at high stockings, and subsequent test-
ing of progeny at a young age and a high
stocking, will tend to favour genotypes with
rapid early height growth rates. However,
during the initial development of intensively
pruned and thinned P. radiata stands, compe-
tition for light is minimal, and therefore rapid
early height growth is relatively less important
than traits influencing log quality (e.g. branch
size, stem straightness, stem taper) and health.
In terms of quality traits, clone 454 had better
form (straighter stem, smaller branches, and less
taper) than the most competitive clone, 451.
Branchiness traits have already been docu-
mented for these and other clones (Madgwick,
1983).

Variation in performance of our clones also
depended on a number of interacting environ-
mental (biotic and abiotic) and management fac-
tors related to the health of the trees. Clone 451
had a rapid early growth rate and a low suscepti-
bility to C. minus and therefore derived less ben-
efit from thinning than clones 454 and 456.
While comparatively resistant to C. minus, clone
456 did not grow rapidly in height, which re-
sulted in poor performance at the highest stock-
ing level where competition for light was intense.
At Puruki clones 448, 450, and 454 were the
most susceptible to C. minus. This fungus is
known to cause low needle retention and poor
growth of susceptible genotypes from around
age 6 years onwards, particularly under mild
and wet climatic conditions (van der Pas, Slater-
Hayes, Gadgil & Bulman, 1984; Gadgil, 1984).
Repeated thinning improved stand health by (1)
allowing the identification and selective thinning
of seedling-origin trees exhibiting ill-health at
older ages, and (2) improving stand aeration
and drying of tree crowns, and thereby appar-
ently reducing susceptibility to C. minus. The
decrease in genotype x stocking interaction for
dbh found after htbgc was fitted as a covariate
suggests that at least some of the interaction
effect can be ascribed to C. minus, but additional
factors that affect growth are also involved. For
example, reduced needle retention is becoming
increasingly evident in parts of Puruki catch-
ment (a condition known locally as Upper Mid-
Crown Yellowing), but the effect of this source
of needle loss on growth has not been quantified.
Current research indicates that the severity of
the condition differs among clones and that
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magnesium nutrition is implicated. Information
on interactions among physiological processes
and stocking is not available but these may also
be implicated in the genotype x stocking
interaction.

It has been suggested that testing should be
conducted under conditions similar to those
used in practice (Tauer, 1975). Our results indi-
cate that a reliance on rapid early growth rate
can disadvantage genotypes that (i) perform
more than adequately at low stocking levels, (i7)
have desirable log quality traits, and (iii) are
resistant to disease and perhaps other disorders.
As a selection criterion, intra-specific competi-
tive ability is not an issue of importance when
intensive pruning and thinning is the normal
management practice. Based on progeny tests
planted in family blocks, Cannell (1982) found
that selection for performance in open-grown
conditions did not result in a reduction in pro-
duectivity per hectare under conditions of intense
competition, suggesting that selection under
open-grown conditions may still be appropriate
regardless of the stocking regime adopted.
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Trees of Betula ermanii and Abies mariesii in the subalpine zone became shorter with
increase in altitude of their habitat. Radial growth of Betula increased with altitude, while
that of Abies was suppressed. Annual productivity of Betula was about the same among
trees in different altitudinal habitats, but that of 4bies was reduced when altitude increased.
Such contrasting growth between Betula and Abies species seems to have been caused by

their different response to climatic stresses.
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Introduction

It is well known that plant life is largely altered
by temperature as a climatic stress. In mountain
areas, the temperature gradients often influence
the vertical zonation of vegetation. Some tem-
perature effects have been studied concerning
photosynthesis (Mooney, Marrison & Morrow,
1975; Bunce, Chabot & Miller, 1979). For
photosynthesis and growth of subalpine tree
species, many studies (e.g, Tranquillini &
Havranek, 1985; Schoénenberger & Frey, 1988,
Graumlich, 1991) have reported on the inter-
relation of various environmental factors. The
annual growth of tree species is shown in the
increment of the annual ring and of tree height,
and the former is often used as an indicator of
their production. The width of the annual ring
roughly synchronizes with environmental tem-
perature, and the relationships have been refined
to analyze paleoclimate (Cropper, 1982; Henry,
Andrews & Short, 1989; Villalba, Leiva, Rubulls
& Lenanzo, 1990).

The Japanese subalpine zone (1 500-2 500 m
above sea level (a.s.l)) is characterized by Tsuga

diversifolia and Abies veitchii at low altitudes
and Abies mariesii at high altitudes. Betula
ermanii grows in the gaps of coniferous forest in
the subalpine zone. With increasing altitude of
habitat, the standing density of B. ermanii in-
creases while that of A. mariesii decreases. At
timber-line, about 2 500 m, a pure forest of B.
ermanii exists in a narrow zone, and here the
species branches laterally more often than at
lower altitudes.

This paper describes altitudinal differences in
some of the productive characteristics of
B. ermanii and A. mariesii.

Materials and methods

The experimental site was located in the sub-
alpine zone of the eastward slope of Mt.
Norikura (3 026 m a.s.l.,, 36°06° N, 137°33’ E} in
the central mountain region of Japan. Abies mar-
iesii (abbreviated to Abies) and Betula ermanii
(abbreviated to Betula) growing at 2 000 m,
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2 350 m, and 2 500 m a.s.l. at the site were used
as materials for researching the productivity of
subalpine forest.

Annual wood production of Betula and Abies
was calculated fron volumes produced by
mature trees in 1989 and 1990 on the basis of
the pipe model theory of plant form (Shinozaki,
Yoda, Hozumi & Kira, 1964a), a useful method
for estimating wood production without felling
trees. These volumes were evaluated from a
conical form with the width of annual ring, the
diameter of annual ring at ground level, and
tree height. To estimate these tree growth fac-
tors, five mature trees of both species, with stan-
dard height and diameter, were chosen at
altitudes of 2 000 m, 2 350 m, and 2 500 m. The
width of the annual ring was measured on wood
samples cut off from the east side of trunks at
around ground level, and the diameter of the
annual ring was calculated on the basis of the
tree’s diameter at ground level.

To estimate altitudinal temperature gradients,
air temperature at different altitudes was calcu-
lated using a lapse rate of 0.65°C per 100 m
for this mountain area, based on temperature
data observed at 1 000 m altitude (Nagano
Center of Japanese Meteorological Society,
1984-1991). The lapse rate was obtained from
temperatures observed at 1 000 m, 1 500 m,
2 200 m, and 2 700 m (Miyazaki, 1974; Shibata,
Kato, Arai & Kinoshita, 1976). The air tempera-
tures estimated in the subalpine zone were based
on data from June to August, because Betula
leaves in that area began to open in early June
and change their colour in early September.

Results

At 2 500 m on Mt. Norikura, the average air
temperature from June to August in 1983-1990
was lowest (7.9°C) in 1989 and highest (9.6°C)
in 1990 (Fig. 1). The temperature variation over
several years was synchronized with the annual
variation of the width of annual rings of Betula
at 2 500 m, but this synchronization was not
found in Abies and Betula at lower altitudes.
The width of the annual ring of Abies was
greater in 1990 than in the other years, although
the temperature in 1990 was about the same as
that in 1984. Despite the significant temperature
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Fig. 1. Yearly changes in average air temperature (A)
from June to August in 1983-1990 and the width of the
annual ring of Betula ermanii (0) and Abies mariesii (@)
at an altitude of 2 500 m.

difference between 1984 and 1989, the ring-
widths were the same in both years.

Annual radial growth of Betula increased
greatly with increase in the altitude of its habitat
in 1989 and 1990, while Abies decreased gradu-
ally (p<0.05 in 1989 and p<0.01 in 1990;
Fig. 2). Radial growth of both species in 1989
was less than 1n 1990 at all altitudes. For Betula,
the difference between the two years was signifi-
cantly larger (p<0.01) at 2 500 m, while for
Abies the difference was significantly larger
(p<0.05) at 2 000 m and 2 350 m.

Trees chosen for estimating wood production
were 20-30 cm in diameter, with heights of ca.
19 m at 2 000 m, ca. 9 m at 2 350 m, and ca. 5
m at 2 500 m, but the ages of these trees, judged
from the number of annual rings, varied between

Width of annual ring {(mm)

Altitude (m)

Fig. 2. Changes with altitude in the width of the annual
ring of Betula ermanii (0) and Abies mariesii (@) in 1989
and 1990. Vertical bars show the standard deviation.



ca. 60 years to ca. 150 years for Betula and from
ca. 100 to ca. 250 years for Abies at the same
altitudes. The relation between wood pro-
duction and altitude of habitat of Abies and
Betula in 1989 and 1990, is shown in Fig. 3. In
1990, production of Abies decreased with in-
creasing altitude, especially from 2 000 m to
2 350 m, but that of Betula decreased little. As
a result, Betula at 2 000 m produced only about
30% of that in Abies. However, because of the
small decrease of production in Betula with in-
creasing elevation, production at 2 350 m and
at 2 500 m was larger in Betula than in Abies,
especially at 2 500 m (p<0.01). In 1989, the
production of Abies at 2 000 m was about half
that in 1990, whereas the production of Betula
was about 70% that in 1990.

Discussion

The radial growth of Abies in 1990 was more
vigorous than in 1984, although the temperature
was about the same in both years. This suggests
an influence of factors other than temperature
upon the vigorous growth in 1990. One such
factor may be nitrogen deposition from cloud
water, because of recent air pollution. However,
this is not clear at present, since the nitrogen
analysis has not yet been completed. Radial
growth of Betula seemed to be affected by tem-
perature alone during these eight years.

Annual productivity (dm’/tree)

Altitude (m)

Fig. 3. Changes with altitude in the productivity of
Betula ermanii (0) and Abies mariesii (@) in 1989 and
1990. Vertical bars show the standard deviation.

The radial growth of Abies, shown as the
width of the annual ring, decreased with increas-
ing altitude, and was less in cool summers than
in hot summers. The radial growth of Betula,
however, increased with altitude, although like
Abies, it was reduced in the year with a cool
summer. Some of the reasons for their con-
trasting growth patterns may be related to
differences in their light-requirements and in
their freezing resistance level (Sakai, 1975; Sakai
& Kurahashi, 1975). Grace & Norton (1990)
have reported more vigorous radial growth of
Pinus sylvestris at the tree-line than at lower
altitudes, as a result of higher temperature in its
terminal meristems. As regards Betula, however,
its vigorous radial growth at the timber-line may
be related to photosynthesis in Betula bark,
which contains chlorophyll, like that of Populus
tremuloides (Schaedle & Foote, 1971; Conving-
ton, 1975). The interior of the Betula forest is
lighter than that of the coniferous forest, and is
warmer on sunny days, because direct solar
radiation often reaches the forest floor. Such
conditions are favourable for photosynthesis
in Betula bark.

It has been reported by Shinozaki et al
(1964b) that the theoretical wood production of
a tree of conical form is about the same as its
actual production. The pipe model theory has
been applied to estimate the production of de-
ciduous trees in recent papers (Chiba, 1990,
1991). Shortened Betula trees near the timber-
line are transformed to cluster canopies as they
grow into multi-stemmed forms. For this form
of Betula the theoretically calculated wood pro-
duction must be smaller than actual production,
whereas wood production of Betula in the lower
area seems nearly equal to its theoretical pro-
duction, because the species grows rather
straight, with relatively few lateral branches.
This interpretation makes the contrasting alti-
tudinal wood production of the two species
clearer. With increasing altitude, the production
of Abies markedly decreased, while no such de-
crease was found for Betula. Such differences
between the species seem to have resulted from
their contrasting responses to climatic stresses.

The potential productivity of Betula is larger
than that of Abies in the upper subalpine zone.
The wood production of Betula at lower alti-
tudes, where Betula trees grow sparsely in Abies
forest, seems to be smaller than that of Abies
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and is probably due to insufficient light under
the coniferous canopy. These results suggest that
forest productivity at intermediate altitudes in
the subalpine zone would be increased through
the colonisation by Abies of gaps in coniferous
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Severe valley frosts which occur once every 10 to 20 years and extreme frosts every 100
years or so are major disturbance factors in the cool-climate eucalypt forest ecosystems of
southeastern Australia. These winter frosts, resulting from strong nocturnal temperature
inversion and cold air drainage, maintain inverted treelines and influence species patterns
and forest productivity in lower slope valley forests. Examples of inverted treelines, related
to low temperature, are described for subalpine, montane, tableland, and coastal escarpment
forests. An infrequent extreme frost in 1982 in the Bonang Valley, Gippsland, destroyed the
crowns of eucalypts lying wholly or partly within the freezing air layer and disrupted tree
growth by modifying crown morphology. Tree-ring analysis of Bonang trees indicates that
frost-damaged trees took five growing seasons to recover, although in that time other
environmental factors were probably also important. An analysis of the dynamics of
lignotuberous seedlings in a fully stocked valley treeline forest demonstrates the capacity of
these seedlings to recover rapidly and re-establish an equilibrium following severe frost and
other damage.
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Introduction

Both subalpine and inverted (or valley) treelines
are found in the cool mountain forests of south-
eastern Australia in certain topographic situ-
ations. Each treeline type tends to be contour-
related for a particular aspect, and each clearly
results from the adverse environmental con-
ditions for tree growth at that altitude. Low
winter temperatures are usually involved in
these adverse conditions and combined with the
relatively low cold tolerance of eucalypts, give
dramatic contour-related changes at the treeline.

The subalpine treeline is restricted to high
altitude areas which include an alpine zone. In
Tasmania this treeline occurs around the 1200

m contour and is dominated by the Tasmanian
snow gum, Eucalyptus coccifera J.D. Hook. On
the mainland, in the Australian Alps and Snowy
Mountains, the subalpine treeline occurs at
1830 to 2000 m and is dominated by snow gum,
E. pauciflora Sieber ex Sprengel (Costin, 1981).
These treelines are related to both winter and
summer temperature regimes, and in agreement
with northern hemisphere treelines, are largely
delineated by a mean summer temperature
of about 10-:0°C in the warmest month,
(Daubenmire, 1954; Tranquillini, 1979; Slatyer,
1988). In this respect eucalypt subalpine tree-
lines are in broad agreement with world-wide

25



subalpine treelines, indicating that the evergreen
eucalypts are ecologically equivalent to the
subalpine trees of the northern hemisphere,
although E. pauciflora, the most hardy treeline
eucalypt, has maximum twig cold resistance
between —20°C and —23°C compared with
—30°C and below for many subalpine trees of
the northern hemisphere (Sakai, Paton &
Wardle, 1981). The small and variable photo-
periodic responses in eucalypts (Paton, 1978)
appear related to their evergreen habit, and help
explain the absence of short-day, low tempera-
ture-induced winter dormancy that is so com-
monly found in cold-resistant plants of the
northern hemisphere (Sakai et al., 1981).

The less common inverted treelines in the
cool eucalypt forests occur over an altitudinal
range extending from the subalpine zone to the
coastal plain. They appear as sharp, contour-
related forest-grassland boundaries, as shown
in Fig. 1.

The grassland, which is often called a frost
hollow, is characterised by the periodic occur-
rence of lethal winter temperatures, preventing
tree establishment. Inverted treelines are con-
fined to wvalleys subject to strong nocturnal
winter temperature inversions, involving down-
slope cold air drainage and the pooling of very
cold air masses in valley bottoms. The classic
European example is the Gstettneralm Sinkhole
near Lunz in Austria, where the temperature
inversion in winter is reported to range from
—1.8°C at the sinkhole rim to —28.8°C some
150 m below at the sinkhole bottom, (Geiger,
1966). This temperature gradient is associated
with fir trees being replaced downslope by the

Fig. 1. Aerial photograph showing a typical subalpine
frost hollow valley with a sharp grassland-forest bound-
ary which forms the contour-related, inverted treeline.
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more cold-tolerant dwarf pines, and these in
turn by grass at the bottom of the sinkhole. As
other ecological factors can be involved, it
should be emphasised that lower-slope valley
treelines are not always associated with down-
slope temperature inversions that lead to tem-
perature’s limiting conditions for tree growth.
For example, the “double timberlines” reported
in North America as described by Amo &
Hammerly (1984), occur where the lower tree-
line delineates the forest limit under declining
moisture conditions. Similarly, in Australia,
along the escarpment in the southeast, some
inverted treelines can be attributed to periodic
flooding in flat valleys, as seen in the
Buddawang National Park on the Central table-
lands. Other apparent inverted treelines are
often the result of past land clearing of fertile
valleys for agriculture, (Rowe, 1987).

Moore & Williams (1976) first suggested that
low temperature is the primary cause of the
absence of trees on grassland below inverted
treelines at about 1 300 m in southeast Australia,
as illustrated in Fig. 2a. More recent reports of
these subalpine, inverted treelines have been
made by Harwood (1980), Costin (1981) and
Slatyer (1988). The role of a rare killing frost in
generating and maintaining an inverted treeline
at 660 m (Fig. 2b) has been described by Paton
(1988). Several authors (e.g. Burbridge & Gray,
1970; Pryor & Banks, 1991) have considered
frost hollows below inverted treelines at 600 m
(Fig. 2¢) in the Canberra region. The remnants
of an inverted treeline at 80 m (Fig. 2d), remain-
ing after agricultural development on the coastal
plain below the tableland escarpment southeast
of Canberra, have not been noted previously.
However, the provenance of E. pauciflora at this
low-altitude location revealed marked tolerance
to high growing temperatures, not shown by
provenances of this species near Canberra and
at subalpine altitudes (Paton, 1980).

While E. pauciflora is common to inverted
treelines at all four altitudes (Fig. 2), other com-
ponent eucalypt species vary widely. The present
study compares these differences in species com-
position that have not been previously reported.
Such differences in species patterns are attri-
buted to the effects of low temperature regimes
in the cool-climate eucalypt forest. Long-lasting
effects of low temperature are evident also in
the slow recovery of surviving trees that sus-



tained major crown damage after the rare kill-
ling frost described by Paton (1988). A third
low-temperature effect involves the dynamics of
tree seedlings below and near the canopy of a
subalpine inverted treeline.

All three low temperature effects involve new
observations, but none is capable of direct
experimentation at this stage. Accordingly, the
usual detail given under Materials and Methods
is replaced by relevant information considered
essential for interpretation of the observed re-
sults. The same procedure was followed when
the effects of the rare killing frost were reported
and interpreted (Paton, 1988).

Inverted treelines in cool climate eucalypt
forests

The cool-climate eucalypt forests of south-
eastern Australia are found on the New
England, Central, and Monaro Tablelands in
New South Wales, much of Gippsland in eastern
Victoria, and Tasmania. These forests are domi-
nated by more than 100 tree species from the
broadleal evergreen genus Eucalyptus (Beadle,
1981), and occur as subalpine, montane, table-
land, and coastal forests. Three species, E. pauci-
flora, E. rubida Deane & Maiden and E. viminalis
Labill., are widely distributed throughout these
forests and are typically associated with inverted
treelines. Associated species include E. mannifera
Mudie and E. stellulata Sieber ex DC, which
occur only on the mainland; E. delegatensis R.
Baker and E. lacrimans Johnston extend from
the Snowy Mountains south into Tasmania,
while E. johnstonii Maiden occurs only in
Tasmania. Other species associated with these
treelines are considered to be relict species, as
they typically have severely restricted and often
highly fragmented occurrences, e.g. E. camphora
R. Baker.

The often remarkably predictable species pat-
terns in the eucalypt forest reflect the high level
of species-site specificity in the genus, (Florence,
1981). These patterns are expressed in the forest
as complex mosaics, which can be explained in
simple terms as species replacement series along
environmental gradients. Each replacement
series comprises species from one eucalypt sub-
genus, and where two or more subgenera are
present together in the forest, the replacement

series overlap one another. The most important
subgenera in these cool forests are
Symphyomyrtus and Monocalyptus.

Within any one climatic zone, edaphic factors
tend to dominate environment gradients, al-
though in certain topographic situations, local-
ised low temperature regimes are the major
environmental factor controlling species pat-
terns. In valley systems where down-slope cold
air drainage and the pooling of cold air masses
occurs in valley bottoms, the expected replace-
ment series related to altitude are interrupted
by the appearance of cold-tolerant species. The
replacement interruptions that occur at inverted
treelines in the subalpine, montane, tableland,
and coastal forests in southern New South
Wales and adjacent Victoria, are described in
the present study.

The subalpine forests’ frost hollows and their
inverted treelines are typically found in wide,
shallow valleys. At the highest elevations E. pau-
ciflora from the subalpine treeline, may merge
directly into the inverted treeline stands with no
change in tree species composition. With longer
sheltered slopes, other species such as E. del-
egatensis may occur on the mid-slope, sand-
wiched between upper and lower stands of E.
pauciflora (Fig. 2a). The composition of these
inverted treeline stands varies with local site
conditions, but E. pauciflora usually dominates,
except on locally drier sites where it is replaced
by E. rubida, or on wetter sites by E. stellulata
or—on the most exposed sites—by E. lacrimans.
The last two species are closely related to E.
pauciflora. The width of these inverted treeline
stands is slope-dependent, as on steep slopes
they are mostly narrow while on gentle slopes
they may be up to several hundred metres wide.
Some of the best examples of these subalpine
inverted treelines are located in the Kosciusko
National Park in the Snowy Mountains of New
South Wales, where one of the most extensive
inverted treelines occurs at Long Plain, a gently
sloping valley about 16 km long by 0.5 to 2.5 km
wide, which ranges in elevation from 1 380-1 300
m, with an average gradient of 1:200. Although
the integrity of some of the treeline stands in
this valley has been disrupted by past grazing
and burning practices, which ceased as late as
the 1960s, the original contour-related treeline
can be readily identified. It consists predomi-
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Fig. 2 a. Species pattern in subalpine eucalypt forest, showing E. paucifiora comprising the treeline forest and the
abrupt forest-alpine meadow and grassland boundaries. Snowy Mountains, N.S.W. b. Species pattern in a lower-
slope montane forest, showing an inverted treeline comprising E. paucifolia, E. viminalis. ¢. Species pattern in a
footslope dry sclerophyll forest-woodland, with E. pauciflora comprising the inverted treeline at the abrupt woodland-
grassland boundary. Black Mountain, A.C.T. d. Species pattern in a coastal plain eucalypt forest, showing E.
pauciflora comprising the inverted treeline at the abrupt woodland-grassland boundary. Bega Valley, N.S.W.

nantly of E. pauciflora, with E. stellulata in
wetter sites (Fig. 2a), and some isolated patches
of E. lacrimans.

In the montane forest, inverted treelines are
found in both wide and narrow valley systems,
where a cold air pool forms on the valley floor
and up the lower slopes. Evidence for this is
seen in lower valley slope species replacement
patterns, where cold-tolerant species re-appear
either in the valley floor itself (incipent frost
hollow), or at some distance upslope, forming a
distinct inverted treeline above a grass-
dominated frost hollow. The example from the
Bonang River valley in East Gippsland Victoria
(Fig. 2b), shows the down-slope series of
Symphyomyrtus species E. mannifera-E. vimi-
nalis, overlapped by the Monocalyptus species
E. radiata-E. paucifiora. That the inverted tree-
line is comprised of either E. viminalis (non-
granite) or E. pauciflora (granite), with E. stellu-
lata and E. camphora locally dominant in wet
sites, illustrates the sensitivity of these treeline
species to water regimes and geology. Also
within these footslope forest stands, the lower
limits of other species can be influenced by cold
temperatures. For example, the replacement
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zone of E. mannifera by E. viminalis at Bonang
was found to be contour-related, indicating that
the lower limits of E. mannifera are influenced
by low temperature (Paton 1988).

Inverted treelines around frost hollows also
occur in the eucalypt woodlands, and character-
istically E. pauciflora is again the treeline species.
On the Monaro Tableland, woodlands typically
replace the dry sclerophyll forest on the lower
slopes and plains. Within these woodlands of E.
melliodora Cunn. ex Schauer and E. blakelyi
Maiden, frost hollows are found in low-lying
topography, where in winter, lethal cold air tem-
peratures occur from time to time. In the ex-
ample from Black Mountain (Fig. 2¢), the
species pattern is related in part to the low
winter temperature regime, and in part to soil
fertility. Here E. mannifera is confined to skeletal
soils well above the treeline contour, and the
woodland species are confined to sites having
deeper soils. These in turn are replaced on colder
sites by E. pauciflora at the boundary of the
treeless frost hollow, especially on granitic soils.
A similar situation occurs in the coastal forests
at Bega Valley (Fig. 2d), where the upper slope
forest consists of E. obliqua I'Hert. and E. fasti-



gata Deane & Maiden, which are replaced by
E. muelleriana A. Howitt and E. maidenii F.
Muell. on the lower slopes and by E. tereticornis
Smith woodland in the valley above frost hol-
lows, with E. pauciflora forming an inverted tree-
line around frost hollows, again where granitic
soils occur.

The recovery of severely frost-damaged
mature eucalypts

In the winter of 1982, an unusually severe frost
occurred in the Bonang Valley in East
Gippsland. This was a rare event, as indicated
by the frost damage to large eucalypt trees well
above the established inverted treeline. It was
probably the most severe frost for at least 100
years, as it killed several large Acacia melanoxy-
lon R. Br. trees in the valley, which were known
by local landholders to be about 100 years old.
Resultant tree crown damage caused by this
frost has been reported by Paton (1988), who
examined the frost damage to individual species
at different contour levels above the valley floor.
He also demonstrated, by tracing down-slope
smoke movement patterns, that this killing frost
was caused by cold air drainage into the natural
frost hollow, combined with severe radiation
cooling during clear-sky conditions on a winter
night, resulting in a temperature of about
—20°C. Surviving trees of E. radiata Sieber ex
DC and E. viminalis, which were wholly within
the Kkilling frost zone, had their crown branches
killed back, often to the main bole, while those
partly within the lethal frost lost only the lower
portion of their crowns. Crown recovery was
initiated in the following spring, with branch
replacement arising from previously dormant
epicormic buds. After eight years trees with the
severe crown damage had yet to regain apical
dominance, their crowns retaining deep narrow
columnar silhouettes strikingly similar to those
of fire-damaged “chimney” trees.

Given the severity of damage and the appar-
ently slow crown recovery of frost-damaged
trees at the Bonang site, bole increments were
compared between frost-affected and unaffected
trees for the period before and after the frost, to
establish whether bole increment had also been
checked by this severe frost. For this purpose
bole samples were taken for tree ring analysis
in autumn 1991, from three trees of E. viminalis
and E. radiata having respectively severe, mod-

erate and zero crown frost damage. Useful data
were obtained from E. viminalis, tree rings of the
other species were too indistinct for analyses.
Tree ring indices for the 11 growing seasons
(1980/1-1990/1) were derived for each tree, to
remove the effect of diameter differences. These
showed that bole diameter increments of the
frost-damaged trees were suppressed for five
growing seasons immediately following the kill-
ing frost in the winter of 1982. Compared with
the undamaged tree, the severely frost-damaged
tree lost an average radial increment of 35%
and the moderately damaged trees 25% over
the five growing seasons.

Tree seedling dynamics in a subalpine
inverted treeline forest

In most eucalypt forests and woodlands, tree
replacement usually arises from two types of
seedlings; those derived directly from seed and
those which have repeatedly resprouted from
the lignotuber of an older seedling. As these
lignotuberous plants remain small, they are
equivalent to the true seedlings in many respects,
and for this reason, are treated as seedlings in
this report. This lignotuberous seedling pool
builds up over many years by opportunistic
seedling establishment, the seedlings being sup-
pressed by the overwood until loss or weakening
of one or more trees allows them to advance
into saplings and finally trees. The long-term
persistence of these seedlings is assured by the
presence of numerous dormant buds in the lig-
notuber, a swollen woody structure at the base
of the seedling, that ensures survival should the
aerial parts the seedling be lost to environmental
stresses such as frost, drought, fire, animal graz-
ing or mechanical damage. Nothing is known
of the dynamics of this lignotuberous seedling
pool in a forest which has a fully stocked over-
wood. To answer questions of biomass turnover,
seedling longevity and replacement, a long-term
study was established at Long Plain in 1989 and
preliminary results are now presented.

The study site is in an inverted treeline stand
of mature E. pauciflora on the eastern edge of
the large subalpine frost hollow known as Long
Plain in the Snowy Mountains, N.S.W. The site
provides an ideal opportunity to study the dy-
namics of a lignotuberous seedling pool under
natural conditions, including a severe frost
regime with minimal anthroprogenic influence.
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It was chosen after one of the authors (Paton,
1988), had noted the effects of a severe frost on
Long Plain in the winter of 1987. This frost,
which had a minimum temperature of at least
-15°C, extended well into the E. pauciflora stands
at the inverted treeline zone, killing the lower
crowns of mature trees and the aerial parts of
lignotuberous seedlings which had long been
established under the forest overwood.
Lignotuberous seedling numbers and heights,
new seedlings, and seedling losses have been
recorded annually for three years (1989-1991),
from a 10 x 30 m plot within the mature forest.
The plot forms part of a longer transect that
extends through the treeline into the open grass-
land of the frost hollow.

The results show mean seedling height and
yearly changes in seedling numbers (Table 1).
For the three years involved, the mean seedling
height did not change significantly, remaining
essentially stable at about 35 cm. Taken as an
index of biomass, this stability indicates that the
aboveground seedling biomass has also re-
mained essentially constant over the study
period. Seedling numbers increased from 346 to
385 or by an average of 11%, with gains ex-
ceeding losses in both periods. As a result, aver-
age seedling densities increased slightly, from
1.15 to 1.28 seedlings m~2 A small number of
lignotuberous seedlings “disappeared” at the
second scoring, only to re-appear at the third
scoring. This was unexpected, and we have des-
ignated these as quiescent seedlings, to dis-
tinguish them from new seedlings derived from
seed in the season of measurement. In the ab-
sence of any significant change in the overwood,
no seedling attained sapling status during the
three-year-period.

Table 1. Eucalypt seedling dynamics for the
period 1989-1991. Data from a 300 m? plot under
a fully stocked snow gum (Eucalyptus pauciflora)
stand, at Long Plain, Snowy Mountains, N.S.W.

Year
Component 1989 1990 1991
Seedling mean height, cm 352 342 350
SE 1.8 2.1 2.0
Seedling number 346 367 385
New seedlings — 64 48
Seedling losses — 44 47
Quiescent seedlings — — 21
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Fig. 3. Flow diagram illustrating lignotuberous seedling
dynamics under a fully stocked stand. Percentage values
indicate annual changes in seedling status for 1989 to
1990 and 1990 to 1991. Data from Long Plain, Snowy
Mountains, N.S.W.

Values for seedling numbers and mean height
values in Table 1 can be generalised in the form
of a flow diagram (Fig. 3). This diagram allows
several aspects of the dynamic nature of the
seedling population to be clearly illustrated
using percentage values for changes in different
seeding categories with time. Consideration of
annual inputs and outputs affecting the ligno-
tuberous seedling pool (Fig. 3) lead to two im-
portant results. Firstly, whilst mean seedling
height of the lignotuberous seedling pool re-
mained constant, there were major changes in
the heights of individual seedlings, with an aver-
age of 40% of all seedlings either gaining or
losing height in each year, indicating that there
is considerable biomass loss and replacement
within the seedling pool. Secondly, numerical
changes to the seedling pool are represented by
the input of new secedlings, and an output of
seedlings advancing to saplings, by seedling
losses, and by quiescent seedlings that have
taken more than one year to recover after dying
back to the lignotuber.

Discussion

These observations show that frost hollows with
their attendant treelines of E. pauciflora, occur
over a wide altitudinal range in the cool eucalypt



forests of southeastern Australia, with their
greatest frequency at higher elevations. In the
subalpine zone E. pauciflora is the major forest
and woodland species and is the dominant tree-
line species, with localised occurrences of E. stel-
Iulata and E. rubida on wet and dry sites
respectively, and E. lacrimans on dry, exposed
sites. At the lower elevations in the tableland
woodlands and coastal forests, E. pauciflora has
a more relict-type occurrence, being increasingly
restricted to granitic soils. Nevertheless, the con-
sistent occurrence of E. pauciflora as a treeline
species over these lower altitudes, indicates that
of those species available, E. pauciflora is best
adapted to the environmental conditions pre-
vailing at frost-hollow inverted treelines. These
conditions are likely to be site-specific, resulting
in the development of distinct E. pauciflora
ecotypes. In support of this, Pryor (1957) has
reported considerable within-species morpho-
logical and physiological variation, and he
suggested that individual populations are re-
sponding to local site conditions. Evidence for
adaption to prevailing temperature regimes is
fragmentary, but with respect to low tempera-
tures, Paton (1971) has found a graded frost
resistance in E. pauciflora over an altitudinal
range of 1 200-1 480 m in the Brindabella Range,
frost resistance above and below this altitudinal
range not being strongly linked to temperature
trends associated with altitude. Clearly, other
environmental factors, such as the local topogra-
phy and possibly soil water and nutrient re-
gimes, are involved in such ecotypic selection.
Similar observations have been made for E. vimi-
nalis (Paton, 1971) and for E. regnans (Eldridge,
1968). Furthermore, Harwood (1980) has found
differing frost resistance in inverted treeline
populations of E. pauciflora at Seventeen Flat
and Currango Plain, near our Long Plain study
site, thus indicating that local temperature re-
gimes in these frost hollows are an important
selection factor. This was further supported by
Harwood’s observation of a marked decrease
in frost resistance in upslope populations at
Currango Plain, but not at Seventeen Flat.
These observations, while important, need to be
treated cautiously when dealing with treeline
populations around cold-air drainage valleys, as
active selection for low temperature tolerance
occurs at infrequent and irregular intervals, such
as the extreme 100-year-event freeze reported

for Bonang. Additionally, summer maximum
temperatures may also be an important selection
criteron in these treeline populations, especially
at high altitudes. For example, seedling growth
studies of E. pauciflora (Paton, 1988) have
shown that seedlings from Bega (80 m) respond
favourably to high temperatures of 36°/28°C,
(day/night) in contrast to seedlings from alti-
tudes above 606 m, that either died or displayed
severe growth abnormalities at this high tem-
perature regime.

The long-term effect of a rare killing frost on
the subsequent growth of crown-damaged trees
was shown by the results from Bonang, where
crown recovery of frost damaged trees is still
incomplete 10 years after the frost event. Radial
increment was also suppressed, but for a shorter
period of five years. This slow recovery is in
contrast to that reported by Banks (1982) for
E. pauciflora crown-damaged by fire, where re-
covery is rapid and is often accompanied by a
surge in radial increment, attributed to the en-
hanced availability of nutrients and reduced
competition. Neither of these factors is evident
with the killing frost.

The establishment of the lignotuberous seed-
ling pool beneath a fully stocked stand is a
continuous process, with new seedlings estab-
lishing as seed becomes available and suitable
environmental conditions prevail. These include
an initial period of freedom from pathogens and
a reduction in competition from surrounding
vegetation. Thus seedling establishment is larg-
ely dependant on ground surface disturbance,
although in the absence of fire, seedling recruit-
ment is low, as showm by the Long Plain study.
Once established, the lignotuberous seedlings
will persist indefinitely, with their advancement
to saplings being restrained by the overwood.
Under periodic stresses such as frost, fire,
drought, and insect damage, lignotuberous
seedlings repeatedly regress, recovering under
favourable environmental conditions. The re-
sults from Long Plain show that almost half the
seedlings in the period of observation declined
in height and recovered to the same mean
height, emphasising the point that seedling sup-
ression in a fully stocked stand most likely in-
volves competition for resources between large
established trees and their small offspring. Such
competition is presumably reduced when the
fully stocked overstorey is disrupted by individ-
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ual tree deaths or periodic severe crown damage
from wildfire, storm, insect grazing, etc. When
the aerial portion of the seedling dies back to the
lignotuber, recovery is dependent on resources
available and on the nature of the extreme event.
Recovery after fire is usually instantaneous and
rapid, due in part to reduction in competition
and to stimulus from ash nutrients. In the case
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The upper limits to photosynthesis are set by the amount of light intercepted daily and
annually by green foliage. Freezing temperatures, drought, and humidity deficits further
constrain photosynthesis. The visible light intercepted and that utilized by forests distributed
across an environmental gradient in western Oregon were assessed from ground-based
meteorological and physiological measurements. Utilized light was converted into biomass
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sensing for all of the ground-based measurements. We illustrate how various sensors
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Introduction

Large changes in climate are predicted in the
next century as a result of increasing production
of greenhouse gases. Natural systems of the
future are expected to differ structurally from
those observed today. Given these uncertainties,
by what means are we to evaluate the potential
effects of climate change on vegetation? One
benchmark for measuring change came in 1972
with the launching of the first in a series of
Landsat satellites. Much greater coverage is

planned from a variety of satellites near the end
of the present decade. With improvements in
calibration, spectral sensitivity, spatial coverage,
and data processing, new satellite sensors offer
the potential to follow subtle changes in the
biophysical characteristics of landscapes. We
had the opportunity, as part of a NASA spon-
sored research project (Oregon Transect
Ecosystem Research, OTTER), to investigate
whether current remote sensing techniques
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might be used to assess constraints on photosyn-
thesis, transpiration, decomposition, and other
related ecosystem processes. We assert that
changes in essential ecosystem processes are
potential forecasters of impending change in
ecosystem structure.

In this paper we focus on estimating photo-
synthesis and growth. Current process models
use detailed information on the physiological
status and local environment to evaluate these
variables daily, seasonally, and yearly (Running
& Coughlan, 1988). In this study we seek to
generalize for a wide range of species and to
minimize the information required for seasonal
integration. From ground measurements, we
estimate the visible fraction of solar radiation
intercepted by forest canopies and the con-
straints on utilizing the intercepted radiation
due to freezing temperatures, drought, and high
atmospheric vapor pressure deficits. We com-
pare annual estimates of utilized radiation
against measured growth as a validation of the
concept. We also consider the need for ad-
ditional information in estimating growth of
very old forests. We then consider remote sens-
ing analogues for all of the ground-based
measurements, with the goal of using remote
sensing alone to predict photosynthesis and
growth at regional and global scales.

Study area and measurements

The transect in Oregon (Fig. 1), is located near
that established and described in detail by Gholz
(1982). In June, 1989, we installed meteorologi-
cal stations near the sites along the transect. The
stations automatically recorded at hourly inter-
vals: incoming short-wave solar radiation, air
temperature, relative humidity, and precipi-
tation. Descriptions of the vegetation and soils
appear in Gholz (1982) and in Franklin &
Dyrness (1973). We estimated standing woody
biomass of trees from diameter measurements
made within 20-50 circular plots (50 m?) using
equations developed by Gholz, Grier, Campbell
& Brown (1979). Annual aboveground growth
was derived using the same biomass equations
with diameter as the independent wvariable
(Table 1). Diameter growth was measured on
increment cores extracted from the Ist, 5th, and
10th tree of each species on each plot.
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Fig. 1. Map of the study area in Oregon showing the
location of meteorological stations (numbers 1-6) and
major vegetation zones designated by the dominant tree
species (after Gholz, 1982; Franklin & Dyrness, 1973).

At the time of maximum canopy development
in July we measured intercepted photosyn-
thetically active radiation (IPAR) with a
Sunfleck Ceptometer as described by Pierce &
Running (1988), (Table 1). The fraction of inci-
dent solar radiation intercepted by the conifer-
dominated forests remained nearly constant
throughout the year. The deciduous forest of
alder (Alnus rubra Bong.) initiated new leaves in
April and dropped most foliage by late October.
Soil drought, as it limits water uptake and
stomatal conductance, was assessed by measur-
ing predawn water potentials of trees period-
ically throughout the dry season (Table 2). In
addition, we periodically collected data on
photosynthetic rates and stomatal conductance
at sites 1, 2, 3 and 5 to confirm previous studies
reported by Running (1976), Emmingham &
Waring (1977) and Waring & Franklin (1979).

Physiological analysis of
climatic data

The upper limits on growth are established by
the amount of photosynthate accumulated
throughout the year, or carried over from the
previous year (Hunt, Martin & Running, 1991).
In many areas, intercepted photosynthetically-
active radiation (IPAR) relates directly to photo-
synthesis (Charles-Edwards, 1979) and to
growth (Monteith 1981; Cannell, 1989). In
Oregon, the estimated annual TPAR did not
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Table 1. Characteristics of the study sites across the transect

Site
Feature 1 1A 2 3 4 5% 6
Site Name Cascade head Cascade Head Warings Woods Scto Santiam Pass Metolius Juniper
(Old-Growth) (Alder)
Physiographic Western coast Western coast Interior valley Low-elevation High Cascades Eastern high High lava
Province’ range range west summit Cascades plain
Cascades
Dominant species Picea Alnus rubra Pseudotsuga Tsuga Tsuga Pinus Juniperus
sitchensis, menziesii heterophylla, mertensiana ponderosa occidentalis
Tsuga Pseudotsuga
heterophylla menziesii
Elevation (m) 240 200 170 800 1460 1030 930
Slope (%) 12 0 13 12 0 0 0
Aspect 130° - 160° 325°¢ — — —
Stem density 385 1793 226 870 1740 600 141
(no.ha"!)>5cm
Basal area (m? ha™!) 98.2 35 51.3 67 83.3 6.8 9.3
Percent IPAR 96.4 93.7 94.1 99.5 61.4 28.6 22.0

! Physiographic provinces from Franklin and Dyrncss (1973).



Table 2. Minimum monthly predawn water poten-
tials (M Pa) for sites along the Oregon Transect,
1990-1991

Table 3. Criteria for reducing intercepted PAR,
based on physiological thresholds applicable to
all major tree species in Oregon

Site

Month 1 2 3 4 5 6
May — —0.55 —055 — —0.53 —1.08
June —0.37 —0.75 —055 —058 —053 —-095
July — —1.08 — —-072 —-072 —220
Aug. — —-176 — —0.61 —0.76 —2.20
Sept. — —1.70 —0.65 — —1.53 —
Oct. —0.70 —196 —-0.65 —0.69 —182 —250

relate well to growth (Fig. 2). From previous
research, we recognize that much of the radi-
ation intercepted during drought, frost, or high
humidity deficits cannot be utilized due to
stomatal closure. To take these physiological
constraints into account, we developed some
simple algorithms to calculate the amount of
intercepted radiation actually utilized each day
(Table 3). We have purposely defined broad
thresholds and responses as these are more likely
to apply to the wide range of species found
across Oregon and can be derived from standard
weather data  (Running, Nemani &
Hungerford, 1987).

The difference between IPAR and Utilized
PAR represents the restrictions that climatic
variables place on photosynthesis throughout
the year. In our study, the climatic constraints
ranged from less than 10% for the coastal rain-
forest to >75% where juniper (Juniperus occi-
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Fig. 2. Estimates of aboveground net primary pro-
duction from annual intercepted PAR. Dashed lines
express production rates (g of dry matter accumulated
per MJ of PAR intercepted). Linear r*=0.84.
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Freezing temperatures
@ If less than —2°C, assume no radiation utilized for
24-hour period

Soil drought

o If predawn water potential less than —1.5 MPa,
assume no radiation utilized

o If predawn water potential is between —1.0 to
—1.5 MPa, assume half radiation utilized

Vapour pressure deficits (VPD)

@ If VPD exceeds 25 mb, assume no radiation utilized
o If VPD is between 15 to 25 mb, assume half radi-
ation utilized
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Fig. 3. The fraction of intercepted radiation not utilized
by the various forests is shown as a function of freezing
temperatures, drought, and excessive vapor pressure
deficits (VPD). The total reduction in IPAR that could
be utilized ranged from less than 10% at the coastal
hemlock forest (Site 1) to 77% at the juniper woodland
(Site 6). After Runyon (unpublished).

dentalis Hook) occurs (Fig. 3). Utilized PAR
correlated closely with measured aboveground
net primary production (NPP), with an above-
ground efficiency of 1.0 g of biomass MJ ?
(Fig. 4). Only one plot, an old-growth Sitka
spruce (Picea sitchensis (Bong.) Carr.)/Western
hemlock (Tsuga heterophylla (Raf.) Sarg.) forest,
showed demonstrably less growth than pre-
dicted. Although old-growth forests are rare
today, they are important because they bear
witness to historical changes in climate and may
be more susceptible to future changes than
younger forests. Their physiology is different
from younger forests in at least two important
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the variance in NPP for the range of forest stands across
the Oregon transect. The old-growth stand was excluded
from the regression. It effectively utilized 30% less PAR
than indicated. Deducting an additional 100 MJ m~?
for increased maintenance respiration compared to an
adjacent 120-year-old stand brings the calculated NPP
in line with that observed. After Ryan (unpublished).

ways. First, they maintain old branches that
have progressively less ability to conduct water
efficiently as they grow in length (Tyree &
Sperry, 1988). Secondly, they have more living
cells in their biomass than younger forests.
These extra cells require carbohydrates for
maintenance that could otherwise go toward
growth (Ryan, 1990).

In old-growth Douglas-fir (Pseudotsuga men-
ziesii (Mirb.) Franco), Lodgepole pine (Pinus
contorta Dougl. ex Loud.), and Ponderosa pine
(Pinus ponderosa Doug. ex Loud.) forests it has
been estimated that stomatal conductance and
photosynthesis are reduced about 30% below
that observed in forests where trees still grow in
height (Kline, Reed, Waring & Stewart, 1976;
Ryan, 1991; Yoder, 1992). The additional in-
crease in maintenance respiration associated
with increasing biomass was estimated using for-
mulas outlined by Ryan (1990) that take into
account sapwood volume, appropriately
weighed mean annual temperature and mainten-
ance respiration rates measured on western
hemlock trees in Oregon (Ryan, unpublished).
Maintenance respiration by the old-growth
forest at site 1 was estimated at 230 g C m 2
yr~ % only 60 ¢ C m~? yr~! more than in an
adjacent 120-year-old stand (Ryan, unpub-
lished). Assuming dry matter contains 50%

carbon, this translates into about 100 ¢ C m~?2

yr~* of biomass, taking into account the respir-
ation cost of growth.

Reduced photosynthesis by old-growth for-
ests, not maintenance respiration, appeared to
be the major constraint on growth. We calcu-
lated the NPP of the old-growth stand, as-
suming first a 30% reduction in utilized PAR
(1 640 MJ m ™2 reduced to 1 150 MJ m~2). We
further reduced this estimate by 100 MJ m~2 to
account for the increase in maintenance respir-
ation. With a conversion efficiency of 1.0 g
MJ™L, the predicted and measured NPP were
essentially the same (1 050 gm ™ ? yr ~* compared
to 1030 gm 2 yr ! as noted in Table 1).

Selecting remote sensing
techniques to predict
photosynthesis and growth

The above empirical analysis of the OTTER

field measurements suggests that a relatively

robust estimate of aboveground primary pro-

duction may be evaluated from a limited

number of canopy and environmental variables.

These include:

. incident PAR radiation

. fraction of PAR intercepted by the canopy

. air temperature

. atmospheric vapor pressure deficit

. environmental drought, as defined by pre-
dawn leaf water potential

6. presence of “old-growth” stands.

Remotely sensed measurements of reflected
solar and emitted terrestrial radiation have the
potential for fulfilling these measurement re-
quirements (Goward, 1989). In the Oregon tran-
sect study we collected remotely sensed
measurements which address these biophysical
variables. The measurements include stan-
dardized laboratory and field studies, aircraft-
based observations and satellite data. These data
have been compiled in a computer Pilot Land
Data Base at NASA Ames Research Center.
Data processing and analysis are now underway.

The principles for derivation of these biophys-
ical measurements from remotely sensed obser-
vations have developed over the last quarter
century. In general, the measured spectral radi-
ant fluxes are diagnostic of surface and atmos-
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pheric phenomena because the molecular
composition of terrestrial materials alters the
spectral radiant flux through selective absorp-
tion and scattering. The magnitude of the ob-
served alteration is diagnostic of the presence
and magnitude of the terrestrial phenomenon.

Incident PAR solar radiation

The maximum daily insolation possible at any
given location can be calculated from earth-sun
relations. However, the solar radiation which
reaches the biosphere is attenuated by cloud
reflectance, scattering by molecules and aerosols
and absorption by water vapor, carbon dioxide
and ozone. Estimates of these atmospheric re-
ductions in incident solar radiation may be de-
rived from a number of satellite sensors. The
most precise estimates may be acquired from
geostationary orbits, where sensors “stare” at
the earth. From these satellites, half-hourly up-
dates of atmospheric conditions are possible
(Tarpley, 1979). However, the data handling and
processing demands with this approach are
exceptionally large. A simpler approach is to
use a one-time-per-day observatory in a sun-
synchronous, polar orbit (Pinker, 1990). One of
the most novel approaches developed to date to
estimate the incident PAR flux uses noon-time
ultraviolet measurements from the Total Ozone
Mapping Spectrometer (TOMS; Eck & Dye,
1991). When daily estimates of radiation from
the TOMS satellite are integrated for each
month, good agreement with ground measure-
ments results (Fig. 5).

Canopy-intercepted PAR

Combinations of visible and near-infrared spec-
tral reflectance from the earth are related to
fractional capacity of vegetation canopies to
absorb PAR radiation (Kumar & Monteith,
1981; Asrar, Fuchs, Kanemasu & Hatfield, 1984;
Sellers, 1985; Gallo, Daughtry & Bauer, 1985;
Goward & Huemmrich, 1992). One such combi-
nation is the normalized difference vegetation
index (NDVI), which is the difference of these
spectral measurements divided by their sum.
Laboratory studies conducted on Douglas-fir
canopies demonstrated that both chlorophyll
concentrations and leaf structure affect this
NDVI signal (Yoder, 1992). As a result, photo-
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Fig. 5. Daily satellite measurements of cloud cover deter-
mined by ultra-violet reflectance allows monthly esti-
mates of incident PAR radiation to match those
measured at ground stations; *=098. (Eck & Dye,
1991).

synthesis, measured under near optimal con-
ditions, was closely correlated to NDVI values
(Hatfield, Asrar & Kanemasu, 1984; Yoder,
1992). In the field we found a good relationship
between NDVI determined at 300 m above each
stand and intercepted PAR measured beneath
(Fig. 6). Differences in chlorophyll concen-
trations which exist in foliage across the transect
have not yet been examined relative to the re-
motely sensed measurements (P. Matson and
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Fig. 6. The normalized difference vegetation index
(NDVI) determined from 300 m altitude related closely
to IPAR measured beneath the forest canopy (McCreight
& Runyon, unpublished).



C. Billow, unpublished data from NASA Ames
Research Center, Moffet Field, CA).

Derivation of these spectral measurements
from spacecraft is also possible, at least at
intervals between 10 days and a month
(Goward, Markham, Dye, Dulaney & Yang,
1991). Fortunately, these periodic measurements
provide an estimate of fractional PAR absorp-
tance that is robust through overcast periods,
which allows for interpolation of photosynthetic
activity between successive measurements
(Goward & Huemmurich, 1992). For the Oregon
study NOAA satellite data, when corrected for
variation in atmospheric clarity, provided reg-
ular updates to NDVI patterns across the entire
transect (Spanner, unpublished, NASA Ames
Research Center, Moffet Field, CA). These ob-
servations in general agree well with the aircraft
and ground measurements with the exception of
the winter period where deviations of uncertain
origin are observed.

Air temperature, drought and vapor
pressure deficit

In logical order, those days with temperatures
below freezing, with evidence of drought, and
(or) extreme humidity deficits will reduce the
IPAR utilized (Table 3). Temperature is a critical
variable in calculating all three of these con-
straining factors and is important for its control
on other ecosystem processes as well.

Measurement of terrestrial thermal infrared
(TIR) emissions provide an estimate of the sur-
face temperature. For non-desert regions of the
earth the emissivity factor in Planck’s equation
is approximately 0.98. Atmospheric attenuation,
predominately resulting from water vapor ab-
sorptance, may be reasonably addressed using
two or more spectral measurements in the
8—14 um region (Price, 1984). It is therefore
possible to estimate surface kinetic temperatures
from spectral TIR observations. Such obser-
vations are acquired by the NASA TIMS
(Thermal Infrared Multispectral Scanner) air-
craft instrument and the satellite-based NOAA
Advanced Very High Resolution Radiometer
(AVHRR).

The thermal IR signal can be used to estimate
air temperature because closed-canopy forests
are within a few degrees of ambient air tempera-
tures (Luvall & Holbo, 1989). A combination

of the NDVI from the visible and near-infrared
measurements and the TIR measurements per-
mits assessment of closed-canopy conditions
and the temperature estimated for this condition
typically is within 2°C of air temperature with
an r* >0.95 (McCreight, unpublished).

Drought stops transpiration. A rise in leaf
temperature above that of ambient air occurs,
and is associated with a drying and warming of
background litter and soils (Aston & van Bavel,
1972). The drying is closely correlated with in-
creasing drought stress, as measured by predawn
water potential (Fogel & Cromack, 1977). We
can interpret drought-induced temperature re-
sponses in a scene if a range in vegetation density
is present (Goward & Hope, 1989; Nemani &
Running 1989; Price, 1990). Along the transect,
those sites where drought occurred (Table 2)
were characterized by large differences in the
surface temperature over a range in NDVI
values (Fig. 7). Under conditions where soil
water was not limiting, the complex of eco-
systems showed less than a 5°C difference in
surface temperature, across the same range of
NDVI measurements.

The atmospheric humidity deficit, expressed
as vapor pressure deficit, affects stomatal aper-
ture, even when soil water is not limiting. To
estimate the vapor pressure deficit of the air
requires, in addition to ambient temperature es-
timates, some measure of the water vapor con-
tent. Water vapor is the primary attenuator of
TIR radiance but its impact is wavelength-
dependent. It is therefore possible to estimate
the amount of water vapor in the atmospheric
column between the sensor and the ground by
collecting dual-band spectral TIR observations
(Justice, Eck, Tanre & Holben, 1991). Because
the majority of water vapor in the column is
near the surface an estimate of surface vapor
pressure deficit can be computed with this
measurement and the estimated ambient air
temperature (Fig. 8).

Old-growth forests

Standing biomass is important in estimating
maintenance respiration. An accurate estimate
of height is desirable to recognize when growth
has stopped, and photosynthetic rates, defined
in our model as a 30% reduction in utilized
PAR, are applied. Conventional stereo images
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Fig. 7. Remotely sensed evidence of seasonal drought.
Slope of surface temperature/NDVI steepens with
drought. Near site 2, the end of the dry period in October
revealed surface temperature variations in excess of 20°C,
indicative of extreme drought stress on all vegetation
(Goward, McCreight & Waring, unpublished).

are useful for estimating tree heights and stand-
ing biomass but images from satellites generally
cover too much area in a scene to provide the
desired resolution for estimating canopy height.
As an alternative, variation in near-infrared and
short-wave-infrared reflectance have been used
in the Pacific Northwest region to distinguish
old-growth forests from mature, and other age
classes (Cohen & Spies, 1992). The local vari-
ation observed in temperature over a scene
during the day may also provide an indirect
measure of forest structure (Luvall & Holbo,
1989). Tree size can also be assessed by analyz-
ing spectral differences in shadow observed at
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Fig. 8. Estimation of atmospheric water vapor content
from two spectral wave lengths of thermal infrared
radiance (after Justice et al.,, 1991).

varying sun angles (Li & Strahler,
Franklin & Hiernaux, 1991).

In summary, currently available satellite-
borne sensors offer the potential to obtain key
biophysical measurements with which to charac-
terize photosynthetic activity in the biosphere.
Combinations of spectral observations from the
ultraviolet, visible, near-infrared, shortwave
infrared and thermal infrared provide critical
information on energy availability in conjunc-
tion with physiological and environmental
constraints which determine current rates of
photosynthetic activity. The great advantage of
satellite observations is that they provide con-
sistant global coverage and fine spatial reso-
lutions. The most serious current limitation is
that most of these satellites provide only per-
iodic measurements at intervals between 10 days
and a month. This level of temporal precision
may miss some critical events needed to monitor
biospheric photosynthetic activity accurately.
Within the Oregon Transect study we are now
working toward a test of this methodology
which will provide at least one critical evalu-
ation of this approach.

1985;

Conclusions

Research being carried out under the NASA
OTTER project is exploring the potential for



monitoring biospheric activity with satellite-
based remote sensing observations. A gen-
eralized model of biospheric activity is being
investigated which considers photosynthetic ac-
tivity as a balance between intercepted solar
radiation and factors which limit the capacity
of vegetation to utilize this energy. Results from
field measurements indicate that the effects of
air temperature, drought and atmospheric vapor
pressure deficit explain much of the variance in
rates of aboveground production per unit inter-
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Abstract

Stenberg, P., Smolander, H. & Kellomiki, S. 1993. Description of crown structure for light
interception models: Angular and spatial distribution of shoots in young Scots pine. In:
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The angular and spatial distributions of shoots in nine young Scots pine {Pinus sylvestris
L.) stands are described. For determining these distributions the azimuth, zenith angle and
spatial coordinates of shoots in 25 sample trees were measured. The sample trees were 7-19
years old, and 1-7 m tall.

No preferred azimuth of shoots was observed. In larger trees the spherical distribution
provided a reasonably good approximation to the shoot orientation but in smaller trees
the shoot inclination was closer to the horizontal than is implied by the spherical distribution.
The frequency distribution of shoot inclination varied with relative depth in the crown; in
the upper crown a more vertical inclination of shoots dominated whereas in the lower
crown shoots were more horizontal. The number density of shoots in different horizontal
layers varied with distance from the stem.

Observed distributions of shoot zenith angle and vertical and horizontal position of
shoots were successfully approximated by the beta distribution, specified by measured mean
and variance and a fixed range. This implies that in describing the structure of a Scots pine
crown, the angular and spatial distribution of shoots can be determined by measuring the
mean and variance of these distributions as a function of crown depth.
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Introduction

Operational descriptions of crown structure are
needed for models of light interception. In light
interception models a statistical approach is
commonly used to describe the spatial distri-
bution of leaf area in the crown, and the penetra-

tion of direct radiation is expressed as the
probability of a gap in the specified direction.
This approach is based on the assumption that
the locations of some chosen foliage elements
(e.g. leaves or shoots) are statistically indepen-
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dent random variables with a specified prob-
ability density function in the crown envelope.
Light penetration through the crown can then
be expressed as an exponential function of pro-
jected foliage area density along the solar beam
(Mann, Curry, Hartfield & Demichele, 1977). In
addition to the spatial probability density func-
tion of foliage elements, the total area of foliage
projections is required as input to the model.
The projected area of a foliage element depends
on its size, shape and orientation. Thus, crown
structure may be defined in terms of the geo-
metrical structure and the angular and spatial
distribution of foliage elements.

The spatial density function of foliage ele-
ments is usually derived by dividing the crown
envelope into subvolumes (cells) and determin-
ing the amount of foliage in each of them. A
statistical distribution is then fitted to the data,
assuming that within a cell, foliage elements
are uniformly and independently located.
Coniferous crowns are characterised by a very
discontinuous spatial density of needle area. For
example, Whitehead, Grace & Godfrey (1990)
described needle area density in six young
Monterey pine (Pinus radiata D. Don) trees by
dividing the crowns into cells of 10 cm?®, and
found that the proportion of empty cells was
77-92%. They calculated that the assumption
of a uniform needle area density throughout the
crown would overestimate light interception by
20~-30%.

However, the clumping of needles makes it
difficult to describe accurately the spatial distri-
bution of needle area in a coniferous crown. For
example, if the crown is divided into subvolumes
which are larger than the size of a shoot, the
clustering of needles into shoots (resulting in a
non-uniform needle area density within a cell)
will not be reflected in the obtained density
function. As a result, the penetration of light
through the cells may be underestimated, and
light interception by the crown would conse-
quently be overestimated.

To avoid the problem involved in deriving the
spatial density function of needle area for the
purpose of estimating light interception, it is
proposed that the shoot could be a more appro-
priate unit in describing crown structure in coni-
fers. In the approach taken in this study, the
annual shoot constitutes the basic foliage ele-
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ment in modelling light interception by Scots
pine crowns. Crown structure is described in
terms of shoot geometry, and the statistical dis-
tributions of the location and orientation of
shoots. The spatial and angular distributions of
annual shoots in young Scots pine crowns were
derived, on the basis of empirical measurements
of azimuth, zenith angle and spatial coordinates
of shoots in 25 sample trees from 9 stands.

Definitions

Given the directional distribution of incident
radiation and the areas of crown projection
{(crown shadows) in all directions, the amount
of light (PAR) intercepted by a crown can be
calculated. The crown shadow area equals the
projection of the crown envelope reduced by the
area of gaps (the sunlit area). In light intercep-
tion models, therefore, the key problem is to
derive an expression for the probability of a gap
through a crown in any given direction. For this
purpose a mathematical description of crown
structure is needed. The theoretical background
to the measurements made in this study is pre-
sented briefly below.

Theory for direct sunlight penetration

The statistical approach to describing foliage
position is based on the assumption that “the
crown consists of a number (n) of foliage ele-
ments the locations of which are identically and
independently distributed random variables
with density function (f)”. Considering the
shoots as the basic foliage elements, the density
function is thus defined so that f(x,y,z) dxdydz
denotes the probability of a shoot to be located
in the elementary volume dxdydz. The prob-
ability of a gap (P,) through the crown in the
direction of the sun is then given by:

P, =exp [ — Jnaf(x, » z)ds] (1)

N

where na denotes the total projected area (sil-
houette area) of the shoots (a=mean silhouette
area of the shoots), and S denotes the path of
the solar beam through the crown. The quantity
naf(x,y,z) expresses the density of projected
shoot area in the crown (sum of shoot silhouette
areas per unit volume). The projected (sil-
houette) area of a shoot depends on shoot struc-



ture and shoot orientation relative to the beam
direction.

The total needle surface area of the crown
is nl, where I, denotes the mean total needle
surface area per shoot, and the total needle sur-
face area density is consequently f;(x,),z)=
nl f(x,y,2). Let G, = a/l, denote the mean shoot
silhouette area (in the sun’s direction) divided
by the mean needle surface area of a shoot. The
projected shoot area density may thus be written
as naf(x,y,z) = Gy f.(x,y,z), and Eq. 1 transforms
into:

szexp[— JGSfL(x, V z)ds:| (2)

N

Equations (1) and (2) were derived on the as-
sumption that the mean shoot silhouette area
(@) and mean needle area per shoot () are stat-
istically independent of location in the crown,
and must be modified when this is not true.
Formally this is done by replacing them with
location-dependent variables, a(x, y, z) and
I(x, v, 2). In Eq. 2, accordingly, G, should be
replaced by Gy(x, y, z) = a(x, v, z)/li(x, ¥, z), the
mean ratio of shoot silhouette area to total
needle area around the location (x, y, z).

Spatial density of shoots

The spatial density of shoots in the tree crowns
will be described assuming that: (i) the crowns
are symmetrical with respect to azimuth (i.e. the
horizontal cross-section is a disc), and (ii)
the density of shoots in the horizontal is inde-
pendent of azimuth but depends on the relative
depth in the crown.

Let Z and z denote the absolute and the
relative depth in the crown and let R and r
denote the absolute and relative distance from
the stem. We have thus z = Z/H and r = R/R(Z),
where H is crown length and R(Z) is the crown
radius at depth Z.

Let f,(z) denote the normalized vertical den-
sity of shoots and let f,(r|z) denote the noz-
malized horizontal density of shoots at the
relative depth z. These functions are defined so
that they satisfy the equations:

and
1

27 J Wrlz)r dr=1 (4)
0

Note that f,(z)dz denotes the proportion of
shoots situated vertically between z—dz/2 and
z+dz/2, and 2xf,(r|z)r dr is the proportion of
shoots (in a horizontal layer at the relative depth
7) situated between the relative distances r —dr/2

and r + dr/2 from the stem.
Substituting dz =dZ/H, r = R/R(Z) and dr =
dR/R(Z), the denormalized density of shoots in
the crown can now be expressed by the function:

Jo(2)(r]z)

HR(Z)?
satisfying the conditions f(Z, R)dZ dR = f,(z)dz
fu(r|2)r dr, and

H R(Z)

nJ Jf(Z, R)R dZ dR=1 (6)

NZ,R)= (5)

Angular distribution of shoots

The angular distribution of shoots is defined by
the joint density function g(6,4) of the zenith
angle (6) and the azimuth (¢) of the shoot axes.
The shoot zenith angle will be defined as belong-
ing to the range [0, n/27, i.e. the shoot axis is
considered to be pointing toward the upper
hemisphere. If 8 and ¢ are independent, as will
be assumed in the following, we may write

g0.9)= 2.(9), where g; is the density func-
tlon of shoot zemth angle and g, the density
function of shoot azimuth. These functions
satisfy the equations:

T2
fgi(H)d0=1 (7)
0
and
Jga(aﬁ)dqzﬁ:l (8)

0
A special case is the spherical distribution
for which g;(8)=sin6 and g,(#)=1/(2x). For this
distribution we have g(6,0)d0d¢ =sin6/(2n)d6d¢,
i.e. the number of shoot directions belonging to
a given solid angle is proportional to the corre-
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sponding area on the unit sphere. Thus, the
spherical distribution implies that the shoot axes
have no preferred direction in space.

Materials and methods

The material consisted of 25 sample trees in nine
young Scots pine stands in Eastern Finland
(62°47T'N, 30°58'E, 140 m as.l), previously de-
scribed in detail by Kurttio & Kellomiki (1990).
The nine stands were divided into four groups
according to tree size (Table 1). In groups I-III,
the orientation (zenith angle and azimuth) and
position (height and distance from stem) of each
shoot in the crowns were measured. In group
1V, the orientation and position of shoots were
measured in three branches (the longest, shortest
and median branch) of every whorl. The mate-
rial included measurements of shoot character-
istics and (projected) needie area for a sub-
sample of shoots from each crown. In this study
only foliated shoots were considered. Shoots
older than five years or with needles covering
less than 20% of the length of the shoot axis,
or both, were excluded.

The frequency distributions of shoot zenith
angle and azimuth were determined separately
for each group. In one group (I1I), the frequency
distributions of shoot zenith angle were deter-
mined separately for each vertical quartile of the
crowns, to analyze the effect of depth in the
crown on shoot inclination.

As shown in Eq. 5, the density of shoots (pro-
portion of shoots per unit volume) in a crown
can be expressed in terms of crown dimensions
and the normalized vertical and horizontal den-
sity functions (f,(z) and f,(r|z)). These functions
were determined on the basis of measurements

Table 1. Characteristics of the study stands

No. of Density, Height, Age, No. of

Group shoots Stand ha™! m yrs  trees
1 838 1 1800 1.2 7 3

2 3800 1.1 7 3
11 3540 3 2200 2.1 9 3

4 1400 1.8 11 4

5 3500 2.4 13 3
IIT 8051 6 1500 3.8 13 3

7 2400 3.6 15 2
v 7213 8 1400 4.8 17 3

9 2200 7.4 19 1
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of shoot coordinates in group III (Table 1), con-
sisting of five trees of approximately the same
height (3.6-3.8 m).

The normalized vertical density function
(f.(2), Eq. 3) represents the proportion of shoots
as a function of relative depth in the crown. It
was obtained by normalizing the crown length
to 1 for each tree in group III, dividing the
crowns into 8 layers of relative depth 0.125,
summing the number of shoots found in the
corresponding layers of each tree and, finally,
dividing by the total number of shoots.

The normalized horizontal density function
(fx(r|z), Eq. 4) at relative depth (z) represents the
proportion of shoots per unit of normalized
horizontal crown cross-sectional area at a radial
distance () from the stem. The normalized hori-
zontal densities were determined separately for
the vertical quartiles of group I11, i.e., the layers
between the relative depths of 0-0.25, 0.25-0.5,
0.5-0.75 and 0.75-1. The procedure was as fol-
lows: in each layer the (maximum) radius of the
crown (=the maximum distance between stem
and shoot) was normalized to 1 and the layer
(a cylinder) was divided into ten “rings” of rela-
tive width 0.1. The numbers of shoots belonging
to corresponding rings of each tree were summed
and divided by the horizontal area of that ring.
Finally, the number density in each ring was
divided by the total number of shoots.

The beta distribution was used to approxi-
mate both the measured frequency distributions
of shoot zenith angle and the normalized vertical
and horizontal densities of shoots. The density
function for the beta distribution is defined by:

) = €= X" (e = X) T (9)

The shape parameters p and g were calculated
using the measured mean and variance (X) as
follows (Swindel, Smith & Grosenbaugh, 1987):

(X* xmin) [(xmax - )3) (f— xmin) - Sz]

ﬁ N 52 (xmax - xmin)
(10)
and
P (xmax - x) [(Xmax — >€) (x_' xmin) - 52]
= Sz(xmax - xmin)
(11)

The scaling parameter ¢ (Eq. 9) was estimated
numerically.



Results

The frequency distributions of shoot azimuth in
the four different groups (I-IV) are shown in
Fig. 1. The result indicates that the shoot azi-
muth may well be described by a uniform
distribution.

The frequency distributions for the shoot
zenith angle varied with tree size (groups I-1V)
so that there was a small shift toward more
horizontal inclinations in smaller trees (Fig. 2).
Beta distributions specified by the mean, stan-
dard deviation, and fixed range [0, 8/27] were
fitted to the data. The mean zenith angle varied
between 63° and 73°, and its standard deviation
between 17° and 21°. The density function rep-
resenting a spherical shoot orientation (dotted
line) is shown for comparison. In all groups
shoot inclination was more horizontal than is
implied by the spherical distribution; however,
the spherical distribution provided a reasonably
good approximation for the Ilargest trees
(group 1V).

In group III, crowns were divided into four
layers and the variation in shoot zenith angle
with relative depth in the crown was analyzed
(Fig. 3). A clear tendency toward more horizon-
tally inclined shoots in the lower crown was
observed. The mean shoot zenith angle changed
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Fig. 2. Frequency distributions of shoot zenith angle (9)
in trees of different size (groups I-1V), together with the
fitted beta distributions (continuous line} and the spheri-
cal distribution (dashed line).

from 44° in the upper crown to 71° in the lowest
quartile of the crown.

The spatial density function (f) (Eq. 1) of
shoots at a given location is obtained as the
denormalized product (Eq. 5) of the vertical
density and the horizontal density at the given
height. Spatial densities were derived for the
crowns in group III.

The normalized vertical density of shoots in
group III is shown in Fig. 4, together with the
fitted beta distribution. The mean and standard
deviation were 0.67 and 0.20, respectively. The
beta distribution had a maximum at the relative
depth of 0.77.

The normalized horizontal densities of shoots
in the four quartiles of the trees in group III,
and fitted beta distributions, are shown in Fig. 5.
The density of shoots varied with relative dis-
tance from the stem, i.e. in any layer the number
of shoots per unit of horizontal area was far
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from constant. With increasing depth in the
crown a slight shift of the density outwards from
the stem could be observed. The mean increased
from 0.28 to 0.40. In the upper crown the maxi-
mum density of shoots occurred close to the
stem, while in the two lower quartiles the maxi-
mum occurred at a relative distance of 0.3-0.4
from the stem. The sharp peak in density closest
to the stem in the uppermost quarter may, how-
ever, partly be due to the calculation method,
whereby the maximum crown radius in each
quartile was used as a reference instead of the
actual (but unknown) crown radius at different
vertical positions in each layer.

Discussion

In the simple equation for direct sunlight pene-
tration (gap probability) (Eq. 1) it is implicitly
assumed that the mean shoot silhouette area {(a)



is statistically independent of location in the
crown. The silhouette area of a shoot when pro-
jected in a specified direction is, by definition,
equal to the product of its total needle surface
area (I and the ratio of silhouette to total needle
area, commonly referred to as “STAR” (see
Oker-Blom & Smolander, 1988). The mean sil-
houette area can subsequently be expressed as
the mean needle area ([) of shoots multiplied by
a mean STAR weighted by needle area (G,), and
variation in either or both of these parameters
can cause a to vary with location in the crown.

The mean (projected) needle area per shoot,
measured for a subsample of shoots in group
II1, was found to decrease monotonically as a
function of relative depth in the crown (Fig. 6)
and increased with distance from the stem,
except for the large shoots occurring close to
the stem in the upper crown (Fig. 7). This im-
plies that the needle area density (f;) (Eq. 2) is
not proportional to the shoot number density
{f) but is shifted upwards and further out from
the stem.

The STAR depends on several shoot charac-
teristics, some of which are age-dependent (e.g.
needle angle and density). It also varies with the
direction of the shoot relative to the direction
of projection (Oker-Blom & Smolander, 1988).
Because shoot orientation and age distribution
vary with location in the crown, the same is
therefore true for the STAR and for G,, which
represents a mean STAR with respect to shoot
orientation and weighted by needle area. In ad-
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dition, the deviation of shoot angular distri-
bution from the spherical (Fig. 2) implies that
G, varies with direction (sun position) as well.

These considerations suggest that the mean
silhouette area (@), the mean needle area (1), and
the silhouette to total needle area ratio (G,) of
shoots all vary with location in the crown. The
variation in shoot size (mean needle area per
shoot) with location can be incorporated by
applying Eq. 2 instead of Eq. 1, however, the
variation in G, should still be considered. Shoot
silhouette arcas were not measured in this study:
to determine the variation in G, with location
in the crown will therefore require further
investigation.

In this study, the shoot was taken as the basic
foliage element in describing crown structure.
Most models have used the individual leaf or
needle as the basic foliage element (e.g. Wang,
Jarvis & Benson, 1990; Whitehead et al., 1990).
The theoretical implication of the choice of unit
(needle or shoot) used in defining the spatial
density of foliage follows from the assumption
in statistical models of light penetration, that
the foliage elements are located independently
of each other (“randomly”). If, instead of shoots,
the locations (spatial coordinates) of individual
needles were assumed to be statistically indepen-
dent random variables, the model (Eqgs. 1 and
2) would remain formally the same; however,
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the interpretation of the variables involved
would be different. For example, the parameters
(@) and (G,) would in that case refer to the mean
projected area of single needles and the ratio
between projected and total needle area, respect-
ively. The ratio of projected and total area of a
shoot is much smaller than for a needle, because
of needle overlap within a shoot (Oker-Blom &
Smolander, 1988). Consequently, at a given foli-
age area density (f; in Eq. 2), the projected
foliage area density (G,f;) is smaller if shoots
rather than needles are assumed to be statisti-
cally independent. In practice, therefore, the
choice of foliage element can have a considerable
influence on estimated light interception.

In conclusion, the clumped distribution of
needle area typical of coniferous crowns can be
incorporated in statistical models of light pene-
tration by means of non-uniform spatial density
functions, by choosing “clumped” units (shoots,
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The initial stages of the response to fertilisation (F) and combined irrigation + fertilisation
(IL) of developing whorl 4 branches of 25-year-old Norway spruces in northern Sweden,
were investigated. Trees were sampled seven times from May to mid-September in the first
year of treatment (year 1) and in the following year (year 2). The needle and shoot contents
of starch and soluble carbohydrates (glucose, fructose, sucrose, maltodextrins) were analysed.
Numbers, lengths and dry weights were determined for needles and axes, by orders and age
classes. The response was divided into four main components: (1) accumulation and
movement of reserves, (2) development of new structures, (3) increment of existing structures
and (4) loss of structures. Residual dry mass (RDM; dry weight minus analysed carbo-
hydrates) was calculated as a base for estimating growth.

Starch began to accumulate in late winter. Changes in the starch and sugar content
strongly affected needle and shoot weights, consequently also growth estimates. With RDM
as base, the increment of existing needles and shoots in control, ' and IL respectively, was
ca. 19, 12 and 13% of total increment in year 2. Needle and shoot mortality was 8% of
branch dry weight in year 2. Increases in needle RDM with age were significant, and were
supported by clear increases in RDM during the growing season.

The combination of the demographic approach with gravimetric and analytical data
improved understanding of the pattern and time-course of dry-matter allocation. The
increase in RDM of needles with age may be a significant carbon sink in boreal forests.
The uses, and limitations, of RDM as a base for estimates of growth, are discussed. The
origin of increases in needle RDM with age is discussed.

When differences in the carbohydrate content at the beginning and end of the season
were not taken into account, growth could be underestimated by 15-25%. The size of the
error depends on the timing of the first sampling relative to the phenology of the starch cycle.
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Introduction

Estimation of dry-matter increment of branches
in woody perennials remains one of the
less tractable tasks of growth analysis. Where
conifers such as Norway spruce (Picea abies
(L.) Karst.) with evergreen needle leaves are
concerned, the difficulty is compounded by the
presence of several or many living age-classes
of needle. Estimates of increment essentially
depend on difference methods (Whittaker, 1965;

Newbould, 1967; Madgwick, 1970; Evans, 1972).
Simplifying assumptions, e.g. that steady-state
conditions obtain, must often be made. Such as-
sumptions are not readily testable, and where
trees are at the stage of crown expansion, or are
reacting to experimental manipulation, are not
valid (Madgwick & Tamm, 1987).

In situations in which steady-state conditions
cannot be assumed, combination of structural
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concepts systematised by Hallé & Oldeman
(1970) with the demographic approach of e.g.,
Harper & White (1974) and White (1979, 1984),
may be more fruitful. The tree crown may be
regarded as an assemblage (“metapopulation”
sensu White, 1979) of individual branches (cf.
Sprugel, Hinckley & Schaap, 1991), assorted by
age and position. Branches themselves may be
regarded as assemblages of structural elements,
“modules” (Harper & White, 1974; Hallg,
Oldeman & Tomlinson, 1987), assorted primar-
ily by order and age. In Norway spruce, a species
with determinate growth, the module may be
considered identical with the woody axis formed
in a single season, bearing needles and buds
(here: organs), ¢f. White (1984).

The number of live branches in the crown as
a whole may increase or decrease in response to
experimental manipulation, but primary re-
sponses occur at branch level, within modules.
The numbers, dimensions and unit mass of mod-
ules and organs are affected; and both natality
and mortality may change markedly. In analys-
ing the response to manipulation, changes in the
number of modules and organs must be dis-
tinguished from changes in their dimensions and
unit mass. Demographic concepts thus serve
as a book-keeping device (Flower-Ellis &
Persson, 1980).

A further distinction must be made between
reversible and notionally irreversible changes in
mass. For example, Ericsson (1979) showed for
Scots pine (Pinus sylvestris L.) how starch re-
serves accumulate in previous year’s (C+ 1) and
older needles before bud-break, and are utilised
as shoot extension proceeds (also Rutter, 1957;
Clausen & Kozlowski, 1967; Little, 1974; Fischer
& HOol, 1991). A similar cycle of accumulation
and depletion occurs in evergreen species other
than conifers (Reader, 1978; Flower-Ellis, 1980),
and is associated with substantial variations in
mass. The unit dry mass of organs minus their
analysed carbohydrate content is here termed
residual dry mass (RDM), and is considered to
approximate structural mass. The increase in
the RDM of an organ, module or branch during
a period of time — e.g. a growing season —
should be a more appropriate measure of
growth than is the change in dry mass alone,
which confuses several fundamentally different
processes.

Change is thus partitioned into three main
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components: change in number, in RDM and
in the mass of carbohydrate reserves, which may
be treated as pools, subdivided by age classes,
orders or both. But change may have a negative
or a positive sign. By considering all three com-
ponents of change, a better understanding of the
time course and distribution of growth may be
obtained than is possible using dry matter alone.

If changes affecting structure only are con-
sidered, the following steps in the response might
be proposed: in the first growing season of nutri-
ent input, an increase (1) in the length of current
needles pre-formed in the previous year’s bud,
(2) in the number of needle primordia per bud
formed in the current season and (3) in the
number of vegetative lateral buds. In the second
growing season, further steps in the response
may be expected: an increase (4) in the length
of current shoots, (5) in the length of current
needles and (6) in the proportion of buds formed
in the previous season, which develop into
shoots. From the interaction between these pro-
cesses, and nutrient supply and weather, comes
the expansion of the tree’s assimilating area,
which results in increased stem increment.

This paper deals with the structure and dry-
matter dynamics of developing fourth-whorl
branches of Norway spruce in the early stages
of the response to increased mineral nutrient
supply. The analysis considers the interaction of
four processes: (1) the accumulation and move-
ment of reserves, (2) the development of new
structures, (3) the increment of existing struc-
tures, and (4) the loss of structures. It is to be
noted that growth is regarded here as being
synonymous with the accretion of structural
units. The paper has two main aims:

First, to demonstrate the application of demo-
graphic concepts to the analysis of the initial
response of a single branch whorl to increased,
balanced nutrient supply.

Secondly, to show the effect of seasonal vari-
ation of the starch and sugar content of needles
and shoots on estimates of branch growth.

Materials and methods

Site and climate

The source of the material was Flakaliden, a
“nutrient optimisation experiment” (Linder,



1990} laid out in a Norway spruce stand planted
in 1963 after clear-felling, followed by prescribed
burning and scarification. Stand density is 2 033
stems ha~!. The stand is situated in northern
Sweden (lat. 64°7'N, long. 19°45'E), 310-320 m
above sea-level. The site is of the low-herb type,
with dwarf shrubs, mainly bilberry (Vaccinium
myrtillus L.). The soil is a thin, sandy glacial till
with many boulders, overlying gneiss.

Flakaliden is situated in the boreal forest
climatic zone, according to Koppen's system.
The growing season is short, and there is a snow
cover every year. The growing season at the
Svartberget field station (ca. 20 km north-east
of Flakaliden, 225 m a.s.l) in 1987 lasted from
18 May-25 September; in 1988, from 11 May—8§
October (threshold +5°C). The 1986/87 winter
was very cold. A snow cover was established by
3 December 1986, and remained until 26 April
1987. The ground was frozen at a depth of 10 cm
by mid-December 1986, and was still partly
frozen at that level (the ice—water stage) until 5
May 1987. The 1987/88 winter, by contrast, was
mild. A deep snow cover was established by 20
November 1987, and did not thaw completely
until mid-May 1988. The ground remained
unfrozen at 10 ¢cm depth until late December
1987, and was free of ice by 5 April 1988
(Degermark, 1988, 1989).

Treatments

The aim of the nutrient optimisation experi-
ments is to eliminate water and mineral nutri-
ents as growth-limiting factors. At the same
time, leaching of nutrients to the groundwater
is to be avoided.

The treatments in the main experiment, which
started in 1987, are as follows: irrigation (I),
irrigation combined with fertilisation (IL) and
annually applied solid fertiliser (F), in addition
to the control (C). This paper deals only with
the control, F and IL treatments.

Treatments are replicated four times on
double plots, dimensions 50 x 100 m, consisting
of two net plots, each of 1 000 m?, surrounded
by a buffer zone. Destructive sampling is permit-
ted in the buffer zone only.

In 1987 and 1988, the annual dose of nitrogen
was 100 kg N ha™!, other nutrients being sup-
plied in proportion to nitrogen (Table1).
Combined irrigation and fertilisation began on

Table 1. Summary of macronutrients (N, P, K, S,
Ca, Mg), kg/ha, supplied to the F and IL treat-
ments in 1987 and 1988

Treatment... IL F IL F

Year... 1987 1988
Nitrogen 100 100 100 100
Potassium 48 48 48 48
Phosphorus 17 17 17 17
Calcium 53 9 0 9
Sulphur 18 12 8 12
Magnesium 6 6 6 6

27 June and continued until 21 August 1987. In
1988, it began on 16 June and ended on 12
August.

Sample trees

Following a complete inventory, and detailed
structural analysis of 32 trees in six height
classes in October 1986, four height classes of
tree were selected for serial branch sampling
(Table 2). The sample trees, chosen from lists of
all trees of those height classes in the buffer
zones, were distributed over all replicate plots
of the C, F and IL treatments, so that every plot
had approximately the same number. Within
these three treatments, seven groups of ten trees
cach were chosen, one group for each of the
seven sampling occasions (210 trees in all).
Sampling dates were chosen to cover the phe-
nological development of Norway spruce on the
site (Table 3).

Trees of any height class were assigned at
random to a particular sampling occasion. The
samphing cycle returned to the same group of
trees once a year only, at about the same time.
Groups of reserve trees, closely resembling those
in the main series, were also selected. Trees from
these groups replaced any tree which died or
was damaged (e.g. by snowbreak).

This procedure gives comparable groups of

Table 2. Tree height classes in sampling groups,
based on the initial height distribution in the stand
in autumn 1986. SD — standard deviation of the
mean

Stratum, SD

—10 Mean +1.0 + 1.5

Height class, m 1.65 2.59 3.52 3.99
Trees/group 2 4 2 2
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Table 3. Sampling dates for occasions T2—1T7,
1987 and T2—T7 1988, Flakaliden. At T2, the
developing fourth, seventh and tenth whorls were
sampled. The same whorls were sampled at T1 as
at T7

Occasion T2 T3 T4 TS Té6 T7

1987 3/ 15/6 296 13/7 17/8  22/9
1988 31/5  14/6 5/7  20/7 16/8 19/9
Whorls 3 4 4 4 4 2
6 7 7 7 7 4
9 10 10 10 10 7
10
13

sample trees on every occasion, while making it
possible to separate, by occasions or annually,
the growth response of trees representing differ-
ent height strata in the stand at the start of the
experiment. The spread of tree size ensures a
corresponding spread, e.g. in shoot length, facili-
tating use of regression estimates in which shoot
length is estimator variable (Cochran, 1977). If
grouping is successful, chance variation, e.g. in
branch structure, related to variation in tree size
on different sampling occasions, should be
minimised.

Branch sampling
Terminology

Structural terminology is based on Flower-Ellis,
Albrektson & Olsson, (1976, Fig. 2; for age no-
tation, see also Flower-Ellis, 1971), whereby the
uppermost branch whorl is whorl 1 and the
main axis of a branch is order 1. Current shoots
are designated C, the year of origin being added
where necessary for distinction, thus: C87.
According to the above system, shoot age is
counted from the current shoot, and is desig-
nated C+1 ... C+n. Modules are referred to as
shoots, qualified by order and age: thus “first-
order current shoots’, etc.

Branch whorls were sampled so as to give a
profile down the crown (Table3), a single
branch being cut from each of the sampled
whorls. Branches were normally sampled from
mid-May to mid-September, intervals between
samplings being shortest during the period of
most active growth (Table 3).

Subsampling for analysis

Subsamples (needles only in 1987, axes +
needles from 1988) for carbohydrate and min-
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eral nutrient analysis were immediately removed
from each branch, separated by age-classes,
bagged, and immersed in liquid nitrogen
(—196°C). They were stored at —20°C until
analysed. Branches were stored individually at
4°C, before separation into age-classes and
branching orders (order 1, order >1). Branch
fractions were stored individually in polythene
bags at —20°C , to await detailed processing.

Only material from the developing fourth
branch whortl of control, F and IL in 1987 and
1988, respectively, is considered here. This whorl
was chosen for comparability (needle samples
for diagnostic mineral nutrient analysis are
customarily taken from it, e.g. Aronsson &
Elowsson, 1980). Needle subsamples from this
whorl in 1987 were too small for it to be possible
to separate treatments in the carbohydrate
analyses in that year. From 1988 onward, the
size of subsamples was increased.

Processing and analysis

The subsamples were dried in a ventilated oven
(85°C, 48 h), then separated into the fractions
(a) needles and (b) shoot axes, which were
counted and measured. The fractions were
pooled by age-classes within treatments. After
milling to pass a 0.12 mm sieve, the material
was dried under vacuum. Starch and soluble
sugars (fructose, sucrose, maltodextrins and
fructan) were analysed enzymatically, according
to Steen & Larsson (1986), slightly modified
(50 mg sample extracted 40 min at 60°C,
Thermamyl 120L).

Growth analysis

The branch fractions were dried in a ventilated
oven (85°C, 24 h), to aid separation into needles
and shoot axes. After further drying (85°C, 24
h) they were weighed. The number of needles
and shoot axes on each sample branch was
counted, and lengths were measured, by orders
and age-classes. On first-order axes, needle scars
were also counted, for estimating mortality. In
what follows, shoots of order 3 and above are
not distinguished from second-order shoots, nor
are second-order nodal and internodal shoots
treated separately.

Since subsamples were treated individually
until they were pooled, the number and dry
mass of shoot and needle subsamples could be
added to the total for each branch.



Calculations
Needles

The relationship between the dry mass and
length of single needles was calculated by age-
classes for every sampling occasion, for orders
1 and >1 separately. From previous studies
(Flower-Ellis & Yang, unpublished) it is known
that this relationship is adequately represented
for individual Norway spruce needles by the
linear model

X2=o0+f-X1+e (1)

where X1 is length (mm), X2 is dry mass (mg)
including carbohydrates and ¢ is the error term.

Since the length and number of needles is
known, mean needle length [is readily calculated
for a given age-class and occasion. From the
above relationships, the mass w of a needle of
length I can be estimated for any age-class and
occasion. If mean needle length varies, whether
systematically or randomly, estimates of w will
be correspondingly affected.

Individual sampling occasions provide inde-
pendent estimates of [ in an age-class. Where
there are no significant differences in length be-
tween occasions in needle age-classes C+1 and
older (see Results), a common mean length L
can be calculated. For L or for any convenient
integer value [ (standard needle length), the
mass of single needles was estimated for oc-
casions (1) ... (7), free from the effects of vari-
ation in length. Differences in mass were thus
obtained directly. Changes in the mass of single
needles with age may also be quantified by the
above procedure (but see below).

Successive estimates of the mass of developing
current needles must be made using observed
mean length on each occasion, until length
growth is complete. Needle length in any age-
class is taken as constant after the end of the
first growing-season (Meissner, 1894, 1897).

The mean number of living needles »; in an
age-class i on a given occasion is also known.
The total mass of needles in that age-class may
thus be estimated directly or as (n;*w;), to give
the dry-matter pool size. If no needles die in the
interval T; .. T;.,, total change in mass in an
age-class will depend principally on the change
in w; in that interval. This makes it possible to
calculate change in mass in two ways: (1) with
a constant needle population, {2) with the effects

of needle mortality explicitly included. This fa-
cilitates comparison of treatments, by separating
primary growth processes, ie. those which di-
rectly affect increase in mass at organ level, from
those which indirectly affect the overall change
in mass of the branch.

The size of the current needle population was
taken as being the mean number of needles pre-
sent on current shoots, after shoot extension was
complete. Since current needles usually were too
fragile to handle until mid-July, calculations of
dry-matter and carbohydrate pool sizes for these
needles were not feasible until after that time.

Needle mass calculated as above includes
both starch, which exhibits marked seasonal
variation, and sugars, which vary over a nar-
rower range. The results of the carbohydrate
analyses were used for calculating residual dry
mass (RDM: needle mass minus the equivalent
of the analysed carbohydrate content; con-
sidered to approximate the needle’s structural
mass). The momentary carbohydrate pool size
for a needle age-class was obtained by multiply-
ing the dry-matter equivalent of the carbo-
hydrate content of single needles by the number
of live needles present on that occasion. “Total
carbohydrates’ refers to the sum of starch+
analysed sugars, while ‘total sugars’ refers to the
sum of the analysed sugars only.

Shoot axes

Shoot axes were dealt with similarly. The mass
of individual shoots older than the current year
also varies, partly as a result of the carbohydrate
cycle, partly because radial increment occurs.
The relationship between shoot length and mass
becomes increasingly non-linear with age in
first-order shoots. If, however, mass per unit
length (¢, mg mm !) is substituted for mass, the
relationship can be expressed by a linear model
(cf. (1) above), which reflects both (a) the in-
crease in the cross-sectional area of the shoot
axis with age or with time during the growing
season, and (b) variations in mass associated
with changes in carbohydrate content.

As with needles, the length of shoots was
taken as constant after the end of the first grow-
ing season. Shoot mass as given here includes
bark.

Statistical usage
Statistical terminology follows Snedecor &
Cochran (1980). Significance levels, e.g. for com-
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parisons, are referred to as follows: * — signifi-
cant at 5% level but not at 1% level; ** —
significant at 1 % level but not at 0.1% level;
*¥*% _ gignificant at 0.1 % level; NS not
significant.

Results

Initial branch structure

At the stage of stand development in question,
the size (length, mass, number of organs) of a
branch in a certain whorl, e.g. developing whorl
4, is proportionate to the overall size of the tree
(Table 4). In the present paper, however, differ-
ent size classes of tree are not distinguished. The
structure of the mean branch for the group is
used, ie. the structure common to a group of
trees composed as in Table 2, before irrigation
and nutrient treatments started. Each year, the
new whorl 4 will grow on successively taller
trees; branch size therefore tends to increase,
irrespective of treatment.

Stability of estimates of existing branch
structure

‘Existing branch structure’ is made up of the
shoots present on the developing whorl 4 branch
at the beginning of the growing season. Existing
structures increase in mass through the radial
increment of axes and the increase in mass of
individual needles, and may lose mass through
the death of shoots and needles. Unless such
losses can be demonstrated, existing structure
may be regarded as a fixed entity for purposes
of calculation.

Any significant trend on time during the sam-
pling series, e.g. in mean shoot length or in the

number of living needles in any age-class, must
be taken into account in estimating change in
mass in that age-class. Such trends originate
mainly (a) in sampling error affecting one or
more characters, (b) in biological causes.
Successful grouping should result in stable
values for the main structural elements, ¢.g. the
length of shoot axes existing at the beginning of
the sampling series. Decreases, for instance in
the number of live needles, may then be con-
sidered to reflect mortality.

In the sample branches of 1987, there was no
trend on time between 3 June and 22 September,
in first-order or >1 order shoot axis length in
age-classes C+ 1, C+2 and C+ 3; nor was there
a trend in the number of living needles in these
age-classes (Table 5).

In the 1988 material, first-order shoot axis
length in age-classes C+1, C+2 and C+3
showed no trend on time during the correspond-
ing period; nor did the number of living needles
in age-classes C+2 and C+3 do so. However,
the number of living C+ 1 needles on first-order
axes increased significantly during this interval
(from 125.6 +£7.1 to 141.2+8.6 needles per
shoot ( +95% confidence limits; cf. Table 5).

However, for order >1 in 1988, the situation
was otherwise. For C+1 shoots, there was a
weak, non-significant downward trend with time
in the number of shoots, a significant downward
trend in total shoot length, and a weak, non-
significant downward trend in the number of
live needles. For the C+2 shoots, there were
significant, downward trends in all three charac-
ters (Table 5).

The lack of significance of two of the slope
coefficients in the C+1 age-class must be set
against the negative sign of all three. Taken
together with (a) the downward trends in the
C+2 age-class, and (b) the presence of attached

Table 4. Mean and standard deviation of dry mass, g, of branches by six classes of tree height, in
whorl 3 of Norway spruce trees at Flakaliden, as determined by destructive sampling in October 1986.
Represents the initial condition of developing whorl 4 in 1987 (See also Table 2)

Stratum, SD
—1.5 —1.0 Mean +1.0 +1.5 +2.0
Height class, m... 1.18 1.65 2.59 352 3.99 446
Branch mass, g 15.09 24.78 41.35 56.65 73.34 82.25
SD 5.44 11.51 16.19 25.46 45.03 2421
No. trees 5 5 7 5 5 5
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dead second-order laterals on the sample
branches, these results suggest that some C+1
shoots and needles died in the interval between
31 May and 19 September 1988.

Accumulation and movement of reserves

The starch content of needles (per cent of dry
mass) reached a maximum in June in both 1987
and 1988. It began to decrease with the onset of
growth in current shoots, and was less than 1%
by mid-September 1987. In 1988, however,
needles in the F and IL treatments contained
less than 1% of starch by mid-August 1988, in
contrast to those in the control, which still con-
tained 5-6% of starch. Some starch was still
present in control needles on 19 September
(Fig. 1c¢). The total sugar content of the needles
varied over a narrower range during the period
late May—September (Fig. 1b, d).

The starch content of shoot axes (per cent of
dry mass) was lower than that of needles of the
same age-class at all samplings (Fig. le). The
total sugar content was also lower in shoot axes
than in needles of the same age-class (Fig. 1f).
The seasonal course of variation in the total
carbohydrate content of shoots was otherwise
similar to that in needles.

New structures: current growth

Growth of new shoots and needles begins by
mid-June and is normally completed by mid-
August. The phase of most rapid growth co-
incides with the decline in the starch pool in the
needles, cf. Fig. 1a, c.

Table 5. Observed mean and standard deviation
(SD) for shoot length (mm), number of shoots
and number of living needles in existing structure
(age-classes C+1, C+ 2 and C+ 3, orders 1 and
> 1) in developing whorl 4 branches of Norway
spruce in 1987 and 1988 ( T2-T7 inclusive). The
slope coefficient (b) for the regression of the
values for individual sampling occasions on time
(week no.) is also shown. If the t-test (b/s, )
shows that b is not significantly different from
zero, and if the sign of the coefficients shows no
bias, the regressions on time are considered to
show no trend. No. observations for Order 1: 179
in 1987, 178 in 1988; order >1, 179 in 1987, 173
in 1988

Item, year Mean Slope
Age-class SD coefl. Signif.
Order 1
Shoot length, 1987
C+1(CR6) 75.0 1.099 NS
16.7
C+2(C85) 109.0 —0.859 NS
317
C+3(C84) 108.6 —0.814 NS
46.2
No. live needles, 1987
C+1(C86) 160.8 0.690 NS
322
C+2(C85) 2104 —1.280 NS
49.2
C+3(C84) 145.4 —1.990 NS
44.5
Shoot length, 1988
C+1(C87) 58.6 0.829 NS
16.1
C+2(C86) 88.5 0.488 NS
24.6
C+3(CB5) 125.1 —0.461 NS
473
No. live needles, 1988
C+1(C87) 132.2 2.351 *
30.3
C+2 (C86) 173.1 1.392 NS
39.2
C+3(C85) 172.6 —0.926 NS
457
Order>1
2 Shoot length, 1987
C+1(C86) 645.6 —0.610 NS
356.2
C+2(CRS) 318.2 —0.910 NS
182.2
No. shoots, 1987
C+1(C86) 18.7 —0.668 NS
9.2
C+2(C85) 6.8 —0.220 NS
3.2
No. live needles, 1987
C+1(C86) 1199.2 —0.739 NS
677.3
C+2(C85) 651.4 —1.245 NS
380.8
2 Shoot length, 1988
C+1(C87) 469.6 —2.023 *
2553
C+2(C86) 253.8 —2.947 **
140.1
No. shoots, 1988
C+1(C87) 17.1 —0.858 NS
7.9
C+2(CR6) 6.4 —2.042 *
2.9
No. live needles, 1988
C+1(C87) 874.4 —0.686 NS
466.4
C+2(C86) 491.3 —2.110 *
269.4
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In 1987, after the first season’s treatment, the
F and IL treatments did not differ significantly
from the control in any of the following struc-
tural characters: number of second-order lat-
erals per branch; number, mean [ength and total
length of current shoots (C87); number, mean
length and total length of current needles
(Linder & Flower-Ellis, 1992). Treatments were
therefore not distinguished in that year.

By September 1988, after the second season’s
nutrient supply, branches in whorl 4 of trees in
the F and IL treatments were clearly larger than
those of the control, while differences between
the two treatments receiving fertiliser were not
marked and were rarely significant (Table 6).
On first-order shoots, the current year’s in-
crement (C88) was longer in the F and IL treat-
ments than in the control (***). When the
unadjusted means were compared, there were
also more live needles on shoots in the F and
IL treatments; when the comparison was made
at a common length, differences were not sig-
nificant. The current shoots of control trees had
more needles per unit length than those in the
two fertilised treatments (F *** IL ** ), Mean
needle length was greater in the F and IL treat-
ments than in the control (F ** IL * ). The
total length of live needles was also greater on
shoots of F and IL trees before adjustment to a
common shoot length (***). After adjustment,
differences were not significant.

Mean values for characters on shoots of order
>1in the F and IL treatments were generally
larger than those in the control (Table 6), al-
though differences were not always clear-cut.
Mean shoot length was greater in F and IL
treatments than in the control (***), but differ-
ences in the number of current shoots and in
the number of live needles were not significant.
Mean needle length was greater than in the
control (F ** IL * ). Differences in the total
length of shoots of orders >1 were not signifi-
cant. The number of needles per unit length did
not differ significantly, but total needle length
was greater in F and IL than in the control (*¥).
After adjustment to a common length, the IL
treatment alone had a significantly greater total
needle length on shoots of order >1 (**).

A feature of the response not evident from the
tables, was an increase in the number of current
shoots arising directly from shoots older than
C+1 in the F and IL treatments, i.e. from dor-
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mant buds. Shoots of order > 1, which had not
produced terminal or lateral shoots in 1987,
began to do so in 1988. There are few C-2
shoots of order >1 on whorl 4 branches (cf.
Table 5), therefore a limited population of dor-
mant buds from which new shoots can arise.

Increment of current needles and shoot
axes

The mass of single needles, by age-classes, was
estimated for every sampling occasion from its
relationship with length (cf. Fig. 2). Since there
was no difference between treatments, in slope
or intercept, in the relationship within any age-
class on any sampling occasion, treatments were
not separated. For comparing age classes, a stan-
dard needle length (/,=10 mm) was used, cf.
Fig. 3 a, b. For estimating pool size, the mean
needle length in each age class was used.

The mass of single, current needles continued
to increase after they had reached their final
length. As is indicated by the development of
mass per unit length, the radial increment of
current shoot axes also continued after growth
in length was complete. Although part of the
increase in mass was attributable to accumu-
lation of starch and sugars in both needles and
shoot axes, their RDM also increased.

Existing structures: dry-matter dynamics
Needles

Changes in mass, at constant length, of the C+1,
C+2 and C+3 needles during the sampling
period largely reflected the changes in their total
carbohydrate content (compare Fig. 1 a, ¢ and
3 a. b). The mass of single needles at peak starch
content, e.g. in 1988, was 125, 127 and 130% of
that in mid-August (C+1, C+2 and C+3
needles, respectively; Fig. 3b).

Mass was significantly greater in old than in
younger needles (Fig. 2 b, 3 a, b). In the autumn
of 1987, for example, the ranking was as follows:-
C < C+1 <= C+2 < C+3 (Table7). The
difference extended to RDM. Taking the RDM
of the current needle in September as datum,
the difference between the RDM of the C87
needle and that of the C+3 (C84) needle at
fixed length, was 1.96 mg (C +3:C87:1.63:1). The
difference in RDM between the C88 and C+3
(C85) needle was 0.65 mg (C+ 3:C88:1.20:1). As
appears from Fig. 3 (a) and (b), the difference
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Fig. 1{a-f). Seasonal variation in starch and total sugar
content of needles and shoot axes (%), in 1987 and 1988.
(a) 20 May to 22 Sept. 1987, starch content of needles
in age classes C+1(+), C+2 (0) and C+ 3 (x) without
distinction as to treatment. (b) 1987, total sugars in
needles (occasions and symbols as in (a)). (¢) 31 May to
19 Sept. 1988, starch content of C+1 needles by treat-
ments (+ control, O F and x IL). (d) 1988, total sugars
in C+1 needles (occasions and symbols as in (c)). (¢)
1988, starch content of C+ 1 shoot axes by treatments
(symbols as in (c)). (f) 1988, sugars in shoot axes (symbols
as in {c)). Contrast the pattern of change in sugars in
needles in 1987 and 1988 (b, d).

increased most between age classes C+2 and
C+3.

Shoot axes

The increase in mean length and total length of
current needles in the F and IL treatments

(Table 6) should be associated with increased
radial increment of both first- and second-order
C+1, C+2 and C+ 3 shoot axes of branches in
those treatments, as compared with the control.
However, within any age-class, there were
no differences in slope or intercept between
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Table 6. Means and standard deviations for cur-
rent production (C88), by treatments and orders,
in whorl 4 branches of a joint material from the
last two sampling occasions in 1988 (no signifi-
cant differences between the means for any
character on the two occasions; t-test). Adjusted
comparisons were made analogously on values
estimated from regressions, e.g. between needle
number and shoot length. Internode length on C88
shoots is equivalent to the reciprocal of No.
needles mm ™!

Treatment
Ttem F IL Control
Order 1
Shoot length mm 1174 115.6 69.1
SD 344 37.8 19.0
No. live needles 149.0 153.7 122.5
26.5 247 24.9

Needle length mm 12.8 12.6 11.2
SD 2.0 2.1 1.5
Live needles. mm~? 1.34 1.43 1.82
SD 0.36 0.37 0.34
Tot. needle length cm 191.3 196.5 136.6
SD 45.0 52.6 30.7
No. samples 20 20 20
Order>1
Mean shoot lengthmm  35.1 327 254
SD 52 55 4.5
No. shoots 55.7 58.5 52.6
SD 28.0 28.1 22.0
No. live needles 18220 18043 13212

922.1 884.1 796.5
Needle length mm 12.5 120 10.6
SD 22 2.0 1.3
Live needles. mm™? 1.60 1.61 1.68
SD 0.30 0.16 0.13
Tot. shoot length cm 183.7 178.8 144.0
SD 99.3 88.6 74.3
Tot. needle lengthecm 22761 22326 13903
SD 11857 1208.1 836.3
No. samples 19 20 20
regressions for individual treatments, and

common relationships between ¢ and length
were therefore calculated.

Using these, and the observed mean lengths
(cf. Table 5), the time-course of change in ¢ was
estimated (Fig. 4a). Thus the first-order C+1
shoot axis of mean length increased in mass by
0.137 g between 31 May and 19 September 1988,
the C+2 shoot axis by 0.357 g and the C+3
shoot axis by 1.075 g, i.e. an increase of 1.569 g
for existing shoot axes of the first order (Fig. 4
b).

In this general trend of increase, decreases in
the mass of second-order shoot axes were also
observed. Between 31 May and 14 June 1988, ¢
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Fig. 2(a, b). Relationships between single-needle length
(mm) and dry mass (mg). (a) Within an age-class in
different years: C + 1 needles in September 1987 (+ ) and
September 1988 (), without distinction as to treatment
(common regression line). (b) Between age-classes on the
same occasion: current (C88, +) and C+3 () needles
in September 1988 (**).

decreased in both C+1 and C+2 axes (Fig. 4
¢c; Table 5). After correction for the carbohydrate
content, the RDM of second-order axes also
decreased. In the corresponding age-classes in
1987, similar decreases in g were observed, that
in the C+1 (C86) shoot axis being just signifi-
cant (*; —0.071 g, t=2.558, 58 d.f.).

While in terms of length, shoots of orders >1
dominate branch structure (compare Tables 5,
6 and 8), individual shoots are, on average, short
and of small diameter. A large proportion of the
transverse section consists of parenchymatous
cells and phloem, and wood increment is limited,;
the movement of reserves is therefore clearly
mirrored by dry-matter variations.

Existing structures: mortality

By 3 June 1987, some needle loss had already
occurred in all three age-classes on the first-
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Fig. 3(a, b). Seasonal variation in dry mass + 1 SEE,
of the standard needle (10 mm) in 1987 and 1988. (a)
1987, (b) 1988, for age-classes C+1 (+), C+2 (J) and
C+3 (x). Means and SEEs calculated from regressions
(compare Fig. 2).

Table 7. Ranking of single needle mass by age-
classes in September 1987 (compare Fig.3).
Student’s t, 58 degrees of freedom

Age-class C86 C85 C84
C87 2.255 2,591 12.553
C86 — 0.678 11.309
NS seskok
C85 — — 9.944

Lk ]

order shoots. From a comparison of the number
of needle scars with the number of live needles,
needle survivorship was estimated at 964, 936
and 925 o/oo in age-classes C+1, C+2 and
C+3, respectively. The corresponding figures
for 31 May 1988 were 988, 981 and 928 o/oo.
The absence of significant, negative trends in
needle number on first-order shoots between the

third and the seventh samplings in 1987 and
1988 (Table 3), implies that no shoots or needles
died during that period. The dry-matter and
carbohydrate dynamics of existing needles on
first-order shoots during this period may there-
fore be calculated under the assumption of a
constant population size (at least as regards
C+2 and C+ 3 needles; cf. Table 5). The same
assumption may also be applied to first-order
shoots in each of the two years, and to shoots
and needles of order >1 in age-classes C+1
and C+2 in 1987. For order >1 shoots and
needles in 1988, the negative trends observed
mean that the assumption does not apply.

In terms of actual numbers and lengths of
needles and shoots at the beginning and end of
the sampling period, the observed trends in axes
of order >1 translate as shown in Table &.

For age-class C+1 on shoots of order >1,
subsequent calculations must be made under
two separate sets of assumptions: (a) that needle
and shoot mortality occurred (cf. Table 8) and
(b) that no mortality occurred. For age-class
C+2, needle and shoot mortality will be as-
sumed to have occurred as in Table 8.

Growth and dry-matter allocation
Carbohydrate pool: needles

As no significant differences between treatments,
with respect to structure, were found in 1987,
pool sizes for needles were calculated for the
joint material (Control+ F +1IL), using a
common needle length.

The carbohydrate pool in existing needles
(combined order 1 and >1, Fig. 5a) reached its
maximum size by 3 June (3.241 g), then began
to decrease. By 22 September it contained 0.717
g, made up almost entirely of sugars (compare
Fig. 1 a, b). The carbohydrate pool was distrib-
uted between the existing age-classes in the pro-
portions 559, 35.3 and 8.8% (C+1, C+2 and
C+ 3, respectively), i.e. in about the same pro-
portions as needle numbers (Table 5). Until
mid-August 1987, too little current needle was
available for carbohydrate analysis.

By far the greater part of the total carbo-
hydrate pool in existing needles was in needles
of age C+ 1 (Fig. 5 b), reflecting their numerical
dominance (Table 5).

In 1988, the carbohydrate content of existing
needles reached its maximum about ten days
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Table 8. Estimates of mean number and length of
C+1 and C+2 shoot axes and needles in the
spring and autumn of 1988, for order >1 axes on
whorl 4 branches of Norway spruce trees. It is
inferred that mortality corresponds to the differ-

ence between the estimates for May and
September
Age-class
C+1 C+2
Item Date (C87)  (C86)
No. shoots 31 May 17.7 7.0
19 Sept. 16.0 5.5
2 Shoot length, cm 31 May 51.9 29.2
19 Sept. 38.9 19.0
No. live needles 31 May 905.3 545.8
19 Sept. 824.3 403.3

later than in 1987 (ca. 14 June; Fig. 1 ¢, d). On
that date, the F needles contained the largest
carbohydrate pool (Fig. 6a). In the subsequent
decline, both the carbohydrate content (princi-
pally starch) and the pool size in the needles of
the control continued to exceed those in the F
and IL treatments. The most notable difference
occurred on 16 August, which was also the point
at which pool size reached its lowest level. The
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Fig. 4(a—c). Seasonal development of existing shoot axes
in 1988. (a) Expressed per unit length (mg-mm™1) for
first-order C+1 {+), C+2 ([J) and C+ 3 (x) shoots (@
denotes RDM of C+3 axis); (b) for the corresponding
first-order axis of mean length (g); (c) for the second-
order shoot of mean length (g). Bars — 1 SEE. Note
the marked decrease in mass of second-order shoots
between 31 May and 14 June (Fig. 4 ¢).

pool increased again by 19 September (Fig. 6;
mainly sugars), in contrast to 1987, when there
was no end-of-season increase.

The carbohydrate pool at its peak was sub-
stantially smaller in 1988 than in 1987 (1.950 g
in the control; but compare needle numbers in
Table 5). When needle mortality (ca. 223 needles,
cf. Table 8) is not taken into account, the carbo-
hydrate pool was smaller absolutely at the end
of the 1988 growing season, than at the equival-
ent time in 1987 (e.g. control 0.587 g).

If needle mortality is taken into account
(Table 8), the carbohydrate pool in existing
needles in the control, at the end of the growing
season of 1988, was ca. 23% larger than in 1987,
and ca. 16 and 25% larger than that in the F
and IL treatments, respectively, in 1988.

The largest proportion of the needle carbo-
hydrate pool at the end of the 1988 season was
in the current (C88) needles (48.8, 59.6 and
58.6% in control, F and IL, respectively; cf.
Fig. 6 d), i.e. rather more than the share of cur-
rent needles in the total number of needles on
the branch (compare Tables 5 and 6). Most of
this was in needles of order > 1.
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Fig. 5(a,b). Seasonal variation in the total carbohydrate
pool in existing needles in 1987, by age classes (g). (a)
Order 1, (b) order >1. Compare Fig. 6.

Carbohydrate pool: shoot axes

In existing shoot axes in 1988, the range of
variation in the carbohydrate pool was nar-
rower than that in needles (Fig. 6 b). The decline
in starch content was masked by the increase in
mass resulting from radial growth. The carbo-
hydrate pool in shoot axes reached its lowest
level in mid-August 1988, after which there was
a small increase.

Carbohydrate pool: rates of accumulation
and mobilisation

Between 31 May and 14 June, the carbohydrate
pool in existing structures of F and IL branches
increased more rapidly than that in the control
(equivalent to +24 and + 20 mg day ~?, respect-
ively; compare control, +10mg day™!), al-
though the final pool sizes did not differ greatly.
The subsequent rate of mobilisation in the con-
trol was clearly lower than in the F and IL
treatments (compare Fig. 1 ¢} and its maximum

occurred later. Thus in the F and IL branches,
mobilisation was most rapid between 14 June
and 5 July (—48 and —43 mg day~!; compare
control, —25 mg day '), whereas in the control,
the highest rate occurred between 5 and 20 July,
and did not exceed —28 mg day "

The net total flux of carbohydrates through
existing structures between 31 May and 19
September 1988, was estimated by summing
changes in pool size. The flux was as follows:
control, —1.265 g; F, —1.438 g IL —1.424 g,
ie. average turnover was ca. 13% higher in the
F and IL treatments than in the control. When
fluxes in C88 structures between 5 July and 19
September were taken into account, the average
difference in turnover increased slightly, to 18%
(control —1.310 g, F —1.522 g, IL —1.581 g).

Three main points are to be noted. First, that
the carbohydrate pool at its peak may make up
about one-fifth of the total mass of existing
branch structure, irrespective of treatment.
Secondly, that the rate of mobilisation of the
carbohydrate pool in the F and IL branches
early in the season, was 1.88 and 1.69 times that
of the control. Thirdly, that the average total
net flux of carbohydrates through existing struc-
tures of F and IL branches was ca. 1.13 times
that in the control.

The effects of the observed differences in the
size and duration of the carbohydrate pool on
estimated growth, are considered below.

Estimates of growth: dry-matter and RDM

Variation in the carbohydrate content evidently
underlies much of the variation in the dry-
matter content of both needles and shoot axes.
What effect has it on estimates of growth?

The consequences may be illustrated by esti-
mating growth in terms (a) of dry matter (includ-
ing carbohydrates), and (b) of RDM. It will be
assumed that existing structure is common to
the control, ¥ and IL treatments and constant
throughout, i.e. the effects of mortality will be
eliminated. Current growth, in terms of num-
bers, lengths, etc., is that actually observed.

Common existing structure

The carbohydrate content of shoot axes was not
measured in 1987. The analysis of allocation in
that year must therefore deal mainly with dry
matter (Table 9). Dry-matter and needle RDM
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Fig. 6(a—d). Seasonal variation in the total carbohydrate pool in needles and shoot axes (orders 1 plus >1), by
treatments and age-classes, in 1988 (g). (a) Existing needles, (b) existing shoot axes, (¢} existing needles plus shoot
axes (a+b), (d) all needles and shoot axes (C88 from 5 July). Each group of three bars is in the order control, F, TL.

values in the table are based on constant num-
bers and lengths for existing structures.

On 3 June 1987, before outward signs of
growth appeared (but cf. Fig. 1), the mass of
existing structures was 12.829 g. Between 3 June
and 22 September, a total of 5.440 g of current
shoot was produced (4.265 g of needles, 1.175 g
of axes). During this period, the net increase in
mass of existing structures was 0.343 g, con-
sisting of an increase of 0.694 g in axes and a
decrease of —0.351 g in needles. The total in-
crease in mass was therefore 5.783 g (Table 9,
cols. (3) and (5)). The final branch mass on 22
September was 18.612 g.

When the needles only are considered, growth
estimated in terms of RDM gives a different
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picture. Production of current needles was 3.771
g, while the RDM of existing needles increased
by 2.066 g; in sum, 5.837 g (Table 9, col. (7)).
The increase in the RDM of the needles alone
was thus larger than the sum of the dry-matter
increase of both needles and shoot axes, as esti-
mated above.

On 31 May 1988, there were no outward signs
of growth (but cf. Fig. 1). On that date, the sum
of the dry-matter pools in needles and shoots,
i.e. the initial mass of the branch, was 11.785 g.
By 19 September, it had increased to 12.186 g
(Fig. 7 a). The increase (0.401 g) was not signi-
ficant.

Differences in carbohydrate content (Fig. 1)
between the control, F and IL treatments re-



Table 9. Distribution by orders and age-classes of the increment (mg) of needles and shoot axes in
whorl 4 branches of the control trees between 3 June and 22 September 1987 (RDM increment shown
for needles only). Numbers (n) and lengths (1) of all structures set to standard values (observed length
and number for shoots, observed number and standard length (10 mm) for needles). Minus signs denote

decreases
Dry-matter RDM
Shoots Needles Needles
om om-ln om/needle om-n om/needle om-n
Age-class mg-cm ™! mg mg mg mg mg
Col.(1) (2) (3) (4) (5) (6) (7)
Current
CR7
Order 1 40.64 203.2 3.442 4543 2.436 321.6
>1 13.63 971.8 2.695 3810.7 2.439 3449.0
Sum C87 1175.0 42650 3770.6
Existing
C+1(C86)
Order 1 2.57 19.3 —0.656 —104.3 0.547 87.0
>1 0.99 63.6 —0.577 —691.8 1.316 1578.6
Sum C+1 82.9 —796.1 1665.7
C+2(C85)
Order 1 22.04 2424 -0.875 —182.0 0.390 81.2
>1 1.18 373 —0.640 —416.6 0.397 258.6
Sum C+2 279.7 —598.6 339.7
C+3(C84)
Order 1 30.08 330.9 —0.989 —1493 0.402 60.8
>1 — — — — — —
Sum C+3 3309 —149.3 60.8
Total
C—C+3 1868.5 2721.0

sulted in small differences in the RDM of exist-
ing structures. If these are disregarded, the
average values for the RDM of existing struc-
tures on 31 May and 19 September 1988 were
9.587 g and 11.282 g. The average increase in
the ‘structural’ mass of the branch was therefore
1.695 g, i.e. 4.2 times greater than that estimated
from the difference in the dry matter pools.

The RDM of both needles and shoot axes
decreased between 31 May and 14 June 1988,
1e. to the time at which current shoot growth
began (Fig. 7).

Clear differences in the growth of current
shoots in the control, as compared with the F
and IL treatments, appeared by midsummer and
were maintained. By 19 September, the dry-
matter pool for current needles and shoot axes
in the control was 7.841 g, in the F treatment
13.120 g and in the IL treatment 12.363 g (Fig. 7
b). Current growth was greater in the treatments
receiving fertiliser than in the control, but they
did not themselves differ significantly.

On 19 September, the RDM pool in current
growth was 7.121 g in the control, 12.145 g in

F and 11491 g in IL, ie. 91-93% of the dry-
matter pool, cf. Fig. 1.

The sum of the dry-matter pools of existing
plus current structures, i.e. final branch mass,
on 19 September 1988 was 19.307 g for the
control, 24.331 g for F and 23.667 g for IL.
Assuming that the increase in mass of existing
structures was 0.401 g, as above, the total dry-
matter increase in the whorl 4 branch of the
control, F and IL treatments may be estimated
at 8.242, 13.521 and 12.764 g, respectively.

Since, however, the increase of 0.401 g in exist-
ing structures was not significant, an estimate
of dry-matter increase must be limited to current
growth, 1.e. 7.841, 13.120 and 12.363 g. The cor-
responding RDM values, including a common
increase of 1.695 g, would be 8.816, 13.840 and
13.186 g.

Observed initial structure

The assumption of a common initial base is not
essential to the above comparison. Taking exist-
ing structure in the control, F and IL treatments
to be that actually observed on 31 May 1988,
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Fig. 7(a,b). Seasonal variation in the total dry-matter
pool by components, in needles and shoots in 1988, by
treatments (g). (a) Existing shoots: from the base (1)
RDM, (2) total carbohydrates; existing needles, (3) RDM
and (4) total carbohydrates. (b) Current shoot axes
(C88): from the base, (1) RDM, (2) total carbohydrates;
current needles (C88), (3) RDM, (4) total carbohydrates.
Current production from 5 July 1988. The total height
of each bar represents total dry mass. For existing
needles and shoots, a common structures was used. For
C88 needles and shoots, observed mean values for indi-
vidual treatments were used. Needle mortality not
included.

and constant throughout, dry-matter increment
in existing structures may be estimated at 0.603,
0.905 and 0.523 g, respectively. The correspond-
ing total dry-matter increase (current + existing)
was 7.189, 11.175 and 13.240 g in control, F
and IL.

On the same assumptions, the increases in the
RDM of existing structures were 1.831, 1.821
and 2.020 g in the control, F and IL treatments.
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For total increment, the corresponding values
for RDM were 7.786, 11.354 and 13.833 g.

The distribution of change in RDM is shown
by age classes in Fig. 8. With the exception of
the C+3 needles, the RDM of both existing
needles and shoot axes generally increased be-
tween 31 May and 19 September. Most of the
increase in needle RDM was in order >1
needles (more numerous than those of order 1;
cf. Tabies 5 and 9), while the C+ 3 shoot axis
of order 1 showed the largest increase among
existing shoot axes in all treatments. The overall
increases within an age class may, however, con-
ceal differences between treatments and orders.
Thus the RDM of existing needle age classes of
order 1 in the control decreased (—67 mg),
whereas it increased in needles of order >1
(+226 mg). In the F and IL treatments, there
were only small decreases in the RDM of first-
order C+ 3 needles.

Effects of mortality

Between 31 May and 19 September 1988, 81
C+1 needles and 143 C+2 needles died and
were shed from order >1 shoots (Table §).
During the same period, shoots were lost, equiv-
alent to 13.0cm of C+1 and 102 cm of C+2
shoot axes (Table 8). Assuming the unit mass of
these needles and axes on 19 September, to have
been that of the needles and axes then present,
dry-matter losses by mortality were 0.699 g of
needle and 0.311 g of shoot axes. This is equival-
ent to a decrease of 8.3% in the end-of-season
dry-matter pool of existing structures.

Discussion

Pattern of response

The structural response to an increased nutrient
supply consists of a series of linked changes in
allocation, which initially take place at the level
of the module. The response will be modified by
other factors, e.g. temperature, during the grow-
ing season.

Weather conditions in 1987 and 1988 con-
trasted strongly. The 1987 growing season began
with cold weather in May, followed by a cool,
wet summer. The diurnal mean air temperature
in June and July was lower by ca. 2°C , and in
August by 4°C , as compared with the period
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existing structure (mg) is shown for needles (N) and shoot axes (S) by age-classes. Minus signs denote decreases.

Mortality is not included.

1951-80 (Degermark, 1988). Tree growth was
poor. Almost all structural characters investi-
gated showed no response to increased nutrient
supply. A small increase in the mean length of
current (C87) needles in the F treatment was
the exception, but was not significant. It sug-
gests, nonetheless, increased nutrient uptake in
the F treatment in the first growing season, and
is supported by the higher N concentration in
C87 needles (Linder & Flower-Ellis, in prep.).
The higher rates of carbohydrate accumulation
in F and IL at the beginning of the 1988 growing
season point in the same direction.

In 1988, warm weather in early May led to a
rapid thaw. This was followed by an unusually
warm, dry June and July and a normally warm,
but rainy August (Degermark, 1989). The course
of starch accumulation at the beginning of the
1988 growing season was similar in the control,
F and IL treatments. Although the accumu-
lation rate between 31 May and 14 June was
higher in F and IL than in the control, there
was little difference in the peak size of the carbo-

hydrate pool in existing structures. However,
starch reserves were mobilised earlier, and more
rapidly, in the F and IL treatments (cf. Ericsson,
1979; Fig. 5(a)), and the total turnover was
larger. Current growth in F and IL, respectively,
was 1.67 and 1.58 times that in the control.

Differences in the rate of carbohydrate mobil-
isation were associated with differences in phe-
nology; budbreak and flushing occurred earlier
in the F and IL treatments (cf. also Pinus syl-
vestris; Flower-Ellis, 1982). Phenological differ-
ences between treatments recurred at Flakaliden
after 1988 (Nylander, unpublished).

By the end of the 1988 growing season, whorl
4 branch structure in treatments receiving ferti-
liser clearly differed from that in the control.
How did the differences arise?

The current shoot of order 1 was longer in
the F and IL treatments than in the control.
The number of needles per current shoot also
increased (Table 6). The larger number of
needles on first-order shoots appears rather to
have resulted from an increase in mean shoot
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length in 1988, than from an increase in the
number of needle primordia formed in 1987.
Comparison at a common axis length eliminated
a prima facie significant difference, and con-
firmed that current needles were more widely
spaced on F and IL trees than on control trees,
ie. internodes were ca. 39% longer (compare
Cannell & Willett, 1975).

Although current needle length also increased,
differences among treatments in needle length
density (cm cm ! axis, cf. needle area density;
Wang, Jarvis & Benson, 1990) on first-order
current shoots were consequently small in the
1988 growing season (cf. Table 6; control 19.7,
F 162, 1L 17.0 cm cm ™).

In order >1, the number of current shoots
on the whorl 4 branch did not increase in the F
and IL treatments in 1988. The number of cur-
rent needles did so, but this increase was mainly
accounted for by increased mean length of cur-
rent shoots. With a concomitant increase in cur-
rent needle length, the total length of C88
needles in the F and IL treatments also in-
creased. As in the case of first-order shoots, this
resulted in small differences among treatments
in needle length density on current shoots (cf.
Table 6).

When the steps in the response pattern (see
Introduction) are considered, the present mate-
rial provided no evidence for an effect of in-
creased nutrient supply on the length of needles
in the first season (step 1). It suggests that there
was no increase in the number of needle primor-
dia (step 2). For whorl 4 branches, any increase
in nutrient uptake in the first season did not
lead to an increase in the number of current
shoots in the second season (step 3), but did
lead to an increase in shoot length (step 4) and
needle length (step 5). There was no evidence
for a difference between treatments with respect
to step (6).

Thus, whorl 4 branches responded to nutrient
addition by a co-related increase in current
shoot length and needle number, and an increase
in needle length. The result, for the F and IL
treatments, was a ca. 60% increase in the total
length of current needles, and a ca. 28% increase
in the total length of current shoots, by the end
of the second season. The greater shoot length
alone should suffice to account for any sub-
sequent increase in the number of current
shoots, by way of the relationship between
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parent shoot length and the number and length
of laterals (compare Cannell, 1974; Cochrane &
Ford, 1978; Flower-Ellis & Persson, 1980). The
response in 1987 was most probably limited by
poor growing conditions (e.g. as regards step 1).
Through their effect on predetermined struc-
tures in the bud, the poor conditions in 1987
probably also limited the capacity of branches
to respond to favourable weather in 1988.

This clearly illustrates the difficulty of analys-
ing, in a field experiment, the initial stages of a
response to treatment. Replicate sets of years
(1) and (2) will be required, if an adequate
‘sample’ of the response mechanism is to be
obtained. This would normally imply the use of
seedlings in growth chambers. However, since
the response mechanism in juvenile material
may be other than that in older material, this
might lead to difficulty in applying the results.
A modified ‘single-tree plot” approach, using es-
tablished trees, might provide a means of rep-
licating the initial stages under field conditions.
Varying weather conditions in years (1) and (2)
might then be turned to advantage in determin-
ing the ‘mean response’ and its variability.

Carbohydrate and dry-matter dynamics

An important aspect of the response was the
difference in the rate and timing of mobilisation
of carbohydrate reserves in existing structures
of F and IL branches, and their larger total
turnover of carbohydrates. Any one of these
factors is sufficient to account for the observed
difference in growth. Reserve carbohydrate mo-
bilised in the control in the latter part of the
growing season, could have made little contri-
bution to shoot growth, and may have been
translocated to other sinks, e.g. roots (Ericsson
& Persson, 1980; Agren, Axelsson, Flower-Ellis,
Linder, Persson, Staaf & Troeng, 1980).

The accumulation of starch, which began
early in May in both 1987 and 1988, was associ-
ated with an increase in the dry mass of needles
and shoot axes. Mobilisation of the reserves led
initially to a sharp decrease in the RDM of both
needles and shoot axes, followed by a gradual
increase.

While an increase in the RDM of axes can
mainly be ascribed to radial increment, the de-
crease in the RDM of both needles and axes,
and the subsequent increase in needles, are less



readily explained. It may be that the carbo-
hydrates analysed did not account for all con-
stituents of the reserves. Norway spruce needles
contain substances other than those analysed in
the present study, e.g., raffinose, stachyose, ver-
bascose (Jeremias, 1969), which may also occur
in shoot axes. Individually, these substances are
present in far smaller amounts than is starch,
and than are some of the sugars analysed here.
Needle RDM may, however, be measurably
affected by the simultaneous mobilisation of sev-
eral of them. Since these substances were not
included in the present analyses, and since their
seasonal variation under the conditions at
Flakaliden is unknown (but compare Jeremias,
1969), the dynamics of RDM cannot, at present,
be accounted for in this way.

A further possibility is that both the decrease,
and subsequent increase, of RDM may be con-
nected with nitrogen metabolism. A decrease in
the concentration of N in the needles at the
relevant time has been observed in both Scots
pine and Norway spruce (Aronsson & Elowson,
1980; Linder & Flower-Ellis, 1992). A decrease
in RDM, unaccompanied by a change in needle
N content, would have the opposite effect. This
lends some support to the existence of the de-
creases in RDM, in needles at least. Since, how-
ever, data on mineral nutrients are not reported
here (Linder & Flower-Ellis in prep.), this expla-
nation must also remain tentative.

Increase in needle mass with age

Old needles (e.g. C+ 3), when compared at fixed
length, had a larger mass and RDM than
younger needles. Was the difference the result
(a) of the confounding of an age effect with a
position effect or (b) of the secondary incorpor-
ation of carbon into the needles?

In support of the first of these, the following
may be adduced: Proximal increments tend to
be longer than more distal increments on an
axis (e.g. Renvall, 1914; Flower-Ellis et al., 1976;
Fu & Tamm, 1985). The length of needles tends
to be correlated with the length of the shoot on
which they are borne. Needle length should
therefore tend to decrease from the proximal
towards the distal end of an axis of any order,
and with it, other needle dimensions which affect
mass. However, correlation frequently is weak,
because other factors (in northern regions,

mainly temperature: e.g. Hustich, 1948; Junttila
& Heide, 1981), exert an overriding influence
on needle length. On balance, there appears to
be no firm evidence for the existence of a trend
in needle length with position, such that it would
decisively affect needle mass.

Evidence from other sources suggests that the
second possibility is the more probable. Three
origins for the greater mass of old needles pre-
sent themselves, viz. an increase in length, in
thickness or in density.

Length increment can probably be ruled out.
Notwithstanding early debate (Kraus, 1885;
Meissner, 1894, 1897), it has not been convinc-
ingly demonstrated that individual conifer
needles increase in length after the end of the
first growing season. Age-classes C+1 to C+3
were repeatedly sampled in the present study.
There was no evidence of a significant trend in
needle length with time in any one of them.

Evidence for increasing needle thickness with
age was provided over a century ago (e.g.
Strasburger, 1891). This will increase the trans-
verse-sectional area of the needle, therefore its
mass, but will not necessarily affect its density.

Madgwick & Tamm (1987) discuss evidence
for mass increase in Norway spruce needles with
age; they found an increase of ca. 20% between
the first and fifth growing seasons. Increases of
similar magnitude in Norway spruce have been
reported by van Laar (1976); compare also
Morrow & Timmer (1981). Further evidence is
provided by studies of specific leaf area (SLA)
in Norway spruce and Scots pine. SLA in
Norway spruce was shown to decrease approxi-
mately linearly on age over six age classes,
which, in the absence e.g. of a trend in needle
length, would suggest an increase in needle den-
sity with age (Perterer & Korner, 1990; Fig. 7,
and Fig. 8, Scots pine.).

Indirect evidence is also available from nutri-
ent analyses of conifer needles. These frequently
show a decrease in the concentration of several
nutrient elements with needle age, such as nitro-
gen (e.g. Milkodnen, 1974; Lim and Cousens,
1986), suggesting a “dilution effect” brought
about by increasing needle density. Against this
interpretation, however, observed increases in
concentration of other elements (e.g. Ca) must
be set.

A possible origin for the increase in needle
thickness was early suggested by Meissner
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(1894), among others, as being the growth of
phloem cells in the vascular tissue of the needle.
This suggestion was pursued by Ewers, who
demonstrated secondary production of phloem
cells in mature needles of 11 conifer taxa, during
needle life-cycles of more than 30 years in some
species (Ewers, 1982). This may lie behind the
observed increases in mass of Norway spruce
needles, although the relationship between the
increase in number of phloem cells, and the
increase in needle mass, remains to be explicitly
quantified. The secondary incorporation of
carbon in this way could also cause an increase
in density, resulting in the observed decreases in
the concentration of certain nutrients with age
(but compare Ca).

If increases in needle mass with age in Norway
spruce are maintained during the lifespan of
needles (19 years or more, e.g. Flower-Ellis &
Yang (1987)), the implications for the carbon
and nutrient economy of that species are con-
siderable. Taken together with the seasonal vari-
ations in dry-matter content and RDM, such
increases are a potential source of error, e.g
when nutrient status is determined (Tamm,
1955), when mineral nutrient and carbon budg-
ets are calculated, and when needle area distri-
bution within the canopy is indirectly estimated
by way of SLA.

Effects of carbohydrate content on growth
estimates

Extrapolation of the curve for needle starch con-
tent in 1987 suggests that starch had begun to
accumulate early in May; the starting-point was
similar in 1988. In both years, 25-36% of the
dry-matter content of needles was starch and
sugars by mid-May, before trees showed out-
ward signs of activity after the winter. By 22
September, the needles contained ca. 10% of
carbohydrates (mainly sugars, but some starch
in the control). These may be regarded as typical
values for the beginning and end of the growing
season. It is important to note that starch began
to accumulate several weeks before the start of
the growing season (as defined by the air tem-
perature), while a snow cover existed and while
the soil may still have been frozen.

The first-order C + 1 needles will serve to illus-
trate the effects of carbohydrate content on
growth estimates. On 3 June (T1) and 22
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September 1987 (T2) respectively, their total
carbohydrate content was 35.8% (starch 24.0%)
and 9.6% (starch 0.8%).

The mass of the single needle, including
carbohydrates, on those dates was 4.35 and
3.69 mg; expressed as RDM, 2.79 and 3.34 mg.
By difference, a single needle is found to have
lost 0.66 mg (dry matter base) or gained 0.55 mg
(RDM base) during the interval T1 ... T2. For a
first-order C+ 1 population of 161 needles, the
total dry-matter decrease was 106 mg, as com-
pared with an increase of 8§ mg in RDM; similar
discrepancies occur for other needle age classes,
and for shoots.

Sugars are present in needles before starch
accumulation begins (ca. 10% of dry matter;
unpublished data, Flakaliden). If the increase in
carbohydrate content between 1 May and 3
June is approximated by a straight line, samples
taken between those dates would contain be-
tween ca. 10 and ca. 36% of carbohydrate. Use
of any such sample for calculating growth as
above, would result in a series of discrepancies,
comparable to those illustrated.

Similar uncertainty in estimation will occur if
treatments result in differences in the rate or
seasonal pattern of mobilisation (as in the pre-
sent study), which affect the carbohydrate con-
tent on the second sampling occasion. Use of
RDM as a base resulted, in general, in higher
estimates of growth than those obtained when
total dry-matter was used. The difference be-
tween the estimates mirrored the difference in
the carbohydrate content at T1 and T2.

For eliminating such uncertainty, two alterna-
tive courses of action are open: To attempt to
avoid the problem, by taking samples when
there is no starch present; or to analyse for
carbohydrates.

Adoption of the first course presupposes that
a ‘safe’ date can be identified for a particular
locality. This seems unlikely, when differences
in the dynamics of carbohydrates between years
and between treatments, are considered
(Ericsson, 1979; Linder & Flower-Ellis, 1992).
It may therefore be necessary to determine the
carbohydrate content, when estimating growth
in conifers with evergreen leaves, so that it can
be expressed in terms of RDM. But is the present
definition of RDM adequate?

RDM has been regarded as equivalent to
structural dry mass. As a first approximation,



RDM was defined as “dry mass minus starch”
(compare Aronsson & Elowsson, 1980). As it
became clear that variations in dry mass were
also associated with seasonal change in other
carbohydrates (cf. Fig. 1), the definition of RDM
was modified to that used in the present paper.
Some variation still remains (cf. Fig. 7): its
source has yet to be identified. The analysis of
other organic constituents (cf. Jeremias, 1969)
may further reduce residual variation, until an
operative definition of RDM is reached. This
process of successive approximation may make
it necessary to question the status of substances
conventionally regarded as structural (e.g. hemi-
cellulose). The analysis of dry-matter allocation
in woody plants, such as Norway spruce, will
not have a firm base until this question has been
resolved. There are also important consequences
for the interpretation of mineral nutrient con-
centrations and their seasonal variation. In this
respect, only limited progress has been made
since this question was originally raised by
Tamm (1955).

Demography and growth analysis

The main aim of this paper was to show how
demographic concepts may be used to dis-
tinguish processes which normally are confused,
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Abstract

Nordmeyer, A.H. & Ledgard, N.J. 1993. Above-ground biomass, productivity and nutrients
in 15-year-old stands of Ponderosa pine, Corsican pine, Douglas fir and European larch in
the Craigieburn Range, New Zealand. In Management of structure and productivity of
boreal and subalpine forests (ed. S. Linder & S. Kellomiki). Studia Forestalia Suecica 191.
94 pp. ISSN 0039-3150, ISBN 91-576-4822-0.

A degraded site at 1 040 m elevation in the Craigieburn Range, New Zealand, was planted
in adjacent stands of Ponderosa pine, Corsican pine, Douglas fir, and European larch. After
15 years trees were harvested, and estimates were made of biomass, current production in
components, and nutrient contents.

Total above-ground biomass was 97-109 Mg ha~! in the pines and Douglas fir, and 66
Mg ha~! in larch. Needle biomass declined in the order: Dou%las fir (162 Mg ha™?') >
Corsican pine (13.7 Mg ha™!) > Ponderosa pine (9.8 Mg ha™!) > larch (4.3 Mg ha™?).
Current annual production also declined in the same species order (24.4, 20.7, 18.3, and
154 Mg ha~! respectively), and production was closely related to the total amount of
needle nitrogen.

The pines and Douglas fir bound a similar amount of nitrogen for current production
(240-245 kg dry matter (kg N)™1), but larch was less efficient in its nitrogen use (132 kg
dry matter (kg N)™1).

With increasing needle age, concentrations of N, P, K, Zn, Cu, and Mg generally declined,
whereas Ca, Al, and Mn increased. Because Corsican pine and Douglas fir had greater
needle retention and higher concentrations, their total contents of Ca were much greater
than those in Ponderosa pine and larch. Phosphorus concentrations and the ratio of
monovalent:divalent cations decreased as Al concentrations increased in needles.

Key words: Conifers, biomass, productivity, nutrients, montane sites.
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Introduction

Lodgepole pine (Pinus contorta) grows excep-
tionally well on depleted acid mountain soils
in New Zealand in which aluminium is the
dominant exchangeable cation (Benecke &
Nordmeyer, 1982), even though it has high con-
centrations of aluminium in foliage compared
with those in introduced legumes and the
natural forest species in many mountain
areas, mountain beech (Nothofagus solandri var.
cliffortioides (Nordmeyer, 1980).

Ponderosa pine (Pinus ponderosa Douglas),
Corsican pine (Pinus nigra ssp. laricio (Poiret,
Maire)), Douglas fir (Pseudotsuga menziesii
(Mirb. Franco)}, and European larch (Larix de-

cidua Miller) have generally not grown as well
as Lodgepole pine on infertile soils, but the
underlying reasons have not been elucidated.
This study was aimed to develop a better under-
standing of the nutrient status of the four species
on infertile mountain soils in the Craigieburn
Range, and of the relationship of above-ground
production with tree nutrition in 15-year-old
stands on these soils.

Site description

The study site was at an elevation of 1 040 m
on a north-facing slope of 30° in the Cave

75



Stream catchment, Craigieburn Range, Canter-
bury (43°10'S, 171°45'E). The soil was a Tekoa
high country yellow-brown earth overlying
greywacke stones mixed with loess. Stones made
up approximately half the soil volume. The sur-
face 20 cm of these soils have pH (water) 4.9-5.2,
cation exchange capacity 185ueq g~!, ex-
changeable Al 165 ueq g ', and exchangeable
bases 20 peq g~ !. Total nitrogen to 60 cm depth
is ca. 6 000 kg ha™! (Nordmeyer & Kelland,
1982).

Annual rainfall is 1 447 mm with a spring
maximum of 174 mm month ™!, and a summer
minimum of 69 mm month ™!, The mean annual
temperature is 8.0°C; the mean temperature of
the warmest month (February) is 13.9°C, and of
the coldest month (July) 2.0°C (McCracken,
1980).

The site was originally forested in mountain
beech which had been burnt over 100 years ago.
A 50% vegetation cover of mixed native and
exotic grasses had developed at the time the trial
was planted.

Methods

Ponderosa pine, Corsican pine, Douglas fir, and
European larch were raised as bare-rooted
stock, and 2-year-old seedlings were planted on
the site in winter 1965 at 4 000 stems ha . In
winter 1978 the stands were thinned to 2 000-
3000 stems ha ! and pruned to a height of 2
m above ground level.

Biomass determination

In late winter 1980, a plot of 0.01 ha projected
area was established in each stand. Each tree in
the plot was numbered, and dbh and total height
were recorded. Trees were allocated to five dbh
classes, and one random tree was harvested from
each class to provide five sample trees for each
species.

Ponderosa pine, Corsican pine, and Douglas
fir were harvested in August-September 1980,
and larch in early December 1980 when its
short-shoot needles were well developed. Three
additional trees of larch, representing small,
medium, and large individuals, were harvested
at the end of the growing season (late March)
to estimate the biomass of the long shoots.
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Selected trees were felled at ground level and
their stems were cut at breast height, at the base
of the green crown, and at a point midway
between the base of the green crown and the
top of the tree. All needles and branches in each
of the upper (sun) and lower (shade) crowns were
dissected into age groups of 1, 2, 3, and 4+
years. In the upper crown, stem needles were
incorporated with branch needles of similar age.
For larch, needles were grouped in three classes
corresponding with their location on long
shoots, 1- and 2-year-old branches, and 3 +
year-old branches.

Discs were cut from each tree stem at the
base, breast height, base of green crown, and at
75%, 50%, and 25% of crown depth. Bark
thickness and annual diameter growth of wood
were measured on each disc. The densities of
wood and bark were calculated from oven-dry
mass and fresh volumes.

All plant components were oven-dried with-
out sub-sampling to constant weight at 70°C.
Stem wood and bark dry matter of each length
of stem were calculated from the proportions of
dry wood and bark in the discs at the end of
each section, and summed for each stem. Stand
biomass of components was estimated by the
basal area ratio method (Madgwick, 1983).

Nutrients

Nitrogen (N), phosphorus (P), potassium (K),
magnesium (Mg), and calcium (Ca) concen-
trations were determined in needles, branches,
bark, and wood after digestion in H,SO4-H,0O.,.
N and P were determined by colorimetry, and
K, Mg, and Ca by atomic absorption spectro-
photometry (Nicholson, 1984).

Manganese (Mn), aluminium (Al), copper
(Cu), and zinc (Zn) were determined in needle
components by atomic absorption spectropho-
tometry after dry ashing and solution in HCI
(Nicholson, 1984). Boron was determined for
needle components by the curcumin (colori-
metric) method after dry ashing (Nicholson,
1984).

Concentrations of N, P, K, Mg, and Ca were
determined in wood and bark samples from the
discs taken at the base, at breast height, and at
50% of crown depth. These were converted into
nutrient content for each of the three stem sec-
tions (bottom, middle, and upper). Total nutri-



ent mass in the stemwood and bark was derived
from the sum of values for the three sections.

The nutrient content of each stand was
estimated by the basal area ratio method
(Madgwick, 1983).

Current annual production

The productivity of each tree was estimated
from current needle, branch, and stem pro-
duction. To determine current branch pro-
duction, the dry mass of each of the separate
branch components up to age 3 years was div-
ided by its age; the 4 + year component in the
sun crown was divided by six (the maximum
age of branch in that section) and the 4 + year
component in the shade crown was divided by
12 (the maximum age of branch in that section).
The four values were summed for each crown
to provide an estimate of total branch pro-
duction. Current stemwood production was esti-
mated from the current volume production of
each stem and its density. Stem bark production
was estimated by assuming that the ratio of bark
increment:bark biomass was equivalent to
wood increment : wood biomass.

The nutrient requirement for current pro-
duction of needles and branches was estimated
in the same way as dry matter. For stemwood
and bark production, the nutrient requirement
for current growth was estimated from annual

Table 1. Stocking, height, basal area, biomass,
Douglas fir, and European larch at age 15 years

production and the relevant wood and bark
concentrations at mid-canopy.

Results

Biomass

By age 15 basal areas for the two pines and
Douglas fir exceeded that of larch (Table 1).
Needles were retained for up to 5 years in
Ponderosa pine, 7 years in Corsican pine, and
10 years in Douglas fir. The deciduous larch
had the least total foliage but had more current
foliage production than the other conifers.

The distribution of foliage and branches
differed between species (Fig. 1). In Ponderosa
pine 61% of the foliage was in the sun crown,
and in larch 49%. In Corsican pine and Douglas
fir most of the foliage was in the shade crown,
and of that, approximately 4 Mg ha™! was in
older needles. In larch most of the foliage was
produced on the short shoots.

The amount of branch biomass in the sun
crown was greater in Ponderosa pine and larch
than in Corsican pine and Douglas fir, reflecting
the distribution of needles (Fig. 1). One-year
branch biomass was similar in the pines and
Douglas fir at approximately 1.0 Mg ha!, de-
spite current shoots of Douglas fir being smaller
in diameter than those in the pines.

and productivity of Ponderosa pine, Corsican pine,

Ponderosa Corsican Douglas European

pine pine fir larch
Stocking, stems ha ™! 2000 3100 2700 2400
Height, m 6.9 6.7 7.5 7.2
Basal area, m® ha* 45.8 46.3 39.8 22.6
Biomass, Mg ha™! +s.d.
Needles 98+54 1374+ 3.8 1624+ 5.6 43+18
Branches 15.84+9.5 18.0+6.8 204+54 16.0+4.2
Stem wood 59.6+94 594 +6.0 64.0+47 385+20
Stem bark 121413 13.14+£22 8.7+05 7.0+09
TOTAL 97 +£26 104 + 19 109 £ 16 6649
Annual Production, Mg ha™! +s.d.
Needles 30+19 30+1.1 29+14 43+14
Branches 36+19 40+19 45415 41414
Stem wood 9.8+18 112413 150420 6.0+1.3
Stem bark 20+04 25403 20+03 1.1+02
TOTAL 184 +6.0 20.7+4.6 244+52 15.5+4.7
Ratio Production: Biomass
Needles 0.31 0.22 0.18 1.00
Branches 0.24 0.22 0.22 0.26
Stemwood 0.16 0.19 0.23 0.16
TOTAL 0.19 0.20 0.22 0.24
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European larch

Ponderosa pine

Corsican pine

Douglas fir

Agefyr) 123

15 10 5 5 10
1 1 ! L

Branches Mg ha™ Needles Mg ha'!

Fig. 1. Distribution of needle and branch biomass by
age in sun- and shade-crowns of European larch,
Ponderosa pine, Corsican pine, and Douglas fir.

The ratio of current needle biomass: current
branch biomass was 2.6, 2.7, 2.3, and 0.7 in the
sun crown, and 4.3, 3.3, 3.8, and 0.9 in the shade
crown of Ponderosa pine, Corsican pine,
Douglas fir, and larch, respectively, indicating
that the direct structural cost of carrying current
foliage was less in the shade than in the sun
crown.

There was little difference in the stemwood
biomass of the pines and Douglas fir, but all
three species had accumulated more stem bio-
mass than larch (Table 1). Wood densities were
Ponderosa pine (399 kg m?), Corsican pine
(404 kg m~3), Douglas fir (442kg m™?), and
larch (457 kg m™3).

Annual production

All stands were at a stage of fast growth, prob-
ably as a response to the thinning 2 years earlier
and the relatively large amounts of foliage
(Table 1). Of the total annual production, the
proportion of stemwood made up 39%, 53%,
54%, and 61% in larch, Ponderosa pine,
Corsican pine, and Douglas fir, respectively. The
modest allocation to current needle production
combined with high needle retention in all
species but larch, allowed proportionately high
allocation of photosynthate to stemwood
production.
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Nutrients

In needles, concentrations of N, P, K, Zn, Cu,
and Mg (generally) declined with age, and Ca,
Mn, and Al increased (Table 2). Calcium, Mn,
B, and Mg (generally) were higher in shade
crown needles than in sun crown needles.
Variation in mean concentrations was low for
N, P, K, and Mg (coefficients of variation (CV %)
ranged from 4.3% to 14.8%) but was higher for
Ca in older needles (CV 14%—-26%).

For all species, nutrient concentrations of cur-
rent sun crown needles were mostly in the low-
mid range of reported values for Ponderosa pine
(Clayton & Kennedy, 1980), Douglas fir
(Krueger, 1967; Clayton & Kennedy, 1980; Cole
& Newton, 1986), and Corsican pine (Wright &
Will, 1958; Miller & Miller, 1976). A notable
difference is that the present results show a con-
sistent rise in Ca as needles age, and, as a conse-
quence of needle retention, Ca levels are
particularly high in the older needles of Corsican
pine and Douglas fir. Also, present P concen-
trations in Douglas fir exceeded the levels where
a response to fertiliser phosphorus was detected
from foliage P and basal area growth (Belton
& Davis, 1986).

As aluminium concentrations increased in
needles there was an associated decline of P and
in the ratio of K: Mg + Ca (Fig. 2). The decline
was particularly marked in Ponderosa pine and
Douglas fir and least marked in Corsican pine,
which accumulated more divalent cations in
older needles. Differences between sun and shade
needles suggest that relationships between these
nutrients were influenced by light as well as age.

In branches concentrations of nutrients de-
clined with increasing tissue age (Table 3).
Douglas fir had notably higher concentrations
of N, P, and K than comparable branch tissues
in the other species, whereas Corsican pine, as in
its needles, had consistently higher Mg and Ca
concentrations. Branch Ca concentrations were
higher in the shade than in the sun (Table 3).

For stemwood, concentrations of nutrients
were higher in the pines than Douglas fir or
larch (Table 4). In contrast, the bark of Douglas
fir and larch was higher in N, P, and K than
bark of Corsican pine and Ponderosa pine.

Total above-ground contents of N and P de-
clined in the order Douglas fir > Corsican
pine > Ponderosa pine>larch. Contents of Ca
in Corsican pine were approximately twice those
of Ponderosa pine (Table 5).



Table 2. Mean nutrient concentrations in the needles of Ponderosa pine ( Pp), Corsican pine (Cp),

Douglas fir (Df), and European larch (EI)

Sun crown needles

Shade crown needles

Age (yrs)

Nutrient Sp 1 2 3 4 1 2 3 4

N, gkg™! Pp 12.7 12.5 11.6 11.7 12.6 12.4 10.7 10.1
Cp 12.4 124 11.2 10.2 10.3 10.4 9.7 8.7
Df 14.3 14.3 132 11.7 132 12.4 12.2 11.3
El 19.3* 18.4% 18.3% 20.3 194 18.8

P, gkg ' Pp 21 16 14 13 18 15 13 13
Cp 1.4 1.3 1.2 1.2 1.1 1.0 1.0 0.9
Df 1.6 1.5 1.3 1.2 1.5 14 1.3 1.1
El 2.9 2.5 2.4 2.7 2.6 24

K, gkg™! Pp 7.8 6.6 6.3 6.1 7.7 6.9 6.4 6.0
Cp 5.6 6.0 5.5 52 52 53 5.2 4.6
Df 7.7 6.7 6.7 6.1 8.0 6.8 6.5 59
El 11.0 9.9 9.4 10.6 10.3 9.6

Mg gkg™  Pp 07 0.7 0.7 0.7 0.8 0.9 0.9 0.9
Cp 0.9 0.7 0.6 0.6 0.9 0.9 0.8 0.7
Df 1.1 1.0 09 1.0 1.1 1.0 1.0 0.9
El 1.3 1.3 1.3 14 1.5 1.4

Ca, gkg™? Pp 2.2 3.8 4.1 4.6 2.1 33 4.8 5.9
Cp 43 6.7 7.8 9.9 6.6 10.2 12.2 15.5
Di 5.1 6.9 7.7 8.8 6.4 8.2 10.0 10.3
El 2.8 32 37 33 38 4.0

Mn, ug g7! Pp 90 130 120 120 110 160 150 160
Cp 140 190 200 240 210 260 270 330
Df 210 230 180 200 220 250 240 220
El 110 110 130 130

Al ug g™t Pp 170 270 200 310 250 260 270 270
Cp 750 1120 1400 1430 700 990 1180 1360
Df 680 770 740 750 590 610 630 730
El 120 120 110 130

Zn, pg g7! Pp 24 15 11 12 18 13 11 12
Cp 22 24 14 11 17 17 9 7
Df 12 9 7 7 11 8 6 8
El 17 16 17 17

B.ugg! Pp 6 6 6 7 9 8 9 8
Cp 6 7 8 10 8 9 9 12
Df 9 10 9 11 11 11 11 11
El 11 10 11 10

123 refer to current branch, 142 year branch, and 3 + year branch components, respectively.

At the time of harvest all stands had high
nutrient requirements for new growth (Table 3).
Foliage generally required more N and P than
other components, but branches had high
annual requirements for Mg and Ca in all
species, and for K in Corsican pine and Douglas
fir. Requirements of nutrients for bark pro-
duction exceeded those for wood. Total nutrient
requirements declined in the order N >K >
Ca>P>Mg.

Productivity and nutrition

The efficiency of foliage in biomass production
declined in the order larch > Ponderosa pine >
Corsican pine > Douglas fir (Table 6). For its
foliage biomass larch was also the most efficient
in producing stemwood.

Over all species annual stemwood production
was closely related to the total amount of nitro-
gen in the needles, reflecting the importance of
nitrogen in photosynthesis. On average 77 kg of
stemwood was produced annually for each kilo-
gram of nitrogen in foliage.

The pines and Douglas fir had similar pro-
duction relative to their annual requirement for
nitrogen (ca. 240 kg (kgN)~!) and all three were
more efficient than larch, which required most
nitrogen for its annual needle production.

Discussion

The amount of foliage in the Craigieburn stands
is relatively high for young stands of the species
and is probably a consequence of the climate
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Fig. 2. Relationships of phosphorus concentrations and
ratios of monovalent : divalent cations to aluminium in
needles of Ponderosa pine, Corsican pine, Douglas fir,
and European larch.

and soils. Temperatures of the warmest and col-
dest months are similar to those at a favourable
Tsuga heterophylla site in the USA (Gholz,
1982). Soil N amounts to ca. 6 000kg ha~! at
the Craigicburn site (Nordmeyer & Kelland,
1982), which is in the low range of values re-
ported for the Pacific North-west (Gessel, Cole
& Steinbrenner, 1973), similar to amounts under
Ponderosa pine in Arizona (Klemmedson,
1955), and greater than amounts in sands under
Corsican pine in Scotland (Miller & Miller,
1976). Overall it is not surprising that the pre-
sent stands should have foliage biomass more
comparable to fertilised stands of Corsican pine
in Europe (Ranger, 1978), and to unfertilised
Douglas fir and Ponderosa pine in the USA
(Grier, Lee & Archibald, 1984; Klemmedson,
1955), given the temperature, rainfall, and soil
nitrogen at the study site.

For the Craigieburn site, the relatively high
foliage-biomass values were largely a conse-
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quence of needle retention, not of high needle
production. Needle retention has benefits in
terms of carbon gain (Schulze, Fuchs & Fuchs,
1977) and of nutrient requirements. A deciduous
species such as larch is clearly disadvantaged
since it must seasonally restock its carbon and
nutrient pools in all its foliage.

The efficiency of foliage in stemwood pro-
duction here is comparable with Larix leptolepis
in Japan (Satoo, 1971), but is higher than L.
decidua in Germany (Matyssek & Schulze,
1987) largely because of the longer growing
season In New Zealand (Benecke, Schulze,
Matyssek & Havranek, 1981). By comparison
with mature stands of Douglas fir in USA
(Gholz, 1982) stemwood production here is
about twice as high per unit of foliage biomass,
and probably reflects growth in young stands
with modest respiratory carbon loss in combi-
nation with favourable summer rainfall
(McCracken, 1980).

Comparisons of nutrient concentrations be-
tween stands of similar species growing in
different soils and environments are fraught with
many problems. Nutrient availability differs be-
tween soils, and nutrient demands vary with
climate. The trend of decline in concentration
of more mobile elements such as P, K, and N
as foliage ages (Wright & Will, 1958; Comerford,
1981; Hom & Oechel, 1983) has been confirmed
here. However, for a potentially mobile element
such as K, which was at relatively low levels in
current needles, the decline with age and with
depth in the canopy was comparatively modest.
In Douglas fir, P concentrations decreased with
age in the present study, whereas they increased
for 3 years after fertilising with urea in a 42-year-
old plantation in Oregon (Turner & Olson,
1976). Nutrient concentrations in the European
larch were similar to values for Larix laricina
(Tilton, 1977), which also showed patterns of
seasonal concentration decrease for N, P, K,
and Zn, and concentration increase for Ca, B,
and Al with age, that were consistent with the
trends shown for the pines and Douglas fir over
longer periods of needle retention. None of the
species in this study contained the high concen-
trations of Al (up to 3 000 ug g~ ') found in
Pinus contorta on the same site (Nordmeyer,
1980).

Calcium accumulated in the older needles of
Corsican pine to levels of 0.60% and 0.40% in



Table 3. Mean nutrient concentrations in the branches of Ponderosa pine (Pp), Corsican pine (Cp),

Douglas fir (Df), and European larch (El)

Sun crown needles

Shade crown needles
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L.2.3refer to current branch, 1+2 year branch, and 3 + year branch components, respectively.

Table 4. Mean nutrient concentrations (g kg~1) in the stemwood and bark of Ponderosa pine, Corsican

pine, Douglas fir, and European larch

Species Location

z
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Ponderosa pine mid-crown
breast height
base

Corsican pine mid-crown
breast height
base

Douglas fir mid-crown
breast height
base

European larch mid-crown
breast height
base

BARK

Ponderosa pine mid-crown
breast height
base

Corsican pine mid-crown
breast height
base

Douglas fir mid-crown
breast height
base

European larch mid-crown
breast height
base
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sun and shade crowns of trees in Scotland
(Wright and Will, 1958). On a comparative basis
Ca concentrations were 0.99% and 1.55% in the
present study, but needles were retained much

longer. Bark and branch concentrations were
lower in the Scottish stands than those described
here, and probably reflected lower Ca avail-
ability.
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Table 5. Nutrient contents and annual requirements in components of Ponderosa pine (Pp), Corsican
pine (Cp), Douglas fir (Df), and European larch ( El). Quantities are expressed in kg.ha™* except for

Zn, B, and Cu which are in gha™!

Content Requirement
Nutrient Component  Pp Cp Df El Pp Cp Df El
N Needles 116 142 201 78 37 35 40 78
Branches 53 70 92 78 17 21 30 25
Wood 68 80 72 37 14 17 18 7
Bark 41 47 52 40 9 12 15 7
Total 278 339 417 233 77 85 103 117
P Needles 15 15 21 10 6 4 4 10
Branches 7 9 12 10 3 3 4 3
Wood 12 13 14 6 3 3 4 1
Bark 6 7 9 7 1 2 3 1
Total 40 44 56 33 13 12 15 15
K Needles 65 72 106 41 23 16 22 41
Branches 43 47 67 55 16 14 19 20
Wood 91 76 73 29 23 17 16 6
Bark 32 18 39 39 7 5 12 6
Total 233 213 285 164 69 52 69 73
Mg Needles 7 10 16 6 2 3 3 6
Branches 7 12 10 9 2 3 3 2
Wood 20 12 7 6 4 3 2 1
Bark 5 7 4 4 1 2 1 1
Total 39 41 37 25 9 11 9 10
Ca Needles 37 141 139 15 7 15 17 13
Branches 33 75 70 61 8 17 18 16
Wood 56 58 34 28 10 12 7 4
Bark 23 47 24 28 4 10 7 4
Total 149 321 267 132 29 54 49 39
Al Needles 24 154 111 0.5 0.6 2.2 1.8 0.5
Mn Needles 1.2 34 3.6 0.5 0.3 0.5 0.6 0.5
Zn Needles 200 190 140 70 70 60 30 70
B Needles 70 120 170 45 21 21 28 45
Cu Needles 27 28 29 15 11 7 8 15

Table 6. Ratios of annual production to foliage biomass, and nitrogen content in needles (kg kg™ + s.d.)

Ponderosa Corsican Douglas European

Component ratios pine pine fir larch
Total production 1.8 1.5 1.5 3.8
Total needle biomass +0.2 0.1 0.2 0.5
Stemwood production 0.9 0.8 0.9 1.6
Total needle biomass +0.1 0.1 0.2 0.5
Total production 148 147 121 199
Total needle nitrogen 46 16 12 30
Stemwood production 78 81 76 73
Total needle nitrogen +7 13 14 21
Total production (1) 242 245 240 132
Total nitrogen requirement

Stemwood production (1) 129 133 148 51

Total nitrogen requirement

(i)derived from stand data.

The role of Ca in tree nutrition is unclear
despite large quantities being taken up and ac-
cumulated in forest biomass (Cole & Rapp,
1981). At the cellular level, free Ca levels are
strictly regulated, and the activation of
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Ca-regulated processes involves calmodulin,
which is itself detrimentally affected by increas-
ing Al (Siegel & Haug, 1983). In this study,
foliage Ca:Al ratios (calculated from total nutri-
ent pools) rank larch (33) > Ponderosa pine



(15) > Douglas fir (12) > Corsican pine (9),
so that although concentrations of Ca were com-
paratively low in larch and Ponderosa pine,
their Ca : Al ratios were higher than those of
Corsican pine and Douglas fir.

The question of root cation-exchange ca-
pacity and the ability of the different tree species
to take up or exclude Al has not been thor-
oughly addressed in the present study. Evidence
in Fig. 2 suggests that species with apparently
low cation-exchange capacity (a high ratio of
K:Mg + Ca—Drake, Vengris & Colby, 1951;
Knight, Crooke & Shepherd, 1972) such as larch
and Ponderosa pine have a lower uptake of Al
and higher concentrations of P than Douglas
fir and Corsican pine, which have lower ratios
of total K: Mg+ Ca in foliage. Such an expla-
nation would be supported by the observation
for ryegrass that selections resistant to Al
toxicity were those with lower root CEC (Vose
& Randall, 1962).

Current needle production in the pines and
Douglas fir was unexpectedly low considering
the stands had been thinned 2 years before the
study. The quantities were below 3 Mg ha %
much less than the 7.2 Mg ha~! found in
Pinus contorta growing alongside these stands
(Benecke & Nordmeyer, 1982). An unusual fea-
ture was that current needle production in
Corsican pine and Douglas fir was substantially
less than the biomass of needles in the 2 and
3-year age category. For Douglas fir the biomass
of 3-year-old needles (4.4 Mg ha™!) and current
needles (2.9 Mg ha ') might be interpreted as
an early needle response to the thinning and the
later reduction of current needle production as
the canopy closed. Alternatively it might be in-
terpreted as evidence of an increase of dry matter
in needles produced in earlier seasons
(Madgwick & Tamm, 1987). The latter expla-
nation is likely since a recent study of Douglas
fir needles in this stand found individual needle
mass increased up to 3 years of age in all parts
of the canopy (C. Maddren, pers. comm.).

The method of estimating branch production
involved every branch on each tree. The current
shoot branchwood plus bark accounted for
23-29% of branch production and amounted
to approximately 1.0 Mg ha™! in Ponderosa
pine, Corsican pine, and Douglas fir. These
quantities alone, which were directly measured,
exceeded total branch production estimates for

many stands with greater branch biomass (Cole
& Rapp, 1981; Turner, 1981). The estimated
current annual branch production in Douglas
fir of 4.5 Mg ha™! for a total branch biomass
of 20.4 Mg ha~! was close to the estimate of
Fujimori (1971) of 43 Mg ha™! for a total
branch biomass of 20.7 Mg ha™' in Tsuga
heterophylla.

Total nutrient requirements reflected the rela-
tively high current productivity on the site, and
for Douglas fir were higher than for the species
in its natural habitat (Turner, 1981). Current
production (kg) per kg of nitrogen required was
remarkably uniform in Ponderosa pine,
Corsican pine, and Douglas fir (242, 245, and
240 kg (kgN) ™1, respectively), but was lower in
European larch (132kg (kgN)~'). This may
indicate that larch needles rely more on retrans-
located N for their annual growth than the other
species. Since deciduous broadleaved species ap-
parently translocate more N from old to new
tissues than do most conifers (Cole & Rapp,
1981), it is possible that larch was more similar
to deciduous trees in its nutrient requirements
and strategies of nutrient retranslocation (Tyrrel
& Boerner, 1987). However, retranslocation of
N, P, K, and Zn seems probable in other species
as concentrations declined with needle age, and
might make a contribution of >20% to require-
ments (Binkley & Reid, 1985).

The interplay between needle retention and
Ca accumulation may also influence soil proper-
ties. Where climate or species favours foliage
retention (Corsican pine and Douglas fir) litter-
Ca should exceed that where foliage is retained
for shorter periods (larch and Ponderosa pine).
The prospective changes in Ca and organic
matter could then influence exchangeable Al in
the surface soil. Any external factor such as
drought, which lessened needle retention, might
have a considerable influence on short- and
long-term inputs of Ca to the soil surface.

This study confirms the high growth potential
of Ponderosa pine, Corsican pine, and Douglas
fir in the New Zealand high country (Ledgard
& Belton, 1986). Climatic factors appear to
favour needle retention, allowing a large quan-
tity of foliage of moderate nutritional status to
be maintained. Productivity of these species is
related to the total quantity of nitrogen in the
foliage.
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The basis of current fertilization practice in seedling and thicket-stage new plantations of
Sitka spruce in Scotland is briefly described. The development of such stands is exemplified
by an age-series (4, 8 and 12 years) studied on a uniform soil type in one locality. Stand
development without N fertilization showed an increase of above-ground biomass from
0.14 to 38 Mg ha~! over the three stages while total nitrogen content progressed from 0.98
to 206 kg ha™?1. Analysis of components illustrated increasing allocations of carbon to stem
and branches with reductions to foliage so that proportions were about equal at age 12.
Foliage N still accounted for more than 60% of the total N uptake. Growth analyses
demonstrated linearity between ages in total and component growth with almost identical
relative growth (0.69) and relative N uptake (0.66) rates. The possibility and desirability of
maximising Sitka spruce productivity in forest practice is discussed.
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Introduction

In the last fifty years Sitka spruce (Picea sitch-
ensis (Bong.) Carr.) has become the main species
in Scottish forestry. The predominance of this
species is a result of its ease of establishment,
the high productivity obtainable (Hamilton &
Christie, 1971) and the versatility of its timber.
Of all the exotic species tested, Sitka spruce is
clearly the best adapted to the oceanic climate
of Scotland with the high precipitation, low
vapour pressure deficits and high mean wind
speeds encountered over much of the country.
In the east and at low elevations soil water
deficits may accrue in spring and early summer
thereby reducing potential productivity, but
generally water supply is not a major limiting
factor. The combination of favourable ecological
and economic characteristics has thus encour-
aged the use of Sitka spruce on a wide range of
site types of varying inherent fertilities.

The complex geology, glacial geomorphology

and topography in Scotland gives rise to a
mosaic of site types, which sometimes occur on
a small scale pattern, and which ideally require
different cultural practices to achieve plantation
establishment. Added to this complexity a land
use history of early deforestation followed by
centuries of extensive pastoralism and its attend-
ant burning of vegetation has meant that some
site types have been nutritionally impoverished.
The tendency for many sites to accumulate peaty
organic matter in the cool wet upland conditions
further limits nutrient availability because of low
mineralization rates.

Early in the development of afforestation it
was recognized that on many of the poorer sites
nutrient additions were required to effect satis-
factory establishment. Many experiments testing
different nutrients, rates and times of application
were conducted on a range of sites and species
but with an increasing emphasis on the needs
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of Sitka spruce. These experiments demon-
strated the overall requirement for phosphorus
(P) on almost all upland soils, the need for
potassium (K) on organic soils where peat
depths exceeded 30 cm and the benefit of nitro-
gen (N) additions on only the poorest heathland
mineral soils and deep oligotrophic peats and
then only if pure stands of Sitka spruce are
desired. A complicating feature on the poorer
sites was the competition experienced by spruce
from ericaceous vegetation which sometimes is
difficult to distinguish from low N availability.
Rates of application are now standardised
(N-160, P-60, K-100 kg ha™') and are compro-
mises between cost and growth responses.

The responses of newly planted trees and the
need for repeated applications to achieve canopy
closure have been shown to vary with soil type,
broad vegetation classes and the underlying lith-
ology (Taylor and Worrell, 1991). Essentially
the responses are smaller but perhaps of longer
duration the more fertile the site in terms of the
above factors. Responses to P and K last about
68 years but only for 3 years with N, the need
for which is strongly influenced by the lithology
{Taylor and Tabbush, 1990).

The aim of much of this applied research, over
the last 60 years, has been to achieve canopy
closure in the most cost-effective way rather
than to maximise productivity within the con-
straints of climate. Once canopy closure has
been attained the possibility of enhanced pro-
ductivity through continued nutrient inputs is
much reduced (Miller, 1981) and this has been
the experience in most polestage experiments,
where economic responses have been few. With
this limited aim much of the research has been
reported in terms of relative increases of growth
in height or diameter over control values and
of correlations between growth rate and upper
whorl nutrient concentration. These variables
are clearly important in practice but do not offer
much explanation of how the desired growth
responses are achieved.

The influence of enhanced availability of
nutrients on productivity operates through its
effect on net photosynthesis and the allocation
of fixed carbon to the various parts of the tree.
Attention therefore focuses on the effects of nu-
trient supply on the foliage, its distribution and
efficiency through the canopy. The rate of
growth in foliage biomass is critically important
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to productivity through the leaf area available
to intercept radiant energy which is strongly
affected by nutrient availability. Ingestad (e.g.
1987) and his co-workers have demonstrated in
numerous laboratory and field experiments that
steady-state nutrition implies that the relative
growth rate (RGR) is equal to the relative
uptake rate of N (Ry) and that it is linearly
related to the flux density (amount available per
unit of soil per unit time) accessible to the root
system.

Despite the large areas of Sitka spruce plan-
tations there is almost no published information
on the biomass or leaf nutrient distributions in
the canopy of young stands prior to canopy
closure. This paper describes a study of the in-
crease of foliage area, and mass allocation of
above-ground growth in relation to N uptake
in young Sitka spruce stands before canopy clos-
ure. The aim was to test the hypothesis that
early growth is exponential and that there
is close correspondence between above-ground
biomass accumulation and N uptake.

In this work it was not possible to assess
allocation to below-ground organs, so that only
above-ground development is reported here.
Root production data and a measure of nutrient
flux density would be required to fully test the
Ingestad hypothesis in a field situation.

Materials and methods

Overall biomass and nutrient distributions

Three stands of first rotation Sitka spruce (ca.
2 500 stems ha ') were selected in the valley of
the River Tweed (55°38'N, 3°08'W) some 40 km
south of Edinburgh. The stands at 4, § and 12
years old were planted on spaced-furrow
ploughing on mid to lower colluvial slopes over-
lying Ordovician sediments. The soils were
stony upland brown earths (Code lu; Pyatt,
1982) which are freely drained and on which
fertilizer applications are not normally expected
although each site did receive 50 kg P ha~! (as
rock phosphate) at planting. Precipitation at
these sites is about 850-900 mm yr ™! and they
may develop small soil water deficits in early
summer.

In 1984 at each age, 3 plots (0.04 ha) were
selected and all trees measured for height and



Table 1. Stand data based on 3 x 0.04 ha plots at each stage. Means ( = SE where appropriate)

Stage 1 Stage 2 Stage 3
Age (yrs) 4 8 12
Stem nos 235 281 250
Height (m) 0.67 +0.01 1.77+£0.03 4.30 +0.04
Basal diameter (cm) 1.214+0.02 3954+0.15 11.254+0.33
Basal area (m? x 10™%) 1.21 +0.04 14.00 + 1.00 98.00 + 3.00
Stand den51ty (Znos ha™1) 1958 2342 2083
1Basal area (m? ha™1!) 0.24 4.07 20.35
*Top whorl N (% d Wt) 1.26 1.53 1.20
Top whorl P (% d wt) 0.15 0.16 0.11
Top whorl K (% d wt) 0.97 0.71 0.74

1Basal area calculated by summing over the cross-sectional area distributions within each plot.
2Nutrient values are means of sampled trees at each stage (20, 10 and 5 resp.).

basal diameter at ground level. Stand data are
in Table 1 and details of field and laboratory
sampling and analytical procedures are de-
scribed by Ibrahim (1990). Sample trees were
selected randomly on the basis of the diameter
distributions in the 3 plots at each stage. Sample
trees, felled between October and March, were
divided into components by whorls, weighed
fresh (subsampled in older plots), before labora-
tory determination of dry weight and projected
leaf area (LiCor Li-3100). Foliage was separated
into 1, 2, 3 and 4 + year age classes. Total dry
weight per tree was obtained by addition of
components. In all 35 trees were sampled (20,
10 and 5 in ages 4, §, 12). Nitrogen, phosphorus
and potassium concentrations were determined
for each component.

The nutrient values for top whorl foliage
(Table 1) were above recognised deficiency levels
(Binns, Mayhead & Mackenzie, 1980} although
P would be considered marginal in age 12.

Results

A suite of linear regression equations was devel-
oped relating biomass components, leaf area and
nutrient contents for each age. Coefficients of
determination varied between 0.69 and 0.99. The
variability in the data declined with increasing
age despite the lower sample numbers. On the
whole, basal diameter was a slightly better pre-
dictor of biomass variables than cross-sectional
area. A comparison of the values of dry mass
derived from either measurement, using a stand
table approach or by summing predicted mass
for each tree in the plot, or those derived from
the mean dry mass of the sampled trees showed

them to be very close. The latter method was
adopted.

The biomass and nutrient contents of the
main components are given on a unit area basis
in Table 2. Although the total biomass increases
from 139 to 38 126 kg ha ! from age 4 to 12
the proportion of leaf mass falls from 0.45 to
0.31 as branch and stem weight increases. At
age 12, dry weight distribution of these three
main components is approximately equal.

The content of nutrients in the foliage ex-
pressed as a proportion of the total nutrient of
the trees is constant between ages 4 and 8 but
then declines between ages 8 and 12. Foliar N
declines from 70% to 60%, foliar P from 60%
to 50% and foliar K from 70% to 50%.
However if nutrient proportions in the leaf mass
are examined, the NPK ratios are 8:1:6,
10:1:4.5 and 12:1:5.5 in ages 4-12 respect-
ively, suggesting that the P status of age 12 is

Table 2. Total biomass and NPK contents by
components (values in kg ha™1)

Component Age 4 Age 8 Age 12

Total biomass 139 3353 38126

N 0.98 26.70 206.84

P 0.15 3.04 20.83

K 0.81 13.12 114.77

Stem biomass 41 1039 13253

N 0.15 2.58 3333

P 0.03 0.47 4.79

K 0.13 1.64 28.75

Branch biomass 35 1016 13008

N 0.14 4.68 46.65

P 0.03 0.94 5.62

K 0.13 3.28 28.75

Leaf biomass 63 1298 11866

N 0.70 19.44 127.27

P 0.09 1.87 10.42
0.57 8.20 57.28
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marginally low as was noticed in the upper
whorl concentrations (Table 1).

Division of the leaf mass into 4 age classes
(Table 3) showed the expected decline in weight
with increasing needle age and a corresponding
reduction in nitrogen content in all stages. One-
year-old needles accounted for 76% of total dry
mass of needles in age 4, 59% and 38% in ages
8 and 12.

Leaf area and nitrogen relations

Leaf area indices (LLAI) were calculated using
the relation of total leaf area to cross-sectional
area through the stand table approach. The LAI
at each age was 0.04, 0.61 and 4.17 respectively.

Because initial plots of leaf area against whorl
height revealed irregular distributions, in the as
yet unclosed canopies, the distributions were
normalized. Internode length was normalized
with respect to the length of live crown and the
leaf area within an internode with respect to the
total leaf area. The vertical distribution of calcu-
lated leaf area density (LAD m ™ !) was fitted to
a beta function for each age class of needles as
is shown in Fig. 1. The contribution of each class
to LAI is given in Table 4, illustrating the in-
creasing proportion of 2-year-old and older
needles with stand canopy development. The
height of maximum leaf area in the crown also

Table 3. Leaf mass and N content by leaf age
class (values in kg ha™!)

Leaf Age4 Age 8 Age 12

Age

(yr) Mass N Mass N Mass N

1 48 056 771 122 4463 592
2 11 0.11 337 47 3411 354
3 4 0.03 138 1.6 2101 187
4+ 0 0.00 52 0.7 1688 137

Table 4. Distribution of LAI over needle age class
(figures in brackets are % of total)

Crown
Needle Age Class depth
Age 1 2 3 4 Total  (m)
4 0028 0.007 0004 — 0.039  0.70
(72) 18y (10)  —
8 0359 0147 0068 0036 0611 174
(59) (24 (11} (6)
12 1.589 1203  0.735 0.641 4168 412

(38) (29)  (18) (15
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increases with stand age as canopy closure
commences.

It is well-known that soluble nitrogen in tree
crowns is translocated from leaves that are ap-
proaching senescence. This translocation con-
serves nitrogen vis a vis further uptake and
creates an internal nutrient cycle within the tree
(Miller, 1981) that ensures those leaves receiving
the higher radiation inputs have the highest leaf
N contents. It would be expected therefore that
the distribution of leaf N would closely follow
that of leaf area density. Leaf N mass density (g
m~3) was derived in the same way as LAD by
normalizing in respect of height and whorl and
fitted with the same beta function. The vertical
distributions of leal N mass density had the
same trends as leaf area density but with some-
what different parameters. If the relative leaf N
mass for each needle age class is plotted against
its corresponding relative leaf area, both
accumulated from the top of the canopy
downwards, very highly significant linear re-
lationships are found which almost pass through
the origin with slopes almost equal to 1.0
(r? >0.97). The data for all needle ages for each
stage is shown in Fig. 2 where it can be seen
that there is some suggestion of departure from
linearity in the needles at the top of the canopy
at age 12. This might be an expression of the
tendency for optimal N concentrations to de-
cline as the canopy closes (Miller, 1981).

Growth analyses

In absolute terms the mean annual growth rate
for total above-ground biomass was 4 730 kg
ha™? calculated over the $-year age difference
between age 4 and 12. The corresponding annual
N uptake was 25.6 kg ha ®. In both cases the
rates increased by large factors between the two
4-year time intervals ( x 10 for biomass, x 7 for
N). As absolute growth rates are less useful for
comparative purposes the mean relative growth
rates (R) and mean relative N uptake (Ry) were
calculated for each time interval (ages 4-8, 8—12,
4-12) and for each component. Values for the
whole period are equivalent to the mean of the
two separate periods and are given in Table 5.
The mean age 4-12 data can also be derived by
plotting the logarithmic values of the variables
measured at each age against time. The slope of
the straight line plot then gives R. These equa-
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Fig. 2. Relationship between relative needle N mass and relative leaf area for all needle age classes at each stage.

Values are accumulated from the top of the canopy.

tions (Table 5) were highly significant (r* > 0.98)
and showed that the relative growth rate and
nitrogen uptake were very close (R=0.69 and
R, =0.66), indeed less than 1 SE of the slopes
apart.

All R values declined in the second period,
except for stem nitrogen. The relative growth
rate of branch and stem biomass were higher in
both periods than that of foliage which declined
from 0.71 to 0.58 in mass but from 0.61 to 0.57
in area between ages 8—12. That the relative

increase in foliage area did not decline so much
as that of foliar mass is probably because of
changes in specific leaf area lower in the crowns
as the canopy began to close (Ibrahim, 1990).
To further investigate the relations between
different plant parts and their N uptake the R
values were divided according to a procedure
recommended by Hunt and Bazzaz (1980).
Mean relative growth rate was subdivided ac-
cording to the R of the component and the ratio
of that part to the whole. The quantity (J) de-

Table 5. Relative growth rates and relative nitrogen uptake rates by components. Periodic values are
the slopes (b) of linear regressions. Standard errors and intercepts are for the period 4—12 years

Component Age 4-8 8-12 4-12(b) SE Intercept
R (Total dry mass) 0.75 0.64 0.69 0.033 —5.34
R, (Stem dry mass) 0.76 0.67 0.71 0.028 —6.66
R, (Branch dry mass) 0.79 0.67 0.73 0.038 —6.88
R, (Leaf dry mass) 0.71 0.58 0.65 0.037 —5.93
R, (Leaf area) 0.61 0.57 0.59 0.014 -3.88
Ry (Total N) 0.78 0.54 0.66 0.068 —10.08
R, (Stem N) 0.66 0.67 0.66 0.001 —12.11
R, (Branch N) 0.83 0.60 0.72 0.067 —12.25
R,, (Leaf N) 0.78 0.50 0.64 0.082 —10.31

Linear regressions (In W = a + bt) where W =weight of component for given period. All r* values exceed 0.98.

91



rived is termed the component production rate
(CPR) and is an index of the allocation in the
plant to the production of that component at
that time. Assuming a constant R over the whole
period the values of J were calculated at each
age (Table 6). The results emphasise the pro-
portional increase in the rate of allocation to
stems and branches across the period and con-
versely the reduction in resources allocated to
foliage production as the canopy closes. The
latter is paralleled by the reduction in the pro-
portion of N diverted to leaves. In a productive
Sitka spruce stand Ford (1982) noted an 11%
reduction in foliage production after maximum
basal area increment was attained but his stand
was 5 years older than the age 12 stand, which
is unlikely to have yet culminated its basal area
increment.

Mean net assimilation rates (E) and leaf area
ratios (F) were calculated for each time interval
(Table 7) and showed a 33% decrease in F in
the second period with an increase in E from
033kgm 2yr tto042kgm ? yr ! from the
first to the second interval. These values are
quite high compared to Ford’s (1982) estimate
of 0.24kg m~? yr~ ! in his older stand, which
had 27 Mg ha~! foliage compared to the 12 Mg
ha~! at age 12 here.

The concept of nitrogen productivity, Py,
(Ingestad, 1987) is analogous to that of E in
that it expresses biomass produced per unit of

Table 6. Component production rates (J)

nitrogen per unit time. Py can be used to explain
the strong relationships often found between R
and plant nitrogen concentration (N/W = No).
Ne¢ can be calculated similarly to F (Table 7).
P, was found to be 100 kg kgN * yr ! in the
first period and then declined slightly to
98 kg kgN ! yr™' in the second. Nitrogen pro-
ductivity would be expected to decrease with
increasing foliar biomass because of self-shading
or water stress or increased respiration by non-
photosynthetic tissue when the canopy closed
{Ingestad, 1981; Agren, 1983). Nitrogen pro-
ductivity on a leal N basis was 138 kgkgN !
yr~ ! initially and increased to 147 kgkgN™!
yr ! in the second period (age 8-12).

From Table 7 the products of £ * F and
Py * N are almost identical and equal to RGR.
It can be surmised that the failure to maintain
the fraction of N allocated to the leaf leading to
a reduced leaf N was responsible for the re-
duced R value in the second interval, i.e. between
ages 8 and 12. The plant total N concentration
was 7.1mg g~ ! at age 4, 83 mg g~ ! at age 8
and fell to 5.6 mg g~ ! at age 12.

Discussion

One of the main difficulties in adopting an age-
series approach to a study of this kind is in
ensuring that the different sites are comparable.

(A) Components of RGR

J stem J branch J leaf zJ R
Age 4 0.211 0.183 0.294 0.688
8 0.221 0.222 0.250 0.694 0.694
12 0.248 0.250 0.201 0.699
(B) Components of Ry
J stem n J branch n J leaf n 2J Ry
Age 4 0.104 0.103 0.459 0.666
8 0.065 0.127 0.468 0.661 0.661
12 0.107 0.161 0.395 0.663
Table 7. Calculated values for leaf, nitrogen and growth rate variables
Age E F ExF Py N¢ Py x Ng P, R
4-8 0.33 2.26 0.75 100 7.5 0.75 138 0.75
8-12 042 1.51 0.63 98 6.5 0.64 147 0.64
4-12 0.36 1.94 0.69 112 6.2 0.69 170 0.69

E=leaf efficiency (kg m~2 yr™'); F=leafl area ratio (m?®kg™!); Py=plant nitrogen productivity (kg kgN~* yr™1);
Ne=plant N concentration (mg N g *); P,=leaf N productivity (kgkgN~' yr !); R=relative growth rate

(kgkg ' yr !
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Although the sites were selected on the same
soil type in similar topographic positions they
could not be expected to be identical in every
respect that affects stand development. The
alternative approach of following the progress
of an individual stand was not possible. There
are of course many stands for which detailed
mensurational data are available but few at this
density have been measured in such detail before
canopy closure. The aim in this case was to
examine the progress of planted stands on a
supposedly nutritionally unlimited site and to
confirm that exponential growth in biomass oc-
curred in relation to nutrient supply and uptake.
The almost identical calculated R and Ry values
over the 8-year difference between ages 4 and
12 demonstrate equal exponentiality of growth
rate and nitrogen uptake.

Despite the concurrence of R and Ry, the
nutrient supply, as shown by nitrogen, was not
optimally available. This is suggested by the top
whorl foliar concentrations (Table 1) and the
reduction in leaf and overall concentrations be-
tween ages 8 and 12. It is difficult to say whether
this was a growth effect or a difference between
sites. Clearly major changes in the pattern of
allocation of carbon and nutrients occur as com-
petition within and between individuals intensi-
fies at canopy closure (Ford, 1984). The change
in allocation pattern as the stem becomes an
increasingly important sink was paralleled in
this case by the lower leaf production at age 12
which may have reflected changes in the radi-
ation regime in the lower canopy where specific
leaf area was shown to increase considerably
(Ibrahim, 1990). Up to this stage more than
60% of the production was in leaf and branch
which together contain over 75% of the N, P
and K nutrients. Once canopy closure occurs
these nutrients will be diverted to upper, more
illuminated parts of the canopy and a nutrient
cycle involving litter deposition will commence.
At age 12 there was as yet negligible litter.

In practical forestry it is considered that these
sites do not justify fertilizer inputs, with the
possible exception of an initial addition of P.
Cultivation is only advised to provide a weed-
free planting position, the drainage and rooting
depths being good. Even the shallow cultivation
involved may stimulate some loss of mineral N
in the early years after planting until root sys-
tems can spread beyond the furrows. For this

reason the youngest age was selected at 4 years.
It is apparent however that, to the extent that
these stands are not limited by water supply,
they would respond to addition of fertilizer
before canopy closure. To avoid leaching losses
nutrients ideally would have to be provided in
relation to the existing mineralization rate
(Ingestad, 1988). Constraints on adopting such
a practice are both logistical and economic.

It is not certain what the maximal growth
rate on these sites might be. For this part of
Scotland at these elevations (250-300 m),
Worrell and Malcolm’s (1990) model predicts a
probable yield class of about 18 (max. m.a.i., m*
ha~!yr~!). An additional 2 m®ha~! yr ~* would
be added in respect of the brown earth soil type.
The highest growth rate estimated so far in the
British Isles for Sitka spruce is for a stand of
apparent yield class 36 in County Clare, Eire
(Davies, 1982). Interestingly Wang, Jarvis &
Taylor (1991) demonstrated a N response in
polestage Sitka spruce, both thinned and un-
thinned, and on theoretical grounds of leaf area
distribution and absorbed PAR these authors
predicted a potential maximum of above-ground
biomass production at 36 Mg ha™! yr™%.

While it is clearly desirable to understand the
processes that control productivity and their
interaction with site variables, including nutrient
flux density, there are several problems in the
practical application of the findings of such re-
search. Saw timber is the main market sought
by forest management in Britain for the large
areas of Sitka spruce forest but unfortunately,
fast radial growth in this species results in low
average density and poor sawing and drying
qualities. A radial growth rate not exceeding
that associated with stands of yield class 18 is
thought acceptable, in stands established at
2 500 stems ha ! Thus attempts to determine
maximum productivity, in this species, may not
have practical significance.

Finally, the field study of carbon fixation, its
subsequent allocation and the influence of nutri-
ent supply on both, provides data on which
process models can be further developed or vali-
dated. These models may lead to a better ap-
preciation of the influence of silvicultural
practices but research findings will not be trans-
lated into standard forest or stand treatments
unless an economic benefit is demonstrable.
With respect to Sitka spruce it is also worth
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noting that at elevations over 250 m up to the
commercial planting limit of about 550 m a.s.l.
some 80% of the variation in productivity can
be accounted for by simple climatic measures,
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