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CHAPTER ONE

INTRODUCTION

A Inorganic fertilisers are widely used in British forestry in the
establishment of conifer blantations on infertile sites. In contrast
to other countries, however, their use has been largely restricted

to the period between planting and canopy closure and there are few
published accounts of the effect of fertiliser application on the

productivity of established stands of Sitka spruce (Picea sitchensis

(Bong) Carr), the major speéies use& in British forestry. Experience
in other countries, notably New Zealand and North America, has shown
that established stands of pine.and fir species may respond
significantly to fertiliser application and in view 6f the relatively
small area of land devoted to forestr& in Britain and the anticipated
timber shortages of the 21lst century, it would be of value to know
whether the productivity of established Sitka spruce stands in this
coﬁntry can be similarly increased. It has ofteﬁ been noted that

. stands thinned.prior to fertiliser application may show a greater
fesponse than unthinned stands aﬁd experiments comparing fertiliser
response at different stand densities have confirmed that a significant
interaction between thinning and fertiliser application may take place.
The first objective of this study therefore was to determine the effect
of fertiliser application, in the presence and absence of thiﬁning,’on

the-productivity of established Sitka spruce stands.

While the results of such empirical experiments are in themselves
valuable, an understanding of the mechanisms involved is important
if results are to be extrapolated beyond the boundaries of the

1.



experiment. The importance of the leaf biomass in determining the
level of productivity has long been recognised and examination of the
‘relationship between leaf biomass and productiviti has proved to be

a useful way of detefmining the effect of treatments on crop growth
rates in both the agricultural and forest situation. The second, and
" main, objective qf the'study therefore, was to determine the effect
of thinnings and fertiliser application on the leaf biomass or leaf
‘area of stands and to investigate the effect of these treatments on
the relationship between leaf area or biomass and productivity for
bbth individual trees and stands. Of particular interest in this
field, because of the difficulties involvéd in measuring leaf area is
the recent work on the relationship between leaf area and the cross
sectional_area of conducting tissue (sapwood area). There are. no
published data for Sitka spruce, so the opportunity will be taken to

examine this aspect in the present study.

The need for efficient use of fertiliser in forestry demands a method
of predicﬁing, for a given sfand, the degree of response that will
occur‘to a given fertiliser application. Determination of the nutrient
concentrations in oven dried tree foliége'is often used as a means of
identifying nutrient deficiencies and predicting fertiliser responses,
but current methods used in Sitka spruce stands are based on work done
in young stands generally less than 3 to 4 m in height and involve
sampling current foliage from the topmost whorl of the tree. These
methods may not be the most appropriate in older stands where redistri-
bution of nutrients within the tree crowﬁ may take place, leading to
the establishment of concentfation gradients with respect to crown
position and age of needle. Such gradients have been noted in stands
of several species and it has been suggested that they might be used

2.



to develop a sampling system having greater diagnostic capabilities
thaﬁ the present one. There are no published accounts of nutrient
distribution in the crowns of Sitka spruce trees and the third
objective of this stﬁdy therefore, was to investigate the effect of
needle age and crown position on the nutrient concentrations in the

foliage of established Sitka spruce stands.



CHAPTER TWO

LITERATURE REVIEW

2.1 The effect of fertilizers on the productivity of established

conifer stands.

The volume of literature on the response of established conifer
stands to fertilizer application has increased considerably over
the past 10 years. The following review is not intended to be
_exhaustive but provides examples from the major areas of fertilizer
usage of the nature of the effects of fertilizer application

‘on the growth of established stands.

The use of fertilizers in forestry has been reviewed on a world
scale by Bengtson (1977), Atterson (1978), and Baule (1973).

The principal areas associated'with-large scale operational usage
and publication of research findings are the Pacific Northwest

area of N America, the Southeastern United States, New Zealand

and Scandinavia.

In the Pacific Norfhwest, interest centres on the application

of nitrogen to 15 to 60 year old stands of Douglas fir (Pseudotsuga
menziesii (Mirb) Franco) and 350,000 ha of such standg were
fertilized befween 1975 and 1980 (Gessel and Peterson, 1981).

In research trials nitrogen has been applied at 224 and 448 kg/ha
to thinned and unthinned stands and results to date were reported
by Gessel (1980). The average increase of basal area after

eight years over control in Douglas fir stands was 18% at 224 kg/ha

-l'f'-



and 24% at 448 kg/ha in unthinned stands and 25% and 31% in thinned
stands. Significant diameter increases following nitrogen application
in Douglas fir stands have also been reported by Brix and Ebell
(1969), Mitchell and kellogg (1970) and Miller and Piennar (1973)
who also found that large trees responded proportionately more

than small trees. In a long term study, Miller and Tarrant (1983)
reported that the volume response to a single ammonium nitrate
application.was still evident after 15 years and fertilized trees
during that period had produced 51 to 111 per cent greater volume
growth than untreated trees. In the Southeastern United States
fertilizer application is aimed at increasing the productivity

of slash pine (Pinus elliottii var elliottii Engelm) and Loblolly

pine (Pinus taeda L) stands by application of both nitrogen and
phosphorus and Bengtson (1979) estimated that by 1978, some 27 000 ha
were being treated annually. Fisher and Garbett (1980) réported

8 year volume responses ranging from O.to 36 m® /ha following
appli;ation of nitrogen (0 to 220 kg/ha) and phosphorus (0 to

55 kg/ha) to both species and Shoulders and Tiarks (1980) recorded

a volume increase over control of 50 m’/ha over the 6 years following
application of nitrogen (403 kg/ha) and phosphorus (95 kg/ha) .
to a 13 year old Slash pine stand. Responses to nitrogen application
have also been repﬁrted by Van Lear (1980) in a 17 year old Lobiolly

pine stand and by Fisher and Pritchett (1982) in 9 to 18 year

old slash pine stands.

In New Zealand each year some 7 000 ha of established Monterey

pine (Pinus radiata D Don) stands were being fertilized by 1976

(Ballard and Will, 1978) with nitrogen and phosphorus and the

results of fertilizer experiments in such stands have been reported



by Mead and Gadgil (1978). Application of phosphate resulted

in a significant increase in basal area and volume increment

giving up to 368 m’/ha additional volume over a 14 year period

and application of nifrogen increased basal area increment in

a thinned, 12 yéap old stand by 18% over 6 years. Stem analysis
showed that fertilizer treatment can result in a change in the
volume to basal area ratio and this was confirmed by Woollons

and Will (1975) who found nitrogen responses of 7 years in duration
in high productivity stands amounting to volume increases over

control of up to 61 m’ /ha.

Shortage of available nitrogen is the factor which commonly limits
the growth of the boreal forests of Scandinavia (Tamm, 1979)
and responses to application of nitrogen are frequently reported.
In Finland, some 2.6 million ha of forest had been fertilized

. : Swedish,
up to 1981 (Kolari, 1982) and results froqxfertirizer trials
have been reported by Hagberg (1966), Tamm EE al (1962) and Tamm

(1982). 1In slow growing stands of both Scots pine (Pinus sylvestris

L) and Norway spruce (giggg ggig§AL) application of nitrogen
at rates between 150 and 200 kg/ha increased height growth for
5 to 9 years and diameter growth for 5 to 8 years. Changes in
stem form followiné fertilizer treatment have sometimes been

indicated but this is thought to be of little practical importance.

In Britain, the use of fertilizer has been confined almost
exclusively to plantations in the establishment phase and application
to established stands has been restricted largely to research

 in established stasds
trials (Mayhead, 1976). The first trials\were laid down in 1958

and 1959 and consisted of 15 experiments in stands of Scots pine,



Sitka spruce, Douglas fir and Norway spruce, all at the first

thinning Stage of development. All these trials were laid out

as factorials of N, P, K,.Ca, Mg (Anon, 1960). Initial results

(Anon, 1962) indicatea increased foliar uptake of thé nutrients

applied and very small growth responses to both N and P were

observed in some experiments. Later results (Anon, 1965) suggested

significant basal area responses to P in four experiments and

to N in two experiments. No fesponse to K, Ca or Mg was noted

but visual observation suggested that application of Ca had greatlyv

increased litter breakdown. Binns and Grayson (19675, reviewing

the results of these experiments stated that a response to N

had been found in one Norway spruce stand and four Scots pine

stands and indications of a response to P were apparent in

three Sitka spruce stands and one Douglas fir stand. An analysis

of the length of fhe response period in these experiments (Anon;

1969a) suggested that the response to N was relatively short

lived (six years) but that response to P appeared to last for

nine years or more. Three further experiments were established

in Scots pine stands between 1964 and 1967 in which treatment

consisted of application of two rates of a compound NPK fertilizer

(Anon, 1967). A basal area response was noted in all three experi-

ments (Anon, 1968)-paralleled by an increase in needle weight

and foliar N concentration. Later assessment (Anon, 1970) suggested

that the response in two of the experiments had ceased aftér

six years. A summary of the results of these and other trials

established betﬁeen 1964 and 1969 (Anon, 1972) indicated a signifi—

cant fertilizer response in four out of four Scots pine experiments,
"d{’{ﬂdé&&? Douglas fir experiment and four out of eight Sitka

spruce experiments. Further information on the effect of fertilizers



on Scots pine stands was provided by Miller et al (1977). Appiica—
tion of nitrogen to an'80 year old stand resulted in a significant
. increase in ring width at both breast height and, more particularly,
at a height of 7.6 m ﬁp the stem. In a comprehensive study of

the effects of nitrogen application to.a 36 year old Corsican

pine (Pinus nigra var maritima (Ait)) stand growing on sand dunes,

. Miller and Cooper (1973) recorded increase in height, basal area
and volume growth and changes in taper following application

of ammonium sulphate at rates equivalent to 84, 168, 336 and

504 kg elemental nitrogen per ha. Height growth after treatment
was greatest for middle-sized trees but basal area response tended
to be proportional to tree size. Although form factor showed

no change with treatment, a significant response in stem téper

was noted over trees of all sizes.

2.2 The use of growth analysis techniques to determine the mechanism

of response.

Studies of the basis of variations in productivity between crops
and between plants are fundamental to an understanding of the
effects of cultural practices on yield, and techniqﬁes for the
analysis of plant growth and yield have received considerable
attention in the field of agricultural science. Blackman (1919)
was among the first to recognise the importance of the effect

of plant size on subsequent growth rafes and he introduced the
term relative growth rate (RGR), defined as the dry weight
accumulated per unit of plant dry weight per unit of time. Gregory
(1917) recognised the value of expressing growth as a function

of the quantity of photosynthetic tissue and introduced the term



net assimilation rate (NAR) defined as the dry weight accumulated
per unit of leaf area (or weight) per unit of time. These ideas
were further developed by Briggs et al (1920) and Gregory (1926)
who expressed growth fate (RGR) as a function of two particular
blant attributes, ie the amount of photosynthetié tissue (expressed
as the leaf are; per unit of plant dry weight (leaf area ratio)

or the leaf area per unit of land area (leaf area index)) and

the efficiency of that tissue (NAR). Much of the subsequent

work on groéth analysis has been concerned with attempts to determine
the relative importance of these two attributes in determining

the effect of environmental variables on plant growth. Watson
{1952) prepared a very useful and comprehensive review of the
literature up to 1951, quoting examples from a‘wide range of
agricultural crops. He conclﬁded that, although examples could

be found of variations in NAR with time and in response to changes
in temperature, moisture or nutrient status, these were of relatively
little importance compared with the effects of these variables

on leaf area ratio. Increase in dry matter yield was often
associated with an increase in mean leaf area but there was no
6bvipus correlation between yield and NAR (eg Watson, 1947).
Watson's conclusions that crop treatments aimed at increasing
yield must functioh primarily through increasing leaf area was
supported by Wallace gﬁ al (1972) in a later review of experiments
in agricultural crops. Watson (1958) pointed out that the process
of increases in yield associated with increase in leaf area index
could not be expected to continue indefinitely, since at some
stage mutual shading of the leaves would decrease photosynthesis
by part of the foliage and so decrease NAR. He demonstrated

this for kale and sugar beet, thus confirming his earlier work



in potatoes (Watson, 1947). The concept of a leaf area index .
beyond which productivity would decrease has also been outlined

by Rees (1963) using data from. an experiment with oil palms.

The application of growth analysis procedures in forestry has
been discussed by Wareing (1966), Ledig (1974), Zavitovski et al
(1974), Ledig (1976) and Satoo and Madgwick (1982). Their general
conclusion was that, as in agricultural crops the quantity of
photosynthetic tissue was likely to be more important than its
efficiency in determining productivity and response to changing
environmental circumstances but, with the exception of Satoo

and Madgwick, they quote few eXamples and most of these relate
to tree seedlings. Direct measurements of dry matter production
in tree species are rare beyond the seedling stage because of
the obvious difficulties associated with handiing large sized
material (Ledig, 1974) and productivity is often expressed in
terms of one coméonent of the biocmass (eg stem volume increment)
or else total dry weight ié estimated from ailometric equations
relating dry hatter to some easily measured variable (eg stem

diameter).

Further evidence of the importance of the quantity of photosynthetic
tissue is found in the literature relating productivity of trees

and stands to leaf biomass or area. Matthews (1963) reviewed

a number of thg early papers and duoted several examples of signifi-
cant relationships between leaf mass and productivity in a range

of conifer species. Perhaps the most useful contribution in

this field is the work éf T, Satoo in Japan. In a series of studiés

he found that above-ground production (kg/tree/year) was linearly



proportional to leaf biomass (kg/tree) in individual trees among

stands of Pinus densiflora (Satoo, 1968), Betula maximowicziana

(Satoo, 1970), Abies sachalienensis (Satoo, 1974a), Thujopsis

dolobrata (Satoo, et al 1974) and Metasequoia glyptostroboides

(Satoo, 1974b)}. In some stands a slight correlation seehed to
exist between net above ground production and leaf efficiency
among suppressed trees but generally there was no indication

of a relationship between productivity and leaf efficiency in
any of the stands.investigated. Similar studies of stand rather

than individual tree, production in Betula makimowicziana (satoo,

1970) and Larix leptolepis (Satoo, 1971) stands indicated similar

results but in Cryptomeria japonica stands at varying levels

of productivity Satoo (1967) found not only a significant linear
relationéhip between stemwood production and foliage biomass

but also a relétionship between stemwood production and NAR.
Howevef, in the case of NAR the relationship was only strongly
linear in the lower part of the graph suggesting that variatiéns

in NAR are most influential in stands of low productivity.

Albrektson et al (1977) found a significant linear relationship
between dry weight production above ground.and leaf area index
in both Norway éprﬁce (LAI of 1.5 to 6) and Scots pine (LAI 6f
0.8 to 3.2) stands for a particular year and Albrektson (1980)
showed a éignificant relationship between stém wood production
and needle biomass using daté froﬁ a range of Scots pine stands.
As shown in the agricultural situation by Wats§n (1958), leaf
biomass and net assimilation rate are not independent of one
another and NAR may be expected to decrease as leaf biomass/area

increases. Using data from a number of conifer stands Satoo (1971)

-1 -



demonstrated that leaf efficiency was inversely proportional

to leaf biomass and similar results_were noted by Waring et al
(1981). The interaction between leaf biomass and leaf efficiency
and the effects of sfocking density etc_have been discussed by
Satéo and Madgwick (1982) . N . - -7 in relation to the
concept of an optimum leaf area inde* at which other factors

being equal, productivity is at a maximum.

There have been a number of studies of the way in which both

the quantity and photosynthetic efficiency of tree foliage is
affected by fertilizer application. Helms (1964) found no change

in net assimilation rate of mid crown foliage‘in‘the year foliowing
nitrogen application to a 38 year old Douglas fir stand and concluded
that the observed diamefer response was due to an increase in the

area of photosynthetic tissue. Keay et al (1968) however, in a

Visually poor Pinus pinaster stand with low foliar nptrient concen~
trations, found that fertilizer application resulted in an increase
in the rate of CO2 fixation by needles of all ages as well as

an increase in needle weight. Nitrogen application increased
diameter growth and needle area in a 20 year old Douglas fir

stand (Brix and Ebell, 1969) but had no effect on the rate of
photosynthesis.‘ In the same stand, however, Brix (1971) reported
an increase in the photosynthetic capacity of shoots produced

in the same year as nitrogen was applied and a similar result

was found by Brix (1972). 1In a later study Brix (1981a) fouﬁd

a significant relationship between foliar nitrogen concentration
and rate of photosynthesis. Nitrogen applied to a 36 year old

Corsican pine stand increased needle retention in the year of

application (Miller, Cooper and Miller, 1976) and in the subsequent



year, needle number and area were increased as well as net
assimilation rate (Miller and Miller, 19769 . Linder and‘Troeng
(1980)-found a significént increase in both biomass and photosyn-
thetic efficiency foliowing application of nitrogen to a 20 year

old Scots pine stand and increases in needle weight or area following
fertilizer applicgtion have also been reported by Albrektson

et al (1977) and Turner and Olsen (1976).

2.3 The effect of thinning on fertilizer response

A number of the authors previously quoted (eg Mead and Gadgil,
1978; Gessel, 1980) have pbserved that fhe response toAfertilizer
application often appears to be greater in stands which have

been thinned pfibr to treatment than in unthinned stands.. Expéri—
" ments set up to determine fertilizer response at diffeggnt levels
of thinning have, however, produced conflicting results. Instances
where fertilizer response has been found to be similar in both
thinned and unthinned treatments have been reported in stands

of Douglas fir (Lee, 1974; Miller et al, 1979; Scanlin and

Loewenstein, 1979), Jack pine (Morrison et al, 1977), Black spruce

(Weetman et al, 1980) and Red oak (Quercus rubra L) (Graney and
Pope, 1978). Ryker and Pfister (1967) however, found that in

a white pine (Pinus strobus) stand a response to fertilizer only

occurred in the thinned plots and Agee and Biswell (1970) reportea
an interaction between thinning and fertilization in a white

pine stand with a significantly larger response to fertilizer

in the thinned plots than in the unthinned. Studies of the effects
of thinning and fertilizer application in Loblolly pine stands

(Anon, 1983) showed that the greatest net volume growth and crop
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tree response resulted from a combination of thinning and
fertilization in most experiments and the response to the treatments
' combined was greater than the simple additive effects of the

two treatments appliea separately. Perhaps the most comprehensive
study to date has been.the thinning/fertilization experiment

in a Douglas fir stand in British Columbia of which the results

at nine years were reported by Barclay et al (1982). While the-
authors report a highly significant thinning/fertilization inter-
action in terms of the average volume increase per tree in this
study, the reported gross volume increménts per hectare suggest

that the response to fertilizer application has been similar

in both the thinned and unthinned treatments. Attempts to elucidate
some of the processes involved in the interaction between thinning
and fertilization have been confined largely to the work of Brix
(1981b, 1983) in this British Columbian experiment. Brix {(1981b)
showed that 5-7 years after treatment, thinning and fertilization
had separately increased needle mass per tree by 90% and when
combined by 271%. This was due to an increase in needle size,
needle number per shoot and number of shoots produced. Foliage
distribution was affected ﬁost in the top half of the crown by
fertilization and in the bottom half by thinning. Brix (1983)
showed that increaéed productivity following thinning and fertiliza-
tion was'due both to increased foliage biomass and an increase

in canopy efficiency (production of biomass per unit of foliage).

2.4 1teasurement of leaf area

The importance of leaf weight or area determinations is evident

from the preceeding paragraphs but the actual measurement has
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long been a problem in tree biomass studies due to the laborious
nature of direct measurements. Various methods have been developed
to estimate leaf biomass. Carbon et al (1979) proposed a method
of visual estimation With correction of the estimates using sample
tree data but most methods are based on allometric equations

which predict branch, tree or stand leaf weight or (area) from
readily measured variables. Loomis et al (1966) and Hepp and
Brister (1982) established relationships between foliage weight

and branch diameter in Shortleaf pine (Pinus echinata) and Loblolly

pine respectively and used these to estimate crown biomass as
did Ek (1979) who found that inclusion of a measure of the branch
position in the crown improved the precision of the prediction

of leaf weight in hybrid poplar (Populus tristis). ' The use of

diameter at breast height as a predictor of foliage weight was
extensively reviewed by Kittredge (1944) who concluded that in
a given stand, there was a significant linear relationship between
dbh and foliage weight in a range of tree species but that the

value of the constants in the equation varied from site to site.

Similar results were noted in stands of Cryptomeria japonica
l(Satoo, 1966). Thus while dbh may be a useful estimator of foliage
weight or area at a given site (Baskerville, 1965; Kira and Shidei,
1967; Rothacher gEigi, 1954) the relationship cannot be considered
as constant for a given species on different sites (Satoo, 1962;

Satoo and Madgwick, 1932).

The pipe model theory of Shinozaki et al (1964a, 1964b) proposes
that a given unit of leaves is serviced by a continuation of
conducting tissue (sapwood) of constant cross sectional area

and that a linear relationship exists between the weight of foliage
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and the amount of sapwood from the base of the live crown upwards.
This idea has been used to estimate leaf area from measurements

of sapwood area at breast height and significant linear relationships
have bgen established'in a fange of tree species by Ggier and
Waring (1974), WAring et al (1977), Whitehead (1978), Rogers

and Hinckley (1979) and Kaufman and Troendle (1981). Snell and
Brown (1978) compared dbh and sapwood area at breast height as
estimators of foliage weight in seven conifer species and found
that while in four species the precision of sapwood area and

dbh was not significantly different in three species sapwood

area was a significantly better estimator than dbh. Kgufman

and Troendle (1981) reported no difference in the amount of leaf
area supported by a unit of sapwood area measured at various

points on the stem from breast height upwards but Waring et al
(1982) considered that in trees with a high proportion of clean
stem between breast height and the live crown, sapwood area should
ideally be measured at the base of the live crown or else a measure
of the degree'df sapwood taper between breast height and thé

base of the live crown should be included. In a review of the
relationship between foliage area and area of conducting tissue
Whitehead and Jarvis (1982) suggest that the slope of the sapwéod
area: foliage area‘line will not only vary between species but

that within a species differences in slope may be ekpected in
response to changes in conductivity of the sapwood, and transpiration
rate (Jarvis et al, 1976). Some support for this hypothesis

is provided by Whitehead (1978) who found small variations in

the sapwood area: foliage area relationship between Scots pine
stands in different climatic reéions of Britain. Recent work

by Brix and Mitchell (1983) has suggested that the sapwood area:
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foliage area relationships may also be affected by thinning and
fertilization treatments within a stand. Extensive use of sapwood
area as a substitute for foliage area has been made by Waring

who proposed that the‘ratio of basal area growth to sapwood basal
area could be used as an index of tree vigour (Waring et al,

1980; Waring, 1980). This index later referred to as E (an index

of grdwth efficiency) has been used to explain observed differences
in susceptibility to attack by mountain pine beetlevin Lodgepole

pine (Pinus contorta Dougl) stands (Mitchell et al, 1983) and

as a measure of the effécts of different thinning intensities

in a Douglas fir stand (Waring et al, 1981).

2.5 Nutrient distribution in tree crowns

The role of foliar nutrient concentration determination in the
diagnosis of the nutrient status of trees has_been extensively
reviewed by Van den Driessche (1974). Sampling of current year's
foliage in the topmost whorl in the dormant season is the generally
accepted method but increasing recognitiop of the pattern of
nutrient translocation from ola.to new needles has leq to an
increasing number of studies of the vertical (crown position)

and horizontal (agé of needle) concentration gradients in tree

crowns.

Van den Driessche (1974) recognised 5 different patterns of vertical

distribution:

1. No significant concentration gradient.

2. Decreasing concentration towards the base of the crown.

- 17 -



3. Increasing concentration towards the base of the crown.
4. A mid crown maxima with decreasing concentrations towards
the top and bottom of the cran.

5. A mid crown'minima with increasing concentration towards

the top and bottom of the crown.

He noted that the type of distribution may vary between different
elements within a single tree and may vary between trees of the
same species on different sites. Few comprehensive studies of
vertical distribution have been made since the review of Van

den Driessche although a number of workers have looked at a
restricted number of crown positi;ns. Morrison (1972) for example,
on the basis of samples from upper, mid and lower crown positions,
found no significant vertical gradient for N in 30 year old Pinus
banksiana but a decrease in P and K concentrations down the crown

and an increase in Ca concentration. In Abies balsamea however,

(Morrison, 1974) he found no significant vertical trends. McLean
and Robeértson (1981) recorded higher N, P and K levels in the

upper crown of Picea rubens stands than in the lower crown and

Reemtsma (1979) found that current foliage in whorl seven of

Norway spruce stands had consistently lower P concentration than
whorl one. In a mofe comprehensive study, Comerford (1981) sampled
each whorl of a 49 year old red pine stand and found significant
vertical gradients in both current and one year old foliage for

N, P and K. Nitrogen concentration decreased down the crown

while K concentration increased and P concentration was lowest

at the mid crown position. Fdliage older than one year generally
showed no significant trend. While there is clearly some variability

in the patterns of vertical distribution there is considerable
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agreement over the pattern of horizontal gradients. A decrease
in P and K concentrations with increasing needle age has been
recorded for a number of tree species by Comerford (1981), Morrison
(1972), Morrison (1974), Florence and Chuong (1974), Keay et al
(1968), Leyton and Armson (1955) and Madgwick (1964) and a similar
trend exists for nitrogen concentration except that Comerford
(1981) noted that N levels were highest in one year old foliage.
Calcium concentration, on the other hand, tends to increase with
increasing needle age (Morrison, 1972; Morrison, 1974; Madgwick,
1964). Attempts to relate such concentration gradients to tree
‘nutrient status have suggested that the decline in nutrient
concentratioﬁ with age of needle may be steeper on poorer sites
where the trees are ﬁore nutrient deficient (Florence and-Chuong,
1974). Measurementvof foliar'nutrienf concentrations in fertilizer
astablisheol ' ,
experimehts in;Sitka spruce stands in Britain (Anon, 1969b) have
shown that even in stands where a significant response to applied
phosphate fertilizer has occurred, the foliar P concentrations
in the top whorl of the control tfees may be well above the levels
regarded as satisfaétory in younger stands (Binns et al 1980).
This may reflect the fact that the foliar nutrient concentration
assoéiated with optimum growth changes with tree size (Miller
et al 198i) thus nécessitatiﬁg a revision of the levels considered

as satisfactory in older stands or it may be a true reflection

of the inadequacy of the top whorl sampling position as an: .indicator

of nutrient status.
The use of tissue other than foliage has.been examined and includes
phloem (Rehfuess and Baum, 1980) vegetative buds: (Arnold and

Roomans, 1983), roots (Van den Driessche and Webber, 1977) and
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litter (Miller and Miller, 1976b;Adams, 1974; Carey and Farrell,
1978). 1In a review of various methods Van den Driessche (1979)
suggested that analysis of litter fall may be a particularly

useful alternative to foliage sampling.
2.6 Conclusions

It is clear that the productivity of established conifer stands

in many parts of the world can be increased by the application .

of fertilizers and that nitrogen and phosphorus are the elements
giving the most consistent benefits. Fertilizers normally increase
botﬁ height and basal area increment and there are indications

that the relationship between volume and basal area may also
sometimes be affected. Similar results have been found in
established pine stands in Britain but data from Sitka spruce
stands is limited and suggests that about half of the stands

treated have shown a significant response.

Results of experiments designed to test the interaction between
thinning and fertilizer application have been conflicting with
thinning having either no effect on the level of fertilizer response
or, particularly i£.appears in pine species, causing a significant
increase in the level of fertiiizer response. There are no published
accounts of the interaction of thinning and fertilization in

Sitka spruce stands.
It is generally assumed that, as in agricultural crops, increased
productivity is achieved by an increase in leaf biomas but neverthe-

less, there are examples of increases in leaf efficiency (net
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assimilation rate) following fertilizer application to tree species.
There are no published accounts of the relative importance of

these two factors in thinned and/or fertilized Sitka sSpruce stands.

Sapwood croés sectional area has proved to be a useful measure

of leaf area in a number of species and the relationéhip appears

to be more independent of site factors than that between leaf

area and stem diameter.. There is a need to examine this relationship

in Sitka spruce stands and to see how it varies with stand treatment.

The use of foliar nutrient concentrations as a technique for
diagnosing nutrient deficiences and predicting fertilizer response
has proved valuable in many species but there is increasing recogni-
tion of the need to examine nutrient distribution patterns with
respect to crown position rather than to reiy on the

conventional top whorl samplihg position. There are no published
accounts of the pattern of variability in Sitka spruce crowns,

but the suspected inadequacy of the top whorl position in established

Sitka stands suggests that this aspect must be examined.
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CHAPTER THREE

METHODS

3.1 Introduction

The data used in this study were collected from two field experiments

established in pole-stage Sitka spruce stands. The first experiment

(Benmore 18/77) was established by the Research and Development

Division of the Forestry Commission in 1977 and the second (Wauchope

14/80) was established by the author in the autumn of 1980.

3.2 Experiment sites and treatments

3.2.i Benmore This experiment was established in 1977 in Benmore
forest in the Argyll district of the Strathclyde Region (Grid
ref NS 139736) in a 27 year old unthinned Sitka spruce stand
>planted on upturned turfs and with a stocking density in 1977

of 2900 stems/ha. The site is gently sloping at an elevation

of 315 m and the average annual rainfall is 2000 mm. The under-
lying rock is Dalradian slate phyllite and mica-schist and the
soil type is a peaty gley (Pyatt, 1970) with. a mean peat depth
of 31 cm. At the start of the experiment the mean basal area
was 39.71 m’ /ha and top height (mean height of the 100 largest
diameter trees/ha) was 10.8 m indicating a general yield class
of 12 (Hamilton and Christie, 1971). In 1977 a randomised block

experiment was laid out with four replicates of four treatments:-

0 - Control

N - Appiication of 330 kg/ha urea {(46% N). ist kg N ha.
<4 N pw P

.



P - Application of 375 kg/ha ground phosphate rock (13% P).(gﬁ KaPpu-ké]

NP - Combination of 330 kg/ha urea and 375 kg/ha rock phosphate.

" Treatment plots were chosen so that differences in initial basal
area were minimised and all dead-and dying trees were removed.
The treatment plots were square and 0.05 ha in size and contained
an average of 148 tfees. The fertilizers were broadcast in May
1977 and a re-application of nitrogen as 330 kg/ha urea was made

to the N and NP treatments in May 1982.

3.2.2 Wauchope This experiment was established in 1980 in Wauchope
forest in £he Roxburgh'district of Borders Region (Grid ref NY

599 058). The stand was 23 years old, unthinned -and planted

6n spaced single furrow cultivation. Stocking density in 1980

was 3610 stems/ha. The site has a slope of 6-9°, is at an elevation
of 330 m and reéeives an average annual rainfall of 1200 mm.

The underlying rock is gréywacke and shale of Silurian age and

the soil is a surface water gley. Mean basal area at the start

of the experiment was 45.4 m’ /ha and top height was 12.9 m,
indicating a general yield class of 20. In 1980 a randomised .

bléck experiment was established with five replicates of

six treatments:

o - Control.

N - Application of 330 kg/ha urea.

P - Application of 375 kg/ha rock phosphate.
T - Thinning carried out. -
TN - Thinning plus urea application.

TP - Thinning plus phosphate application.



The thinning was carried out in the winter of 1979/80 and consisted
of the remova; of approximately 33% of the standing basal area

in a low .selective thinning. The fertiliéers were broadcast

over the treatment plots in May 1980. Treatment plots were 0.05 ha
in extent and contained on average, 180 trees/plot in the unthinned
treatments and 100 frees/plot in the thinned treatments. Dead

and dying trees were removed from tﬁe unthinned treatments.

During the winter of 1981/82, a heavy fall of wet snow resulted

in considerable damage to plots in blocks I and II, particularly
.in the thinned treatment, and the number of bent, snapped and
uprooted trees was so great that these plots had to be abandoned.
The 1983 assessments are therefore based oﬁ blocks III, IV and

V only.

3.3 Growth measurements

3.3.1 Diameter In both experiments a circular assessment plot

of 0.02 ha in size was established in the centre of each treatment
plot at the startlof the experiment and all trees within this

plot were numbered and markea with a white painted band at breast
height (1.3 m). Using a graduated girthing tape calibrated to

read diameter to the nearest 0.1 cm, the diameter of each tree

was measured at the start of the experiment and annually thereafter,

during the dormant season.

3.3.2 Height increment height measurements were determined

retrospectively by measuring, to the nearest cm, internode lengths

on felled sample trees.



3.3.3 Stem volume The stems of felled sample trees were divided

into three metre lengths from the base upwards to the point where
over

the diameter)park was seven cm and the volume of each section

(over-bark) was determined by Huber's formula (7T r* h) where r

is determined at the mid point of each section.

3.4 Leaf biomass/area determination

3.4.1 Introducfion Samples for the determination of leaf area

were coilected on one occasion at Benmore and twice at Wauchope.
Although the selection of sample trees and the number of whorls
sampled varied in each case, the method of dealing with the sample

trees was the same.

3.4.2 Field procedure After felling of the sample tree, all
brancﬁes from the sample whorl were clipped off at their junction
with the stem and weré weighed along with any interndde branches
between the sample whorl énd the one above. After recording

of the total whorl weight, one representative branch per Whorl
was selected and the others discarded. The sample branch was
placed in a polythene bag and transported within 24 hours to

storage at -20°C.

3.4.3 Laboratory procedure After defrosting, all needle bearing

twigs from each sample branch were clipped off and allocated
to one of the four age classes (1 year, 2 years, 3 yeérs, 4 years
and older) according to their_pbsition on the branch. From each

age class four representative shoots were chosen and 50 needles



removed from each. The remaining shoots were dried for 24 -hours

at 105°C prior to separating the needles from the twigs. The

'twigs were discarded and the.dry weight of the needles recorded.
The 200 needle sample was weighed, then placed between two clear,
acetate sheets, the needleé were separated and laid flat and

the sample was passed through a Li;ggc L1-3100 area meter measuring
surface area to an accuracy of 0.1 mm’. Thereafter the 200 needle
sample was dried and the resulting dry weight used to establish

a fresh weight: dry weight conversion factor for that ageAclass.
Similarly the area measurement was used to determine a fresh

weight: area conversion factor for each age class of needle.

3.5 Sapwood cross sectional area

Sapwood area of sample trees was determined at breast height
either from discs or from cores. Discs of approximately three cm
in thickness were cut atbreast height and stored at -20°C. After
defrosting, the discs were immersed to half their depth in a

5% solution of toluidine blue inside an evacuated jar. After

15 minutes the discs were removed and sawn, first across the
longest diameter and then at right angles to it, to produce cut’
surfaces in which penetration of the dye could be noted. Dye
penetration was taken to coincide with sapwood, the width of
which was measured along four radii. Cores were somtimes used

to avoid felling of sample trees. Using a motorised borer,

two five mm diameter cores were removed at breast height, each
one penetrating to the pith. The first core was taken along

the direction.of the plough ridge and the second at right angles

to it. Each case was held up to the light and the sapwood/heartwood
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boundary taken as the junction between translucent and opaque
wood. Sapwood width and core radius were measured to the nearest

mm.

3.6 Nutrient concentration determination

A subsample of approximately 10 g was remqvéd from each dried
needle sample and finely ground. O.l'g of the ground material

was subjected to digestion with sulphuric acid and hydrogen peroxide
at 356°C for 5 hours.' The>digests were then transferred to 50 ml
volumetric flaské and made up to volume with distilled water.
Nitrogen and phosphorus concentrations were determined by standard
colormetric techniques using an auto-analyser and potassium was
determined by flame emission using an atomic absorption spectro-

meter.

3.7 Choice of sample trees

Apart from the annual diameter measurements, which were based
on all trees within the assessment plots, measurements were carried

out on sample trees.

3.7.1 Benmore Sampling was carried out on one occasion in November
1979, three growing seasons after treatment. A fandom sample

of five trees per plot was selected from treatments O and NP

and felled. Stem volume and retrospective height measurements

were made on each tree and a 2.5 cm thick disc removearat breast
height for sapwood area determination. A sample branch for leaf

area determination was removed from every live whorl in blocks



I and III and from every second live whorl in blocks II and IV.
3.7.2 Wauchope

a. In March 1980, during the thinning operation, a random
sample of four trees from each thinned plot was selected
for stem volume measurement to establish the pre-treatment

volume to basal area relationship.

b. In October 1981, two growing seasons after treatment

a random sample of four trees was selected from each plot

in block I and II. A sample branch for leaf area determination
(exe Yrst whorl 4row the Eop)

was removed from whorl onejand from the whorls nearest to

points one third and two thirds of the way down the crown

on each tree and a three cm thick disc removed at breast

height for sapwood area determination.

c. In June 1983, sampling was carried out in treétments

O, N, T and TN in blocks III, IV and V. Three co-dominant
or dominant trees per plot were selected on the basis of
similar diameter at the start of the experimént. One branch
for leaf area determination was removed from whorls one,
four and seven on each tree but on this occasion total whorl
weight was not recorded. Stem volume and retrospective

height measurements were made on each tree.

d. At the end of each of the 1980, 1981 and 1982 growing
seasons, a non-destructive assessment of sapwood areas was

carried out on five randomly selected trees per plot in
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all treétments and all blocks (necessarily restricted to
three blocks for the 1982 assessment). Sapwood width was
determined from cores described in section 3.5. To prevent
excessive damage to trees as a result of the core removal,
trees chosen for sampling were excluded from subsequent

sampling exercises.

3.8 Statistical analysis

All standard analyses of variance and regression analyses were
carried out using Genstat packages mounted on the mainframe computer

at the Edinburgh Regional Computing Centre.
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CHAPTER FOUR

EFFECTS OF THE EXPERIMENTAL TREATMENTS ON PRODUCTION

4.1 Benmore experiment

4.1.1 Basal area increment The annual diameter measurements

were convertea to basal area (7L r’) and summed to provide plot
basal area figures. Treatment comparisons were made by analysis
of variance and covariance 6f basal area (m’) per hectare but
since the inclusion of initial basal area as a covariate did

not affect the outcome (starting basal areas were very similar),
the final analysis of variance was done using unadjusted increment
figures. Annuai and total basal area increments by treatment
.and.the results of the analysis of variance are shown in Table 1.
Application of nitrogen in 1977 resulted in a significant increase
in basal area increment in that year and in each of the following
three years but had no effect in 1981. Re-application of nitrogen
in 1982 resulted in a significant increase in basal area increment
in that year. Total basal area increment over_the 6 year period
was 29% higher than control in‘the N treatment and 43% higher

in the NP treatment. Although application of phosphate fertilizer
appeared to increase basal area increﬁent at both levels of nitrogen,
this effect was not significant at any time. Totél increment

in the P treatment was 16% higher than control. There was no
significant interaction between the effects of N and P which

appeared to be additive.



Iz

Initial Total
Treatment basglnarea ‘ incgement over
m°/ha 1977 1978 1979 1980 1981 1982 m“/ha  control
0 39.70 1.34 0.89 1.72 1.20 0.79 0.86 6.80 -
N 39.29 1.95 1.30 2.04 1.63 0.74 1.13 8.79 29
P 41.22 1.53 1.18 1.87 1.52 0.80 1.00 7.90 16
NP 38.63 1.99 1.74 2.38 1.77 0.75 1. 11 9.74 43
Analysis of variance xt
Net effect SED 0.14 .0.18 0.17 0.15 0.11 " 0.08 | 0.66
of N . significance ** * * * ns- ¥ D *
N |
Net effect SED 0.14 0.18 0.17 0.15 0.11 0.08 0.66
! of P significance ns ns ns ns ns ns > ns
N x P SED 0.19 0.25 0.25 0.21 0.16 0.11 0.93
" interaction significance ns ns . ns ns ns ns ns
*P<0.05: **P<0.01: % ¥#¥ P<O.00|

Table 1. Effect of fertilisers on basal area increment in the Benmore experiment

Basal area increment (m2/ha)




Table 2. Diameter increments in the Benmore experiment
in relation to treatment and tree size

Size Initial Diameter %
Treatment n diameter increment increment
Class
(cm)
(o} 42 10.06 '0.58 5.8
N 70 9.94 0.59 5.9
Small P 67 9.92 0.70 7.1
NP 55 10.01 0.81 8.1
Mean 9.98 0.67 6.7
0 71 12.77 0.97 7.6
, N 83 12.68 1.25 9.8
Medium P 85 12.64 1.03 8.2
NP 77 12.76 1.42 11.1
Mean : 12.71 . 1.17 9.2
0 76 16.15 1.69 10.4
N 75 15.90 1.96 12.3
Large 3 77 16.03 1.71 10.7
NP 66 16.34 2.34 14.3
Mean 16.11 ' 1.93 12.0
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Table 3. & esults of the analysis of variance of
o m
size classAlncrements in the Benmore experiment

Source DF Ss MS VR
Blocks 3 0.2555 0.0852 3.629
Nitrogen 1 0.9688 0.9688 9.626 *k
Phosphorus 1 0.3202 0.3202 3.182
N x P 1 0.1088 0.1088 1.081
Residual (a) 9 0.9057 0.1006 4.288

Size 2 12.8140 6.407 273.011
Size x N 2 0.3253 0.1627 6,931 **
Size x P 2 0.01392 0.00696 0.297
Size x N x P 2 0.03991 0.01995 0.850
Residual (b) 24 0.56323 0.02347
Grand 47 16.31534
Total '

This is a split plot analysis. * Here, as in all subsequent ANOVA tables
residual (a) is the 'between plot' error term and residual (b) is the

J

|

Footnote - . : '
'

|

|

'within plot' error term. '
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4.1.2 Diameter increment in relation to tree size In each treat-

ment, all trees within the assessment plots were divided into
three size classes on the basis of their diameter at the start
of the experiment. The size classes were arbitrarily fixed
" to ensure approximately equal numbers of trees in each and were
designated as small (up to 11.4 cm diam) medium (11.5 to 14.0 cm)
and large (14.1 cm and above). Six year (1977-1982) diameter
increments were then calculated for each tree and diameter increments
compared by treatment and size class (Table 2). The results
. indicated a significant relationship between starting diameter
and diameter increment in all treatments (Fig 1) and also suggested
a size x treatment interaction. This was confirhed by an analysis
of variance of the increments (Table 3) which showed a significant
nitrogen effeqt and a significant size x nitrogen interaction.
Mean diameter increment was significantly greater (P = 0.01)
overall for trees fertilized with nitrogen but while trees in
the medium and large classes had significantly greater diameter
increment when fertilized with nitrogen (P = 0.05 and P = 0.01
respecfively) there was no significant difference between diameter
increments in the small trees.:ig:iﬁ¢ §bo§é;_aﬁ&!iﬁaéuﬁéé&ﬁénf_éhalyéisq
“size is treated as a split-plot|factor.|

4.1.3 Volume to basal area relationship and volume increments

Sample free'volumes and basal areas were converted to volume

(m*) to basal area (m’) ratios and an analysis of variance carried
out. To account for the effect of tree size oh the ratio, an
analysis of stem volumes was carried out both with and without
adjustment of the volumes by covariance analysis using basal

area as a covariate. Results are shown in Table 4. There was



Table 4. Mean stem volume and volume to basal area ratios

in the Benmore sample trees

Mean volume
Treatment to basal area

Mean stem
volume (m3)

Adjusted mean
stem volume (m3)

ratio
0 4.46 0.056 0.057
NP . 4.80 0.062 0.061
5% LSD 0.55 0.012 0.010
Table 5. Volume increment in the
Benmore experiment
‘ Standing Volume m3/ha Volume
Treatment increment
1977 1982 m~/h

0 200.2 246.1 45.9
N 195.2 254.3 59.1
P 204.7 258.0 53.0
NP 193.7 259.4 65.7
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an appafenﬁ treatment effect with fertilized trees having a greater
volume for a given basal area than control trees. Adjustment

of the stem volumes to allow for differences in basal area reduced
but did not eliminate the apparent treatment effecﬁ. There were,
however, no significant differences between ratios and between
volumes, either adjusted or unadjusted and accordingly a single
regression equation including the data from both treatments was

drawn up to relate volume to basal area:-

Volume (m*) = 6.738 basal area (m°) - 0.024 r = 0.97

Applying this equation to the data from the initial and final

tree diameter assessments gave standing volumes and volume increments
as shown in Table 5. Volume increment was 13.3 w'/ha (29%) greater
than control in treatment N, 7.5 m’/ha (16%) greater in treatment

P and 19.8 m’ /ha (43%) greater in treatment NP.

4.1.4 Height increment Results of the retrospective height

measurements are shown in Table 6. Mean height increment of

trees fertilized with NP was no£ significantly different from

the contfol treatment in 1976 but in the year of fertilizer applica-
tion (1977) and in the succeeding two years there was a significant
(P = 0.05) increase amounting to an extra 14 cm in each year.
Following division of the sample trees, on the basis of their
pre-treatment height, into three size classes (small up to 8.8 m;
medium 8.81 to 9.70 m; large, over 9.7 m), height increment was
examined by treatment and size class (Table 7). The results
suggested that treeé of all size classes were affected by fertilizer

application. In the control treatment, trees appeared to grow,

17 -



Table 6. Mean annual shoot
lengths in the Benmore experiment

cm
Year Difference 5% LSD
0 NP
1976 38 42 4 )
1977 37 51 14 )10
1978 39 53 14 )
1979 31 45 14 )

Table 7. Mean annual height increment in the Benmore experiment
by treatment and size class

Size Treatment n I?itial . 3 year % increment

Class height (m) increment (m)

Small 0 5 8.36 0.81 9.7
NP 6 7.91 1.19 15.0

Medium 0 8 9.31 1.10 11.8
NP 6 9.05 1.63 .0

Large 0 7 10.07 1.21 12.0
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in terms of actual and percentage height increment, in proportion
to their size but in the NP treatment mean three year height
increment of medium trees was equal to that of large trees and

in percentage terms was higher (18% increase cf. 16%).

4.2 Wauchope experiment

4.2.1 Basal area increment Basal area increments are shown

in Table 8 and the analysis of variance in Table 9. Again .the
inclusion of initial basal area as a covariate did not significantly
alter the result and the analysis presented is for unadjusted
increments. Increments for the 1982 growing season are based

on three replicates only due to the snow damage to thinned treatments
in blocks I and II during the 1981/82 winter. Application of
nitrogen increased basal area increment in each of thé three

growing seasons and although the effect was not significant in

any year, the cumulative effect over three growing seasons was
significant (P = 0.05). Phosphate application had little apparent
or significant effect in any year, nor was the cumulative increment
significantly different from control. Thinningvincfeased basal

area increment/ha in each year and the effect was very highly
significant (P = 0.001) in 1981. The cumulative effect was also
significantly greater than control (P = 0.05). There was no
significant or apparent interaction between the effects of the
thinning and fertilizer treatments in any year or in the cumulative

increments. Thinning and fertilizer effects appeared to be additive.

4.2.2 Diameter increment in relation to tree size Trees were

4

assigned to three size classes; small (up to 11.0 cm), medium
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(11.1 to 13.5 cm) and large (over 13.5 cm). The number of trees

in each class was smaller'for.the thinned treatments, particularly
in the small class which was almost absent from the thinned plots.
Diameter increment by trgatment and size class are shown in Table 10.
The results demonstratea a clear relationship between diameter
increment and initial diameter (Fig 2) and a clear separation
between thinned and unthinned treatments was observed. An analysis
of variance of the increments (Table 11) gave a very highly signifi-
cant thinning effect (P = 0.001) but no size x thinning interaction
was detected, suggesting that trees of all sizes had responded

to the thinning. The small number of small frees present in

the thinned plots however, renders the results from this size

class suspect, particularly as those small trees present in the
thinned plots had a higher mean initial diameter than their-counter—
parts in the unthinned plots. Although the effect of fertilizer

was not significant overall, there were significant differences
among the fertilizer treatments. Mean diameter increment. for
treatment N (1.08) was signifidantly (P = 0.05) greater than
treatment O (0.98 cm) but was not significantly different from
treatmen£ P (1.05 cm). Treatment P was not significantly different
from treatment O and there was no significant size x fertilizer

interaction.

4.2.3 Volume to basal area relationship and volume increment

Volume (m’) to basal area (cm’) ratios for the 1983 sample trees
were calculated and subjected to an analysis of variance aiong
.with mean stem volume adjusted and unadjustea for basal area

as previously described. Treatment means and the results of

the analysis of variance are shown in Table 12. Trees in both
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Table 8. Effect of thinning and fertiliser treatments on basal area increment
in the Wauchope experiment
'

Basal area increment m2/ha

Initial basal Amount removed Total increment

Treatment ™ rea m2 in thinning 1980 1981 1982 n?/ha ¥ Increment
0 43.91 - 2.16 1.87 2.16 . 6.19 14.1
N 47.39 - 2.32  2.22 2.60 7.14 15.1
P 44.52 - 2.15  2.11  2.23 6.49 14.6
T 47.06 15.65 ©2.37  2.39  2.63 7.39 15.7
TN 46.65 14.74 2.47 2.7 2.72 7.66 16.4

TP 42.97 13.75 2.29 2.25 2.70 7.24 16.8

L1




Table

9.

Results of analysis of variance of Wauchope basal area increments

In the.analysis of variance of the total increments, missing values fori

the thinned blocks daqﬁa3ed in the 1981/82 winter were estimated using :
. a least-ssuares procedure. ’ .

1980 1981 1982 Total
Source
DF MS VR DF MS VR DF MS VR DF MS VR
Blocks 4 0.336 6.51 4 0.152 3.45 2 0.273 2.41 4 2.06 6.74
Fertiliser 2 0.084 1.62 2 0.122 2.77 2 0.241 2.12 2 1.33 4.36*
Thinning 1 0.197 3.81 1 0.708 16. 11%** 1 0.442 1.96 1 1.96  6.43*
| FertiliserXthin 2 0.003 0.07 2 0.090 2.04 2 0.153 1.35 2 0.08 0.28
Residual 20 0.052 - 20 0.044 - 10 0.113 - 14 0.31 -
Total 29 0.095 - 29 0.080 - 15 0.158 - 23 - -
Footnote 1
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Table 10. Diame. ter increment in the Wauchope experiment
in relation to treatment and tree size

Size Initial Diameter ]
Class Treatment N diameter increment increment
(cm) (cm)

0 118 9.54 0.32 3.4

P 119 9.50 0.37 3.9

Small N 126 9.40 0.37 3.9

T 12 10.19 0.78 7.7

TP 21 10.21 . 0.95 9.3

TN 8 10.31 1.09 10.6

Mean 9.86 0.65 6.6

0 110 12.26 0.69 5.6

P 121 12.26 0.77 6.3

Medium N 115 12.28 0.76 6.2

T 45 12.55 1.21 9.6

TP 52 12.31 1.26 10.2

TN 42 12.40 1.26 10.2

Mean 12.34 0.99 8.0

0 108 15.72 1.42 9.0

P 103 15.89 1.39 8.7

Large N 124 15.64 1.45 9.3

T 65 15.42 1.80 11.7

TP 54 15.21 1.95 12.8

TN 65 16.10 . 1.96 12.2

Mean 15.66 1.66 10.6
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Table lzindggsults of analysis of variance
of size class)increments in the Wauchope experiment

Source DF SS MS VR

Blocks 4 1.2584 0.3146 18.089
Fertiliser 2 0.11715 0.0586 3.354
Thin 1 3.7026 3.7026 212,03%*%*
ThinXFertiliser 2 0.0439 0.0219 1.258
Residual (a) 14 0.2445 0.0175 1.004
Size 2 12.9853 6.4926 373.332
FertiliserXsize 4 0.0211 0.0053 0.303
ThinXsize 2 0.0308 0.0154 0.886
FertiliserXthinXsize 4 0.0510 0.0128 0.734
Residual (b) 36 0.6261 0.0174 -
Grand total 71 19.0808
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the thinned and fertilized treatments appeared to have slightly

less volume for a given basal area than control trees but the
differences were not significantf Similarly there was no significant
difference between the adjusted stem volumes but there was still

a suggestion of a lower volume for a given basal area in the
fertilized treatments. Adjustment of the stem volumes did however,

appear to remove the apparent thinning effect.

Since the 1983 sample trees were chosen on the basis of similar
pre-treatment size (diameter), it was considered that the range
of sizes was too small to allow construction of a meaningful
volume to basal area relationship for comparison with the 1980
data. Accordingly the two data sets were amalgamated to form

a éingle regression of volume on basal area. Best fit (highest
correlation coefficiént) was obtained using a log-log scale and

the calculated equation was of the form:
log volume = 1,569 log basal area + 4.143 r = 0.98

Application of this équation to individual tree'diémeters allowed
calculation of plot volumes as shown»in Table 13, based on

three replicates only. Volume increment in the unthinned treatments.
was 10.4 m’ /ha (15%) higher than control in treatment N and 5.6 m’/ha
(8%) lower in treatment P. Thinning alone, increased volume
increment over control by 9.1 m’/ha (13%) and within the thinned
treatments, volume increment was 9.6 m’ /ha (12%) higher than
treatment T in treatment TN and 1 m’/ha (1%) lower in treatment

P. Thinning and nitrogen application together resulted in an

increasé over control of 18.7 m’/ha (28%).
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Table 12. Volume to basal area ratio and adjusted mean stem volume
in the Wauchope experiment

Treatment mean Analysis of variance
Variate
0 N T TN Source DF SSs MS VR
Volume to 7.12 6.72 6.91 6.72 Blocks 2 0.4306 0.2153 0.624
basal area Nitrogen 1 0.7727 0.7727 2.626
ratio Thin 1 0.0954 0.0954 0.324
NxT 1 0.1031 0.1031 0.350
Residual 6 2.7656 0.2943 0.853
Total 11 3.1673
Volume (m3) 0.148 0.140 0.147 0.143 Blocks 2 0.000475 0.000238 2.16
adjusted Nitrogen _ 1 0.000346 0.000346 2.589
for basal ~ Thin 1 0.000025 0.000025 0.018
area NxT 1 0.0000352 0.0000352 0.263
Covariates 1 0.000171 0.000171 1.276
Residual 5 0.000669 0.000134 1.217

Total 1 0.00127
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Table 13.

Volume increment in the
Wauchope experiment

Standing Volume m3/ha Volume
Treatment increment
m3/ha
1980 1982
0 251.4 319.4 68.0
P 249.3 311.7 62.4
N 289.6 368.0 78.4
T 191.0 268.1 77.1
TP 178.8 254.9 76.1
TN 204.0 290.7 86.7
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4.2.4 Height increment Results of the retrospective height

measurements made on the 1983 sample trees are shown in Table 14.
Despite the fact that the sample trees had similarApre-treatment
diameters, there was a considerable difference between the initial
(1980) heights and the height increments were therefore adjusted

by analysis of covariance. Analysis of variance and covariance
(Table 15) gave no significant treatment effects but there was

a suggestion that thinning particularly in combination with nitrogen
application, had reduced height increment. Mean three year height
increment was 16% of initial height in both 0 and N treatments

but dropped to 15% and 14% in the T and TN treatments respectively.
4.3 Discussion

In both the experiments, application of nitrogen fertilizer has
significantly increased basal area and volume increment and at
Wauchope, the response to N was evident both in the presence

and absence of thinning. In both experiments the response occurred
in the year of application and this was repeated following applica-
tion of a.second nitrogen treatment to Benmore in 1982. The
response was evident in each of the.three years of th¢ Wauchope
experiment and at Benmore it persisted for four growing seasons,
having completely disappeared by the fifth. Application of phosphate
fertilizer apbeared to increase basal area and_vélume growth

at Benmore but the effect was not significant. At Wauchope,
although there was no apparent response to P in the unthinned
treatments, basal area and volume growth were slightly greater

with P in the thinned treatments. In view of the size of the
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Table 14.

Height increment in the
Wauchope experiment

Treatment In%tial % year height Ad?uste§ 3 year
height increment (m) height increment
0 11.98 1.88 1.80
N 11.17 1.79 1.87
T 11.56 1.78 1.78
N 11.57 1.57 1.57
Table 15. Results of the analysis of
variance of the Wauchope height
increments
Source DF SS MS VR
Blocks 2 0.2489 0.1244 0.557
Nitrogen 1 0.0197 0.0197 0.048
Thin 1 . 0.2272 0.2272 0.559
N x Thin 1 0.0704 0.0704 0.174
Covariates 1 0.0372 0.0372 0.091
Residual 5 2.0339 0.4068 1.82
Total 11 2.6373 0.3898
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effect in relation to the overall variability in basal area and
volume growth however, there is little to suggest that this is

a 'real effect', particularly since the response is contained
entirely within the 1982 increments, the year inAwhich the number
of replicates was reduced to three. The response to thinning

at Wauchope is an interesting one in that although 33% of the
basal area was removed from the thinned plots, basal area and
volume growth per hectare were still greater than in the unthinned
treatments at all levels of fertilizer. In respect of fertilizer
and fertilizer/thinning combinations therew¢rz no indications

of interactions. At Benmore the effects of N and P appeared,
when applied together, to be simply additive and this was also

the case with the thinning/fertilizer effects at Wauchope.

In both experiments, individual tree diameter increments were
strongly reiated to initial diameter with large trees having
greater increment than small trees. This pattern was largely
reflected in the treatment responses too, with medium and large
sized trees benefiting most from fertilizer treatments. The
effects of thinning appeared to be similar on all tree sizes
but data for small sized tfees in the thinned treatments are

insufficient to allow conclusions to be drawn.

The data suggest that the ratio of volume to basal area for
individual trees was increased by NP fertilizer application at
Benmore and reduced by both thinning and nitrogen at Wauchope.
Since the volume éo basal area ratio varies with tree size anyway
however, changes in the ratio do not necessarily imply a change:

in the relationship between volume and basal area. Analysis
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of variance of mean tree volume using basal area as a covariate
has been used here as a means of accounting for the effect of
tree size and this has generally reduced the apparent treatment
effects, suggesting that at least part of the effects can be

accounted for by differences in tree size.

Height increment was clearly(increased by NP appliéation at éenmore
and appeared to benefit the medium sized trees most. The Wauchope
results are less conclusive, with no significant treatment effects.
However, there is a definite indication that thinning particularly

in combination with nitrogen application, reduced height increment.



CHAPTER FIVE
EFFECTS OF THINNING AND FERTILIZER TREATMENTS ON LEAF AREA
5.1 Benmore -

5.1.1 Methods Sampling was carried out at the end of the third
growing season after treatment as described in section 3.7 and
treatment of the sample whérls is described in section 3.4.

Using the conversion factors derived from the 200 needle sample,
the fresh weight of each needle age class was determined as a
percentage of the total branch fresh weight. This éercenfage

was then applied to the total whorl. weight to es£ablish the total
fresh weight of each needle age class in the whole whorl; ie

if one year needles accounted for 30% of the branch weight, it
was assumed that 30% of the whorl weight was one year needles.
Fresh weight was converted to projected needle area using the
conversion factors from the 200 needle samples and in_this way
the total projected needle area of each whorl, by needle age
class, was determined. Using the data from blocks I and III,
where every whorl was sampled, total tree leaf area (TLA) was
regressed on leaf area as a tota1 of every second whorl (HLA)JE&-QJAD7cﬁﬂZ

A significant linear relationship was found with the equation:-
TLA () = 2.203 HLA (m*) -0.71 (r = 0.98)

This equation was used to determine total leaf area for the trees

in blocks II and IV.
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Table 16. The effect of fertiliser treatment
on some crown dimensions in the Benmore experiment

(Crown % is crown depth expressed as a percentage
of the total tree[helght) \

Treatment
Dimension sed 5% 1lsd
0 NP
Number of live whorls 11.6 10.8 0.66 2.1
Crown depth (m) 4.67 4.88 0.14 0.43

Crown % 45.1 45.7 1.03 3.3
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5.1.2 Crown depth and number of live whorls The bottom of the

live crown was defined as the last whorl where at least one branch
carried a significant amount of live foliage. Average crown

depth, number of live whorls per tree and crown depth as a percentage
of tree height are shown in Table 16. Crown depth varied from -
3.65 m to 6.35 m in treatment O and from 2.26 to 6.53 m in treatment
NP. Crown depth as a percentage of tree height varied from 37%

to 55% in treatment O and from 25% to 58% in treatment NP and

the number of live whorls varied from 10 to 14 in treatment O

and from 6 to 15 in treatment NP. Mean crown depth waé slightly
(0.21 m) greater in treatment NP and number of live whorls slightly
(0.8) less but the differences were not significant. Crown depth

as a percentage of tree height was very similar in both treatments.

5.1.3 Mean leaf area per tree Mean total projected leaf areas

per tree are shown in ?able 17 where the sample trees have been
divided into three size classes on the basis of diameter. Leaf

- area per tree ranged from 8.10 m’° to 41.51 m’® in treatment O
and from 6.48 m° to 48.71 m® in treatment NP. On average, leaf
area per tree was 4.05 m* (25%) greater in the NP treatment and‘
this difference was reflected in trees of all size classes.

An analysis of variance (Table 18) following log transformétion
and treating size as a split-plot factor, showed no significant

-difference at any size level.

5.1.4 Leaf area distribution Mean leaf area by whorl number

and age of needle is shown in Table 19 and the results of an
analysis of variance in Table 20. In the analysis of variance,

two factors were allowed for, one being the fertilizer effect
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Table 17. Mean projected leaf area per tree in the
Benmore sample trees

Size Class

Number of trees Mean leaf

Treatment ) 2
(diameter) in class area (m“)
Small 0 7 11.17
Medium 0 7 14.73
(11.6~13.4 cm) NP 7 17.46
Large 0 6 24.18
(13.5-17.0 cm) NP 6 30.73
All 0 - 20 16.32
NP 20 20.37
Table 18. Results of the analysis of variance
/ of the mean leaf. area data
Source DF Ss MS VR
Blocks 3 0.178 0.059  0.44
Treatments 1 0.405 0.405 3.02
Residual (a) 3 0.100 0.033 -
Size 2 3.93 1.964 14.66%**
Treatment x size 2 0.01 0.004 0.03
Residual (b) 28 4.04 0.144 -
39 8.663 ‘

Total




Table 19. Mean projected needle area
by whorl and needle age class in the
' Benmore experiment
;(Whor1_1>reférs to the first whorl from the top of the tree).

- s o

em?
Treatment
Whorl Age
0 NP
1 1 472 728
3 1 4628 9168
2095 4354

3 391 643

Total 7114 14165

5 1 6418 10411
2 4172 9155

3 2980 5703

4 1472 2213

Total 15042 27482

7 1 5501 5939
2. 6093 8493

3 7369 8158

4 8593 7862

Total 27556 30456

9 1 2452 1772
2 2815 4425

3 5084 4912

4 8096 5521

Total 19447 16630

11 1 1372 250
2 2845 1063

3 3148 1760

4 5151 2897

Total 12516 5970

13 1 101 27
2 276 115

3 370 196

4 954 426

Total 1701 764




Table 20.

Results of the analysis of variance for
mean total projected needle area by whorl number and
age of needle (log transformation)

Source DF SS MS VR

Blocks 3 0.9673 0.3224 1.370.
Fertiliser 1 0.2846 0.2846 0.17§
Residual (a) 3 4.8607 1.6202 6.884°
Position 19 145.7673 7.6720 32.596%%*
"Position x Fertiliser 19 8.9482 0.4710 2.001*
Residual (b) 114 26.8314 0.2354 -

Grand Total 159 187.659 - -

(bable 21 apbears on bége'87.

Table 22.

)

Results of the analysis of variance of
mean sample branch areas in the Benmore experiment

7

Source DF SS MS VR

Blocks .3 1.0111 0.3370 1.683
Fertiliser 1 0.0423 0.0423 0.020
_ngidual @) 3 6.4303 . .2.1434 10.701

- / : I3 Tl

Position 19 129.2642 6.8034 33.965%**

Position x Fertiliser 19 6.9258 0.3645 1.820*
Residual (b) 114 22.8351 0.2003 -
Grand Total 159 - -

166.5088




Footnote

The analysis of variance used here. assumes that the design of the
experiment lends itself to a split-plot type analysis. As pointed out
by Dr Farrel, the use of this type of analysis assumes that the variance
-~ covariance matrix is homogenous i.e. that the degree of dependence
between all the observations is constant, It is acknowledged that this
is unlikely to be the case with the data used for this analysis and that
a more detailed analysis procedure of the type proposed by Gill and Hafs
(1971) would have been more appropriate, The result of the use of such
procedures would be that the tests of significance would become more
conservative. While this would not affect the fact that 'position'
emerged as a significant factor, it is likely that the ‘position' X
fertiliser interactions in tables 20, 22 and 25, which emerged as sign-
ificant in the split plot type of analysis, would not be significant.

'
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and the other being a measure of the effect of whorl number and

age of needlé (position factor). Although this meant the use

of a pooled standard error for comparing treatments at any whorl/age
class, it did allow more degrees of freedom than a separate analysis
of variance for each whorl/age class. Following the initial .
analysis, a plot of fitted vglues against residuals demonstrated

a pattern of increasing scatter with increasing fitted values

and accordingly the final analysis of variance was based on a

log transformation. The pattern of leaf area distribution was
examined with respect to both whorl number (fig 3) and'whorl

height. The picture was essentially the same in both cases and
subsequent analyses and discussions are based on whorl number

only.

Leaf area was approximétely normally distributea with respect

to whorl number in both treatments with maximum leaf area occurring_
in.the mid crown around whorl seven. Although the effect of
fertilizer treatment was not significant overall, there were

very highly significant (P = 0.001) differences between positions
and a significant (P = 0.05) position x fertilizer interaction.
Fertilizer treatment appeared to result in an increase in leaf

area in the upper part of the crown and a reduction in the lower
crown. At whorls one, three, five and seven treatment NP resulted

in an increase of 54%,_99%, 83% and 11% respectively while at'
whorls nine, eleven ané thirteen, leaf area was reduced by 14%,

52% and 55% respectively. Examination of the leaf area distribution
with respect to age of needle (figs 4 and 5) indicated that the
increased leaf area in the upper crown was largely attributable

to needles in the one year and two year age classes, ie needles
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formed in 1979 and 1978 respectively. Area of three year needles,

ie needles formed in 1977 (the year of fertilizer application),
showed a small increase in the upper crown but needles in the

four years and older age class were unaffected. The reduction
in leaf area in the lower crown of fertilized trees was reflected
in needles of all ages but appeared to be particularly large

in the case of 4 years+ needles.

5.1.5 Analysis of the components of leaf area To determine

which components of the leaf area had been affected, the data
from the sample branches were analysed by whorl number and age
of needle to examine the effect of fertilizer treatment on leaf
area, dry weight of needle, number of needles, average needle
weight, average neédle area and specific needle area. Due to
the small number of data from whorlg 13 and below, the analyses
were restricted to whorls 1, 3, 5, 7, 9 and 11. Each data set
was subjected to the same type of analysis of variance used for
the total whorl leaf areas and in the case of leaf afea, needle

dry weight and number of needles, a log transformation was used.

a. Leaf area Mean leaf area per sample branch is shown
in Table 21 and the results of the analysis of variance

in Table 22. There was no significant effect overall but
there was a significant (P = 0.001) position effect and

a significant (P = 0.05) position x fertilizer interaction.

Mean leaf area was consistently higher in treatment NP at

whorls 1, 3, 5 and 7 but was lower than treatment O at whorls 9

and 11. The pattern of leaf area distribution was very

similar to the pattern displayed by the total whorl leaf
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areas with an increase in leaf area in the 1 and 2 year
needles in the upper crown of fertilized trees and a reduction
in the lower crown, largely at the expense of the 4 years+

needles.

b. Needle dry weight and number of needles Mean total

needle dry weight per sample branch is shown in Table 23,
mean needle number in Table 24 and the results of the analyses

of variance in Table 25. As with the whorl and sémple branch

leaf areas, there was a significant position effect (P = 0.001)

0.05)

and a significaﬁt position x fertilizer interaction (P
but no significant overall fertilizer effect. Fertilized
trees had, on average,'more needles and a greater total
needle dry weight than control trees and the pattern of
distribution was similar to the whorl and branch leaf area
distribution. Both needle weight and needle number were
greater in treatment NP at whorls 1, 3, 5 and 7 and smaller
than treatment O at whorls 9 and 11. Again the increase
was reflected largely in the 1 and 2 yéar old neeales at
all needle ages, was largely at the expense of the 4 years+

needles.

c. Average needle area Average needle area is shown in

‘Table 26 and the results of the analysis of variance in

Table 28. The pattern of variation in average needle area
with respect to crown position is portrayed in fig 6. Average
needle area showed a consistent decline from the top to

the bottom of the crown in both treatments and this pattern

was present at all needle ages. With the exception of whorls 3
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‘and 5 in treatment O, where 2 year needles had smaller average
needle weight than 1 year needles, there was also a consistent
pattern of increasing average needle area with increasing

age of needle and this was reflected at all whorls. Overall
weighted mean needle area of treatment NP was 1.53 mm’ (9%)
greater than treatment O and this trend was present at all
whorls in the 2, 3 and 4+ needle age classes. In the 1 year
needles however, treatment O had higher averége needle area

at whorls 3, 7, 9 and 11. In the analysis of variance only
position emerged as a significant factor there being no
significant fertilizer effect and no significant position

x fertilizer interaction.

d. Average needle weight Average needle weight is shown

in Table 27, the results of the analysis of variance in
Table 28 and a pictorial representation in fig 7. As with
average needle area, average needle weight decreased from
whorl 1 to whorl 11 at all needle ages and at all whorls
there was a consistent pattern of increasing needle weight
with increasing age of'needle. Overall weighted mean needle
weight was 0.35 mg (13%) higher in treatment NP but the
analysis of variance showed no significant fertilizer effect
or position x fertilizer inferaction. Treatment differences
were particularly apparent in the 2, 3 and 4+ needles where
average weight was consistently higher in the fertilized
trees but there was little apparent difference between

fertilized and unfertilized trees in respect of 1 year needles.

e. Specific needle area Specific needle area, expressed

_é,‘s-'_



as projected area (cm’) per g of dry weight was calculated
from the 200 needle sub--samples and mean specific needle
areas by treatment, whorl number and age of needle are shown
in Table 29 and the results of an analysis of variance in
Table 30. At all needle ages specific needle area showed

a consistent increase from whorl 1 to whorl 11 in both
treatments and a consistent decrease with increasing age

of ﬁeedle at all whorls (fig 8). Although the effect of
crown position was again significant (P = 0.001) there was

no significant fertilizer effect and no position x fertilizer
interaction. Specifié needle area.of 1 year needles appeared
to be lower in treatment NP at whorls 1 and 3 and higher

than control at whorls 9 and 11 and there was an apparent
decrease in specific needle area in the 4+ needles from
fertilized trees but otherwise there were no apparent treatment

differences.
5.2 Wauchope

5.2.1 Methods In the 1983 sampling carried out in the Wauchope
experiment,'no attempt was made to establish total whorl or total
tree leaf areas but treatment comparisons were made purely on

the basis of one representative sample branch from each of 3 whorls
(1, 4 and 7). The parameters measured on each sample branch

were leaf area, needle dry weight, number of needles, average
needle area, average needle weight and specific needle area,

and each was measured at four needle ages. As with the Benmore
results, each data set was subjected to an analysis of variance

to determine treatment and position effects and log transformation

of the data were included where necessary.

-Lb—



Table 21. Mean projected needle area
per sample branch by treatment,
whorl number and age class in the
Benmore experiment

sz
Treatment
Whorl Age
0 NP
1 1 472 728
3 1 786 1065
: 350 490
3 64 81
Total 1200 1636
5 1 1313 1848
2 869 1607
3 645 962
T4 299 390
Total 3126 4807
7 1 1009 1303
s 2 1047 1845
' 3 1253 1779
4 1516 1736
Total 4825 6663
9 1 404 290
2 677 848
3 1007 1019
4 1594 1201
Total 3682 3358
11 1 116 77
2 319 262
3 434 555
4 983 618
Total 1852 1512
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Table 23. Mean total needle dry .
weight per sample branch
in the Benmore experiment

g
Treatment
Whorl Age

0 NP
1 1 9.50 14.45
3 1 13.83 20.99
7.11 10.24
3 1.66 1.85

Total 22.60 33.08

5 1 21.60. 29.50
2 15.95  29.23

3 12.15  18.85

4 6.29  8.36

Total  55.99  85.94

7 1 15.54  20.07
2. 18.14  30.09

3 22.82 31.03

4 29.22 33.46

Total  85.72 114.65

9 1 6.86  4.55
2 11.68  12.45

3 16.64  15.05

4 29.08 19.85

Total  64.26 51.90

11 2.08 1.16

5.23 4.15
6.93 6.24
17.20 10.42

B W -

Total 31.44 21.97

Grand
Total 269.5 321.9

O



Table 24. Mean number of needles per
sample branch in the
Benmore experiment

g9
Treatment
Whorl Age
0 NP
1 1 1814 2679
3 1 3362 5068
1676 2166
3 274 330

Total 5312 7564

5 1 7111 9480
2 4866 8038

3 3161 4537

4 1422 1693

Total 16560  23748°

7 1 6843 9060
2 6932 11152

3 7596 9858

4 7731 8304

Total 29102 38374

9 1 3387 2894
2 5572 6385

3 7102 - 6295

4 9557 6250

‘Total 25618 21825

11 1293 911

3342 2472
3770 4028
6942 4050

B WN -

Total 15347 11461

Total 93753 105651




Table 25. Results of the analyses of variance for mean total needle dry weight

and mean number of needles in the Benmore experiment

Average total needle dry

Average number of needles

weight
Source DF

SS MS © VR SS - MS VR
Blocks 3 0.7938 0.2646 1.25 ' 0.0447 . 0.0149 0.085
Fertiliser 1 0.0497 0.0497 0.019 0.0272 0.0272 0.030
Residual (a) 3 7.9409 2.6470 12f507 2.7482 0.9161 5.213
Position - 19 135.1742 7.1144 33.610%** 120.2826 6.3307 36.028%**
Position x fertiliser 19 7.5984 0.3999 1.89* 6.1241 0.3223 1.834*
Residual (b) 114 24.1269 0.2116 20.0313 0.1757

Grand total 159 166.8994 v 149.258
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Table 26. Average needle area
by treatment, whorl and age class
in the Benmore experiment

2
Treatment
Whorl Age
0 - NP

1 1 25.30  26.46
3 1 23.39  21.01
2 20.87 22.64

3 23.36  24.55

Mean 22.59 21.63

5 1 18.46  19.49
2 17.86  19.99

3 20.39  21.20
4 21.05  23.02

Mean 18.87 . 20.24

7 1 14.75  14.38
2 15.10  16.54

3 16.49  18.05

4 19.61  20.90

Mean 16.58  17.36

9 1 11.92  10.01
2 12.15  13.28

3 14.18  16.18

4 16.68  19.21

Mean 14.37  15.38

11 1 8.98 8.42
2 .9.56 10.58

3 11.52 13.77

4 14.16  15.27

Mean 12.07 13.19
overall weighted 16.15  17.68

mean

w{i
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Table 27.

Average needle
weight (mg) by treatment,
whorl number and age class
in the Benmore experiment

Treatment
Whorl Age
0 NP
1 1 5.06 5.52
3 1 4.09 4.06
2 4.17 4.71
3 5.91 6.20
Mean 4.21 4.34
5 1 3.04 3.20
2 3.33 3.73
3 4.12 4.23
4 4.51 4.94
Mean 3.46 3.70
7 1 2.13 2.14
2 2.55 2.81
3 2.91 3.21
4 3.75 4.18
Mean 2.86 3.05
9 1 1.64 1.41
2 1.81 1.93
3 2.23 2.57
4 2.91 3.57
Mean 2.31 2.52
11 1 1.14 1.02
2 1.32 1.46
3 1.70 1.74
4 2.36 2.52
Mean 1.87 1.90
Overall weighted
2,77 3.12

mean

A



Table 28. Results of the analyses of variance for average needle weight
and average needle area in the Benmore experiment

Average total needle dry ’ Average number of needles
weight
Source
DF ss MS VR - ss MS VR

Blocks 3 0.050050 0.01668 19.823 244.5767 81.525 37.375
Fertiliser 1 0.020090 0.02009 0.749 36.6592 36.659 0.490
Residual (a) 3 0.08049 2.6470 31.882 224.4114 74.804 34.293
Position 19 2.87175 0.15115 179.607*** 3526.5516 185.609 85.09 1%
Position x fertiliser 19 0.020164 0.00106 1.261 65.3331 3.439 1.576
Residual (b) 114 0.095939 0.00084 - 248.6683 2.181

Grand total 159  3.13846 T 4346.195

p
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Table 29. Mean specific needle area
per sample branch by whorl number and
age of needle in
the Benmore experiment

Treatment
Whorl Age
0 NP
1 1 50.6 47.7
3 1 57.8 52.0
2 50.5 48.6
3 42.7 40.6
Mean 54.72 50.53
5 1 61.2 61.8
2 54.7 54.1
3 50.8 50.5
4 47.9 46.9
Mean 56.16 55.97
7 1 71.1 71.6
2 60.8 61.0
3 57.8 '57.0
4 53.1 51.2
Mean 60.39 60.35
9 1 73.3 79.3
2 69.2 71.4
3 66.6 64.8
4 59.6 55.4
Mean 65.44 65.96
11 1 78.72 81.64
2 72.73 73.64
3 68.54 68.51
4 60.58 62.06
Mean 66.71 68.38
overall weighted 61.55 60.37
mean '

7L



Table 30. Results of the analysis of variance for
mean specific needle areas in the Benmore experiment

‘Source DF SS MS VR
Blocks 3 692.22 230.74 6.356
Fertiliser 1 0.28 0.28 0.002
Residual (a) 3 384.44 128.15 3.53
Position 19 18606.35 979.28 26.975%%*
Position x Fertiliser 19 357.8458 18.83 0.519
Residual (b) 114 4138.5151 36.30 -

Grand Total 159 24179.64 - -

‘
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5.2.2 Leaf area Projected leaf areas per sample branch are

shown in Table 31 by treatment, whorl nmeer and needle age class
and the results of the analysis of variance, based on a log trans-
formation, are shown in Table 32. As expected there was a signifi-
cant (P = 0.001) position effect with leaf area increasing from
whorl 1 (W1l) to whorl 4 (W4) and from W4 to whorl 7 (W7). 1In
addition there was a significant (P = 0.05) overall fertilizer
effect, a significant (P = 0.05) overall thinning effect and

a significant (P = 0.01) position x thinning interaction. Application
of nitrogen resuited in a reduction in projected leaf area at

all whorls and although there was no significant position x
fertilizer interaction, the reduction in leaf area at whorls 1
(-13%) and 7 (-12%) appeéred to be greater than at W4 (-3%).

Two year needles in W4 and W7 of the fertilized trees showed

a slight increase in leaf area over unfertilized treeé but all
other ages reflected the pattern of reduced leaf area in response

to nitrogen application, particularly the 3 and 4+ needles in

W4 and the 1 and 4+ needles in W7.

There was no significant thinning x fertilizer interaction and
none was apparent at whorls 1 and 7 but at W4 nitrogen application
appeared to result in an increase in leaf area in the absence

of thinning and a reduction in leaf area when accompanied by
thinning. The net effect of thinning (meaned over T and TN)

was an overall increase in leaf area, an increase which was due
almost entirely to the effects on W7 foliage. At W1 there was

an apparent reduction in leaf area in the thinned treatments

when compared to the unthinned (mean of 0 and N) and there was

-9 -



Table 31. Projected leaf area of the
Wauchope sample branches

cmz
Treatment -
Whorl Age of
needle 0 N T ™
1 1 146 131 129 109
4 1 2424 2657 2629 2253
2 1480 1676 1706 1564
3 516 432 523 423
4 134 102 124 99
Total 4554 4867 - 4982 4348
7 1 1477 817 1861 2050
2 1480 1223 2213 2655
3 1156 852 1324 1398
4 2529 2000 3464 2565
Total 6642 4892 8862 8668

‘

Results of the analysis of variance of the sample branch

Table 32.
leaf areas (log transformation)
Source DF SS MS VR
Blocks 2 0.00843 0.00421 0.067
Fertiliser 1 0.40825 0.40825 6.551*
Thin 1 0.80797 0.80797 12.965**
Fertiliser x thin 1 0.11248 0.11248 1.805
Residual (a) 6 0.37392 0.06232 0.994
Position 8 139.8198 17.4775 278.690*%**
Position x fertiliser 8 0.28476 0.03560 0.568
Position x thin 8 1.82105 0.22763 3.630%*
Position x fertiliser x thin '8 0.70061 0.08758 1.395
Residual (b) 64 4.01362 0.06271
Total 107 148.35085

%o



ﬁo apparent difference at W4 but at W7 the area of 1 year needles
was increased by 70% (P = 0.001), 2 year needles by 80% (P = 0.01),
3 year needles by 36% (P = 0.05) and 4 years+ needles by 33%

(P = 0.05). Total leaf area of thinned treatments was 20 cm (17%)-
less at W1, 46 cm’® (1%) less at W4 but 2998 cm’ (52%) greater -
at W7. The reduction at Wl was apparent in both the presence

and absence of N as was the increase at W7 but at W4, thinning
appeared to increaée leaf area in the absence of N and to reduce

it when accompanied by N.

5.2.2 Needle dry weight Average total needle dry weight per

sample branch is shown in Table 33 and the results of the analysis
of variance in Table 34. Total dry weight of needles was signifi-
cantly (P = 0.001) greater ét W7 than at w4 thch had significantly
(P = 0.001) greater dry weight than W1 and this pattern was reflected
in all treatments except treatment N where needle weight at w7

was slightly (11%) less than at w4. Application of N significantly
(P = 0.05) reduced needle weight while thinning resulted in a
significant (é = 0.05) increase and there was a significant

(P = 0.001) position x thinning interaction. The reduction in
total ngedle weight due to N application was evident at all whorls
and needle ages except 2 year needles in W4 where there was a
slight (3%) increase in the'fertilized treatments. Although

there was no significant position x fertilizer interaction the
reduction appeared to be proportionately greater at whorls, (-13%)
and 7(-11%) than at W4 (-4%). At Wl total needle weight was
reduced by N application both in the presence and absence of
thinning while at W4 the reduction occurred only in the thinned

plots and at W1l occurred only in the unthinned plots. Thinning

_3! -



increased total needle weight at W7 but there was no significant
effect at W1 where thinning appeared to reduce the needle weight
or at W4 where there was little apparent difference. At W7 total
" needle dry weight of 1 year needles was increased by 77%

(P = 0.001), 2 year needles by 85% (P = 0.001), 3 year needles

by 36% (P = 0.05) and 4 years+ needles by 31% (ns). Total needle
weight at W7 was 76.5 g . (52%) greater in the thinned treatments.
Thinning resulted in a slight reduction in total needle weight
both in the presence and absence of N at Wl and an‘increase at
both levels of N at W7 but there was an apparent, though not
significant, interaction at W4. 1In the presence of N, thinning
appeared to reduce total needle weight but increased it in the

unfertilized plots.

5.2.3 Number of needles Average number of needles per sample

branch is shown in Table 35 by treatment, whorl number and age

of needle and the results of the analysis 6f variance in Table 36.
As with needle area and dry weight there was a significant position
effect with more needles held at W7 than at W4 and more ét wa

than at W1, a pattern repeated in all treatments. Fertilizer
-application had no significant or apparent effect on needle number
which was slightly higher in fertilized trees at whorls 1 (+2%)
and 4 (+6%) but slightly (-5%) lower at W7. This pattern was

not consistent at both levels of thinning and although there.

was no significant interaction, it appeared ﬁhat (at W1 + wa)
nitrogen application had increased needle number in the unthinned
plots but decreased it in the thinned plots while at W7.needle
number was decreased by N application in the absence of thinning

but increased when combined with thinning. The overall effect



of thinning was significant (P = 0.01) and there was a significant
(P = 0.001) position x thinning interaction. At W1 and W4 thinning
resulted in a small and non significant reduction in needle number
but at W7 the number of needles was 14064 (50%) higher in thinned
treatments and this difference was apparent at all needle ages.-

One year needles were increased by 61% (P = 0.001), 2 year needles
by 71% (P = 0.001), 3 year needles by 34 % (P = 0.05) and 4 years+
needles by 32% (P = 0.05). Overall there was a tendency for
thinning to lead to lower needle numbers in W1 in both the presence
and absence of nitrogen while at W4 thinning tended to increase
needle numbers in the absence of nittogen while decreasing number
of needles when combined with nitrogen. At W7, the thinning

effect was similar 'at both levels of nitrogen.

5.2.4 Average needle area Average needle areas are shown in

Table 37 and the results of the analysis of variance in Téble 38.
The only significant effect to emerge was positionf Average
needle area decreased from Wl to W4 and from W4 to W7, a pattern
which was presentvin all treatments. At W7 there was a consistent
inqrease in average needle area with increasing age of needle

in all treatments but this pattern was less obvious at W4. Appli-
4cation of nitrogen appeéred to have resulted in a reduction in
average needle area at all whorls and at both levels of thinning,
an effect which is also present at almost every needle age.
Overall, the effect of thinning was to slightly increase average
needle area, particularly in the presence of nitrogen but there

was no persistent trend.

5.2.5 Average needle weight Average needle weights are shown

_33‘ -



in Table 39 and the results of the analysis of variance in Table 40.
Again there were significant position differences with a consistent
pattern of decreasing average needle weight with increasing whorl
number which was evident in all treatmenté. There was also a
consistent pattern, at each whorl in all treatments, of increasipg
average needle weight with increasing age of needle. The overall
effect of nitrogen was also significant (P = 0.05) and resultea

in a decrease in average needle weight in fertilized trees, a
paﬁtern which was particularly evident in the unthinned treatment
where all needle ages in all whorls of the fertilized trees had
smaller average needle weight than from unfertilized trees. In

the presence of fhinning, this pattern was present at Wl and

W4 but at W7 there was no consistent effect. Thinning had no
significant effect on average needle weight, nor was there.any
position x thinning interaction. Generally thinning appeared

to result in smallerraverage needle weight in the absence of
nitrogen ana larger average needle weiéht in the presence of
nitrogen but the differences were not large and overall average
needle weight in thinned treatments (6.66 mg)-was_very similar

to that of unthinned treatments (6.69 mg).

5.2.6 Specific needle area  Average specific needle areas are

shown in Table 41 and the results of the analysis of variance

in Table 42, The only two signifiéant‘effects were position

and an intefgction between thinning and fertilizer application.
Specific needle area increased with increasing whorl number in
all treatments and at W4 and W7 there was a consistent pattern
of decreasing specific needle area with increasing age of ﬁeedle

in all treatments. Nitrogen application appeared to increase
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Table 33. Total needle dry weight of the
Wauchope sample branches

g
Treatment
Whorl Age of .
needle 0 N B ™
1 1 4.50 3.98 4.12 3.50
4 1 69.06 70.67 69.90 60.64
2 42.52 49.35 47.22 43.34
3 14.98 12.94 15.44 12.67
4 4.55 3.25 3.99 3.29
Total 131.11  136.21  136.55 119.94
7 31.82 . 16.91 37.68  48.42

37.79 29.02 55.09 68.51
30.60 21.22 33.25 37.12
74.59 53.73 92.67 75.94

BWN -

Total 174.8 120.88 218.69 229.99

Table 34. Results of the analysis of variance of the sample branch
needle dry weight (log transformation)

Source DF SS MS VR
Blocks 2 0.01410 0.00705 0.111
Fertiliser 1 0.48861 0.48861 7.402%*
Thin 1 0.83635 0.83635 12.671*
FertiliserXthin 1 0.22131 0.22131 3.353
Residual (a) 6 0.39605 0.06601 1.038
Position 8 122.1752 15.27190 240.143%*%*
Position x fertiliser 8 0.25128 0.03141 0.494
Position x thin 8 2.03385 0.25423 3.998%**
Position x fertiliser x thin 8 0.80099 0.10012 1.574
Residual (b) 64 4.07009 0.06360

Total 107 131.28785
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Table 35. Number of needles on the Wauchope sample branches

Treatment
Whorl Age of

needle N T ™
1 1 484 581 457 441
4 1 10079 11582 10713 9909
2 5230 7145 6162 6156
3 1850 1734 1865 1708
4 462 405 406 424
Total 17621 20866 19146 18197
7 1 8850 5298 10734 12054
2 7333 7224 11341 13550
3 5325 4426 5792 7289
4 10079 8000 13137 10766
Total 31587 24948 41004 43659

Table 36. Results of the analysis of variance of
(log transformation)

needle number

Source DF SS MS VR
Blocks 2 0.00073 0.00037 0.008
Fertiliser 1 0.01663 0.01663 0.381
Thin _ 1 0.67552 0.67552 15.51%%*
FertiliserXthin 1 0.0527 0.0527 1.21
POSYELYR & 1640884  26.%% 470 55
Position x fertiliser 8 0.3659 0.04574 1.05
Position x thin 8 1.48920 0.18615 4.27%%*
Position x fertiliser x thin 8 0.53783 0.06723 1.54
Residual (f) tip L-¥43 6 6 -ouyiy

Total 107 170.27373 '
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Table 37

. Average needle areas on the
Wauchope sample branches

mm2
Treatment
Whorl Age of

needle 0 N T TN

1 1 29.86 25.21 29.15 25.26
4 1 25.31 23.15 24.80 23.52
2 27.79 24.25 27.64 25.57

3 26.39 25.26 27.59 25.18

4 24.37 25.31 30.42 24.79
Weighted 26.13 23.74 26.10 24 .40
mean '

7 1 15.55 14.82 14.90 16.43
2 19.71 16.92 20.27 19.28

3 21.55 19.00 22.29 18.97

4 25.53 24.50 25.66 24.83

Weighted - 20.71 19.27 20.88 19.81

mean

Table 38. Results of the analysis of variance of average
needle areas

Source DF Ss MS VR

Blocks 2 10.922- 5.461 0.938
Fertiliser 1 111.369 111.369 4.898
Thin 1 12.095 12.095 0.532
FertiliserXthin 1 0.127 0.127 0.006
Residual (a) 6 136.434 22.739 3.907 :
Position 8 1612.653 201.502 34.637%*»
Position x fertiliser 8 41.547 5.193 0.892
Position x thin 8 20.728 2.591 0.44S
Position x fertiliser x thin 8 42.970 5.371 0.923
Residual (b) 64 372.470 5.820 -

Total 107 2361.314 -

21.775 -
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Table 39. Average needle weight for the
Wauchope sample branches

mg
Treatment
Whorl Age of
needle 0 N P ™
1 1 9.32 7.66 9.01 8.18
4 1 6.91 6.13 6.57 6.28
2 8.23 7.05 7.75 7.20
3 8.75 7.53 8.29 7.44
4 9.95 8.16 9.88 8.18
Weighted 7.51 6.60 ~ 7.19 6.74
mean -
7 1 3.59 2.97 3.37 3.89
2 5.10 4.00 4.67 4.97
3 5.69 4.91 5.57 5.02
4 7.63 6.88 7.03 7.10
Weighted 5.58 4.87 5.21 5.21

mean’

4

Table 40. Results of the analysis of variance of average
’ needle weight

Source - DF ss " MS ' VR
Blocks 2 0.01584 0.01584 1.326
Fertiliser 1 0.14466 0.14466  10.111*
Thin 1 0.00024 0.00024 0.017
FertiliserXthin 1 0.02427 0.02427 " 1.696
Residual (a) 6 0.08584 0.01431 2.394
Position 8 3.33122 0.41640 69.674***
Position x fertiliser 8 0.06240 0.00780 1.305
Position x thin 8 0.00803 0.0010 0.168

Position x fertiliser x thin 8 0.01610 0.00201 0.337
Residual (b) 64 0.38249 0.00598 ‘ -
Total . 107 4.07109 :
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Table 41. Specific needle areas in the
Wauchope sample branch data
cmz/g
Treatment .
Whorl Age of

needle 0 N P ™
1 1 37.96 - 33.00 32.48 "30.92
4 1 36.75 37.75 37.75 37.56
2 33.89 34.56 35.82 35.61
3 32.49  33.73  33.79 .~ 33.89
4 25.49 31.27 21.01 < 30.51
Weighted 35.16 36.20 36.60 36.39

mean
7 1 43.83 52.69 44.62 43.19
2 39.17 43.49 46.02 39.80
3 38.26 39.24 41.60 38.07
4 33.48 35.62 36.39 35.00
Weighted 38.51 42.17 41.94 39.26

mean

4

Table 42. Results 6f the analysis of variance of specific
needle areas '

Source DF SS MS VR

Blocks 2 2.397 1.199 0.164
Fertiliser 1 10.266 10.266 1.51
Thin 1 4.514 4.514 0.66
FertiliserXthin 1 139.640 139.640  20.48**
i chﬁF" §  2557.433  318.832 432%%‘5**
Position x fertiliser 8 . 62.280 7.785 1.14
Position x thin _ 8 94.867 11.858 1.74
Position x thin x fertiliser - 8 84.889 10.611 1.56
Residual (b) iy L8 -023 7-3/3

Total 170 3427.547
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specific needle area in the unthinned plots and to decrease it

in the presence of thinning, a pattern evident at almost all

whorls and at most needle ages and this interaction was significant
(P = 0.01). Thinning, alone, had no significant effect but at

most crown positions there was a tendency for trees in thinned
treatments to have higher specific needle area than in the unthinned

treatments.
5.3 Discussion

Although there were no significant treatment effects in the Benmore
experiment there is clear evidence that application of fertilizer
has resulted in an increase in the leaf area of treated trees.

This increase has occurred entirely in the upper crown

(Whorls 1 to 7) and is due to an increase in the area of needles
formed following fertilizer application. The area of needles
formed prior to the application (4+ needles) has not been affected,
there was a sméil increase in the érea of needles formed in the
year of application (3 year needles) and the greatest increase
occuf;ed in the needles formed in the succeeding 2 years (1 and

2 year needles). This increase in area in the upper.crown was
accompanied by a small reduction in the leaf area of fertilized
trees relative to control trees in the lower cfown where production
of 1, 2 and 3 year needles has been reduced or else retention
period has been shortened and where retention of 4+ needles has
been reduced. Distriﬁution, by whorl,_of leaf area and the various
factors contributing to it is ;hown in fig 9 where the treatment

NP values havé been expressed as a percentage of the control

values. The picture clearly shows that changes in leaf area
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in the treated trees are closely associated with changes in total
needle dry weight and needle number. Average needle area and

average needle weight are generally consistently higher in fertilized
trees but their contribution, along with that of specific needle

area, to the observed leaf area differences is relatively small.

Although a number of significant treatment effects have emerged
in the analysis of the Wauchope dgta, the pattern of treatment
effects is less easily discernible than in the Benmore experiment.
Distribution by whorl, of leaf area and the factors contributing
to it are shown in fig 10a and 10b where the treatment N, T and
TN values are expressed as a percentage of the control values.
Generally, leaf area appeared to be smaller in all thinned and
fertilized plots at W1, appeared to be relatively little affected
at W4 and at W7 leaf area was smaller in the N treatment but
substantially increased in the T and TN treatments. Both the
observed reduction in the N treatment at W7 and the increase
in the T and TN treatments were reflected at all needle ages.
The pattern of leaf area distribution is closely mirrored by
that of leaf dry weight, and is very similar to that of needle
number. Generally leaf area and leaf weight are closely related
as are average needle area and average needle weight and this
is reflected in the specific needle area values which show little
treatment effects. Application of nitrogen appears to have resulted
in a reduced needle area at W1 as a result of smaller average
needle area, needle number being slightly greater than control.
Thinning alone did not have a big effect but the observed drop
in leaf area appears to have been a consequence of both fewer

needles and a smaller average needle area and in the TN treatment
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the redgction in leaf area relative to control appeared to also
be a result of both fewer needles and smaller average needle
area. At W4 although leaf area was not significantly affected,
there was a tendency for trees in all treatments to have more
needles than control trees but smaller average needle area. -
At W7, the drop in needle area in the N treatment is largely
due to a smaller number of needles and average néedle area has
been rélatively little affected and this also applies to the

observed intrease in area in the T and TN treatments.

The sample trees on which the data are based were chosen on the
basis of similér pre-treatment diameter in order to reduce
variability. However, examination of the mean diameter increments
of the sample trees over the 3 years of the experiment shows

a pattern which is not consistent with the overall results.

Mean diameter increment in the T (2.16 cm) and TN (2.33 cm)
treatments relative to control (1.71 cm) reflects the pattern
observed in the plot basal area increment data but diameter increment
in the N treatment sample trees (1.32 cm) does not. This suggests
that some caution should be exercised over the leaf area results
from treatment N. The observed reduction in leaf area in the

N treatment may be a real result or it may reflect the
non—representati?eness of the N sample trees, a fact which seems
more likély since this reduction in leaf area due to N application.
did not occur in the thinned treatment. A genuine, interaction
cannot however be ruled out, particulary since average needle

area was apparently smaller with N application at both levels

of thinning.
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The general picture emerging from the Wauchope experiment therefore,
is one of a suggestion of smaller leaf area at Wl in all treatments,
due lérgely to both fewer needles and smaller average needle

area, little effect at W4, a suggestion of smaller leaf area -

in treatment N at W7 due to fewer needles and a clear indication
that needle area at W7 has been increased by thinning, at both
levels of N, as a result of more needles. Since fhis result

is reflected at all needle ages it appears that the increase

in needle‘nﬁmber has been due to both increased needle production
and increased needle retention since the numbeerf 4 year+ needles
(formed prior to treatment) can clearly only be increased by
greater retention while the number of needles in the post-treatment
needle ages can be increased both by greater production and by

greater retention.
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Fig.8 Relative leaf area of fertilized trees ot Benmore
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Fig 10a.

Relative leaf area of thinned and fertilized trees at Wauchope (total leaf area,
total needle weight, needle number)
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Fig 10b. Relative leaf area of thinned and fertilized trees at Wauchope (av. needle area, av.

needle weight, specific needle area)
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CHAPTER SIX
FOLIAGE AREA IN RELATION TO DIAMETER AND SAPWOOD AREA
6.1 Benmore

6.1.1 Sapwood areas Discs taken from breast height on the sapwood

trees were treated as per section 3.4. Dye penetration normally
occurred to a depth of around 5 mm and, in the main, the boundary
between sapwood and heartwood was clear. On some discs, the
sapwood was visibly wet in comparison with the heartwood and

this was used as a further check on the validity of the dye
penetration. Eight equally spaced radii were inscribed on the
_disc prior to sectioning and cross sectional areas of both the

disc and the sapwood were calculated from the mean radius (M r?).

Mean sapwood areas are shown in table 43. In treatment 0, sapwood
area ranged from 34.1 cm’ to 127.9 cm® with a mean of 65.8 cm?

while in treatment NP, sépwood area ranged from 35.4 cm® to 122.4 cm?
with a mean of 71.7 cm’. Sapwood area expréssed as a percentage

of the total cross sectional area of the disc (under bark) amounted
to, on average, 62% in treatment O and 66% in treatmeﬁt NP,

Although mean sapwood area was 5.9 cm® (9%) greater in treatment

NP, an analysis of variance showed no significant difference.

6.1.2 Sapwood area related to foliage area Sample tree projected

leaf areas were plotted against sapwood areas and regression
analysis was carried out on the data and on a logarithmic transforma-

tion. The log transformation did not improve the correlation
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coefficients and only the untraﬁsformed data are presented here.
There was a significant linear relationship between foliage area
and sapwood area in.both treatments (Fig 11) and little apparent
difference between the slopes of the fitted lines. Mean leaf
area per cm’ of sapwood was 0.25 m’ in treatment O and 0.27 m’
in treatment NP. In a regression analysis carried out on the
data, a single line, two parallel lines and two separate lines
were fitted and an analysis of variance carried out (Table 44).
The overall regression of leaf area on sapwood area was highly
significant but there was no significant difference between the
slopes ana intercepts of the various fitted lines indicating
that a single line fit was most appropriate. The regression

equations were as follows:-
Treatment O ~ Leaf area(m’) = 0.314 sapwood area(cm’ )-4.32 (r= 0.78)
Treatment NP - Leaf area(m’) = 0.393 sapwood area(cm? )=7.79 (r= 0.84)

Combined ~ Leaf area(m’) = 0.364 sapwood area(cm’ )-6.70 (r= 0.80)

6.1.3 Diameter related to foliage area Diameter was linearly

related to foliage area (Fig 12) in both treatments and the relation-
ship Was not improved by logarithmic transformation. Mean unit

of leaf area per cm of diameter was 1.32 m® in treatmeht 0 and

1.63 m’° in treatment NP. Regression analysis as for sapwood

area against foliage area showed a highly significant overall
regression (table 45) but no significant difference between the
slopes and intercepts of the fitted lines. The regression equations

were: -
Treatment O - Leaf area(m’) = 3.58 diameter(cm)-28.09 (r = 0.75)



Table 43. Mean sapwood areas in the
Benmore sample trees

Treatment Mean sapwood Mean sapwood area
area (cm®) as a % of
mean basal area

0o 65.75 62
NP . 71.70 66
5% 1sd 10.50 -

19



Pro_jected leaf area (m?)

40

10

Fig. i1

Sapwood area in relation to Foliage area (Benmore)

- & Broken line = trearment 0O (o]

- ° o Solid line = treatment NP ~ "0
L 1 I 1 [ i L 1 1 y . L i [l 1 1 1 L 1 ]

8 ¢ 8 8 & 8 8 8 2 &

Sapwood area (cm?)

130

100



Pro jected leaf area (m?)

40

10

Fig.12 Diameter in relation ro foliage area (Benmore)
Broken line = Freatment O o . - -
Solid line = treatment. NP o

O
O //
a -
g .
a] _-"o
-
g Do
(u] O
@]
1 1 L L 1 i L ] i [ L Iy L | A1 J
e ) o - o m - n © ~

Diometer (cm)

1oy



Table 44.

Results of the analysis of
variance of the leaf area on sapwood area
regressions (Benmore)

Source DF SS MS F
Overall 1 25087024 25087024 69.899%%*
regression :
Intercepts 1 399844 399844 1.114
Slopes 1 311424 411424 0.868
Residual 36 12922497 358958 1.000
Total 39 38720800 CThL Jesl T
Table 45. Results of the analysis of
variance of the leaf area on diameter regressions
(Benmore)
Source DF SS MS F -
Overall 1 19322688 19322688 39.062%*%*%
regression
Intercepts 1 1208944 1208944 2.444
Slopes 1 381424 381424 0.771
Residual 36 17807728 494659 1.000
Total 39 38720800 -
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Treatment NP - ieaf area(m’ ) = 4.13 diameter(cm)-31.26 (r = 0.68)

Combined - Leaf area(m®) = 3.86 diameter(cm)-29.74 (r = 0.69)

6.2 Wauchope

6.2.1. Foliage areas In the 1981 sampling exercise based on

four randomly selected trees per plot in blocks I and II, a sample
branch was removed from whorl 1 of each tree and from the whorls
nearest to points one third and two thirds of the way down the
crown. This normally corresponded to whorls 4 and 7. Total
foliage area for each sample whorl was calculated as previously
described and the area of the three whorls summed to provide

a total leaf area (hereafter called the sample leaf area) for

each tree. Using the data from blocks I and III of the Benmore
experiment, the relationship between total tree leaf area and
sample leaf area was examined. A significant linear relationship

was found which was best described by the equation:-

log total leaf area = log sample leaf area + 1.2892 (
0.9351

r = 0.89)
This equation was applied to the Wauchope sample leaf areas to
establish a total leaf area for each tree. Mean leaf areas per

tree are shown in table 46.

6.2.2 Sapwood areas Sapwood area was calculated from measurements

of 3 cm thick discs cut at breast height'from the 1981 sample
trees and treated as previously described. Sapwood areas (table 46)
ranged from 23.1 cm’ to 185.5 cm’ in the unthinned treatments

with a mean of 78.4 cm® and from 51.4 cm* to 176.9 cm® with a
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mean of 111.8 cm’ in the thinned treatments.

6.2.3 Sapwood area related to foliage area Both sample and

total leaf aréas were plotted against sapwood area for each tree
(Fig 13) and in both casec a significant linéar relationship

was found. There was a suggestion of curvature, particularly

in the total leaf area data bdt, while this apparent curvature

was removed by plotting leaf area against log sapwood area, this
exercise did not affect the correlation coefficient. The regression

equations for the untransformed data are:-

Total leaf area(m’) = 0.291 Sapwood area (cm? )-0.129 (r = 0.86)

Sample leaf area(m’) = 0.0609 Sapwood area (cm’)+0.257 (r = 0.86)

To test for differeﬁces in the sapwood area: total leaf éréa
relationship between treatments, regression analyéis was carried
out on the data as previously described with a single line ,
parallel linesand separate lines fitted. Analysis of variance

of the slopes and intercepts (fable 47) showed a highly significant
overall relationéhip between foliage area and sapwood area but

no significant treatment differences.

6.2.4 Diameter related to foliage area Diameter at breast height

of each sample tree was plotted against the corresponding total
leaf area (Fig 14) and regression analysis was carried out as
previously described with an analysis of variance of slépes and
intercepts (table 48). There was a significant lineap relationship
between foliage aréa and diameter which can be described by the

equation:-
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Table 46. Mean foliage and sapwood areas in the 1981 Wauchope
sampe trees (i.l SE)

. Mean Mean Foliage area Sapwood area
Treatment foliage sapwood per unit of as a percentage

area (cm“) area (ca“) sapwood of basal area

0 15.85 + 5.07  59.31 + 11.58 0.27 64

P 21.91 + 4.69 77.99 + 15.40 0.28 56

"N 30.34 +8.50 ° 95.08 + 20.66 0.32 61

T 34.83 + 4.48 139.36 + 10.76 0.25 64

TP 28.44 + 3.98 87.83 + 13.69 0.32 63

N 33.13 + 3.83 112.20 + 10.38 0.29 60

lot
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Table 47.

Results of the analysis of

variance of the leaf area on sapwood area
' regressions (Wauchope)

.Source DF

SS MS F

Overall 1 6330.043 6330.043 L15.153*%%*
regression

Intercepts 1 349.179 69.836 1.270
Slopes - 5 316.172 63.234 1.150
Residual 29 1594.150 54.971 1.000
Total 40 8589.563 - -

Table 48. Results of the analysis of

variance of the

leaf area on diameter regressions

(Wauchope)

Source DF SS MS F
Overall 1 6910.238 6910.238 167 .840%**
regression
Intercepts 5 325.750 °  165.158 1.583
Slopes 5 159.543 31.909 . 0.775
Residual 29 1193.975 41.171 1.000
Total 39 8589.563 R
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Leaf area (m*) = 3.963 Diameter (cm)-26.92 (r = 0.90)

but again there were no significant or apparent treatment

differences.
6.3 Discussion

Cross sectional area of>sapwood is of the same order of magnitude
in both experiments, although the thinned treatments at Wauchope,
with a larger average tree size_clearl& also will have a greater
average sapwood area. Mean sapwood areavin the Benmore stand

was 68.73 cm® compared with a mean of 77.46 cm’ in the unthinned
treatments at Wauchope and 113.13 cm’® in the thinned treatments
and in both experimeﬁts sapwood accounts for over 60% bf fhe

total cross sectional area (66% at Benmore, 61% at Wauchope).

At both sites leaf area of individual trees was linearly related
to both sapwood area and diameter at breast height. In the Benmore
experiment sapwood area (r = 0.80) was a better estimator of
foliage area than diametér (r = 0.69) but at Wauchope, diameter

(r = 0.90) was slightly better than sapwood area (r = 0.86).
Comparison of the sapwood area: foliage area and diameter:foliage
area relationships across the two site (Fig 15) suggested that

the relationships @ere essentially the same in both stands.
Fertilizer and thinning treatments did not appear to have affected
the relationship between foliage area and sapwood ‘and- foliage

area and diameter. Three growing seasons after treatment there

was no apparent or significant difference between the fitted
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lines for fertilized and unfertilized trees at Benmore and similarly
at Wauchope there were no apparent or significant differences
two growing seasons after application of thinning and-fertilizer

treatments.
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CHAPTER SEVEN

THE RELATIONSHIP BETWEEN LEAF AREA AND PRODUCTION

7.1 Benmore

7.1.1 Leaf area related to basal area increment for individual

trees Leaf area of the 1979 sample trees was plotted against

their basal area increment during the 1979 growing season and
regression analyses carried out as previously described with

an analysis of variance of slopes and intercepts of the fitted

lines to test for the effect of fertilizer treatment on the relation-
ship between leaf area and basal area increment. Basal area
increment was linearly related to leaf area (fig 16) in both
treatments and there was an apparent difference in slope between

the fitted lines. The regression equations were:-

Treatment 0 — Basal area increment (mm®) = 19.71 leaf area (m®)-4.18
(r = 0.84)
Treatment NP - Basal area increment (mm’) = 28.01 leaf area (m°)

(r = 0.83)

Mean basal area increment per unit of leaf area (m’) was 20.0 mm’
in treatment 0 and 24.8 mm’ in treatment NP. The analysis of
vafiance however (Table 49) confirmed that the overall relationship
between leaf area and basal area increment was highly significant
but showed no significant difference between the slopes of the

fitted lines for the two treatments.
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Table 49. Results of the analysis of
variance of the leaf area : basal area
increment regressions (Benmore)

Source DF SS MS F
Overall 1 2599866 2599886 87.97%%
regression '
Intercepts 1 713434 713434 2.41
Slopes 1 59000 59000 1.99
Residual 36 1063906 29553 1.00
Total 39 3794136

Table 50. Results of the analysis of
variance of the sapwood area : basal area increment
regressions (Benmore)

.

Source DF SS MS F
Overall 1 2690715 2690715 137 .52%%%
regression : :
Intercepts 1 146225 146225 . T.47%%
Slopes 1 252829 252829 12.92%%
Residual 36 704366 ~ 19566 1.00
Total 39 3794136 o
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Fig. 17 Baosal orea increment related to sapwood area (Benmore)
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7.1.2 Sapwood area related to basal area increment for individual

trees Sapwood area of the 1979 sample trees was plotted against
the 1979 basal area increment and regression analyses carried

out as for the leaf area data. As expected from the relationship
between leaf area and sapwood area, sapwood area also showed

a linear relationship with basal area increment (fig 17) in both
treatments and again there was an apparent treatment effect.

The regression equations were:-

Treatment O -~ Basal area incr (mm’) = 7.51 sapwood area (cm’ )-175.91
(r = 0.77)
Treatment NP - Basal area incr (mm’) = 14,99 sapwood area

(cm® )-564,28 (r = 0.91)

lMean basal area increment per cm’ of sapwood was 4.96 mm®> in
treatment 0 and 7.04 mm® in treatment NP. The analysis of variance
(table 50) on this occasion showed not only a highly significant
overall relationship between sapwood area and basal area increment
but also significant differences between the slopes and intercepts
of the fitted lines indicating a significant effect of fertilizer

treatment on the sapwood area to basal area increment relationship.

7.1.3 'Basal area increment related to leaf efficiency Using

the 1979 sample tree data a measure of leaf efficiency (basal
area increment per unit of leaf area) was calculated for each
tree and, as a further comparison between leaf area and sapwood
area, efficiency was also calculated as basal area increment
per unit of sapwood area (sapwood efficiency). Each of these

measures of efficiency was plotted, for individual trees, against
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their 1979 basal area increment (Fig 18). Basal érea increment
appeared to be related to both leaf efficiency and sapwood
efficiency. Basal area increment generally increased with increasing
leaf efficiency but the relationship was strongest at the lower
levels of basal area increment. At higherAlevels of both basal

‘area increment and leaf efficiency, normally represented by trees
from treatment NP, the relationship was not as clear. Sapwood
efficiency on the other hand, was closely related to basal area
increment at all levels and the relationship was clearly curvi-

‘linear.

7.1.4 Efficiency related to leaf area To determiﬁevthe effect

of leaf érea of individual trees onvefficiency, leaf afea and
‘sapwood area were plotted against leaf efficiency and sapwood
efficiency respéctivély (Fig 19)? In both cases there was a
suggestion of increasing efficiency in.response to increasing

leaf area or sapwood area. The:correlation coefficient was higher
in the case of sapwood efficiency (r = 0.59) than in the leaf

area to leaf efficiency relationship (r = 0.24) though in neither

case was the relationship particularly clear.

7.1.5 Stand productivity related to leaf area and leaf efficiency

To determine thé relationship between basal area increment, leaf

area and leaf efficiency on a stand, rather than individual tree,
basis it was necessary to determine the leaf area index (m* leaf
area>per m’ of ground surface) of each plot. S;nce the diameter

of all trees in the assessment plots was known and.since a signifi-
cant relationship between diameter and leaf area had been established

(section 6.1.3), this relationship was used to compute a leaf
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area for all trees within the assessment plots and leaf area
index (LAI) was determined from the total plot leaf area divided
by the plot area (200 m’ ). Estimated LAI'at the end of 1979,
plot basal area increments during 1979, and basal area increment
per unit of LAI are shown in table 51. LAI varied from 5.39 to
7.56 with a mean of 6.24 in treatment O plots and from 6.42 to
8.73 with a mean of 7.74 in treatment NP plots. LAI appeared

to be linearly related to stand basal area increment (Fig 20)

and the fitted line was best described by the equation:-
Basal area inc (m’/ha) = 0.309 LAI -0.10 (r = 0.75)

The data were insufficient to attempt regression analyses to

test for treatment differences but, on the bésis of the ratio

of basal area increment to LAI, there was an apparent treatment
effect. .Basal area increment per unit éf LAI (sﬁand leaf efficiency)
varied from 0.25 to 0.33 with a mean of 0.28 in treatment O and

from 0.24 to 0.38 with a mean of 0.31 in treatment NP. Stand
efficiency appeared to be linearly related to stand basal area
increment but there was little suggestion of a relationship between

LAI and stand efficiency (Fig 20).
7.2 Wauchope

7.2.1 Sapwood area related to basal area increment for individual

trees Sapwood area was calculated from the core readings for
every tree sampled in 1980, 1981 and 1982 and basal area increment
for each tree was derived from the annual diameter measurements.

Mean sapwood areas by treatment are shown in table 52 along with
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Table 51. Leaf area index (LAI),

plot basal area increment (BAI)
and stand leaf efficiency (SLE)

in the Benmore experiment

Treatment Block LAI BAI SLE
m2/ha
I 7.56 1.99 0.26
11 - 6.22 1.68 0.27
0 III 5.80 1.91 0.33
Iv 5.39 1.35 0.25
Mean 6.24 1.73 0.28
1 8.73 2.68 0.31
II. 8.19. 1.99 0.24
NP I1I 7.62 2.87 0.38
‘ v 6.42 1.99 0.31
Mean 74 2.38 0.31

7.
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mean basal area increments and mean sapwood efficiency (basal

area increment per unit of sapwood). The results of an analysis

of variance carried out on this data are shown in table 53.

Mean basal area increment per tree of treatments within the fhinned
areas was significantly greater than that of unthinned treatments
in 1980 (P = 0.001), 1981 (P = 0.001) and 1982 (P = 0.05). Taken
over the wﬁole three year period, mean basal area increment per
tree was 93% greater in the thinned treatments. Fertilizer treatment
had no significant effect on basal area increment per tree in

any year but some trends were apparent. In 1980, the year of
application of the thinning and fertilizer treatments, basal

area increment per tree was lower for fertilized trees than for
unfertilized and this was apparent in both the presence and absence
of thinning; In 1981 and 1982 however, basal area increment

in trees in the N and P treatments was higher than in treatmenf 0.
Measured over the three year period, basal area increment was

15% higher than control in‘treatment P and 12% higher in treatment
N. In the thinned treatments however this trend was only apparent
in treatment TN where mean basal areé increment éver the three
years was 7% greater than treatment T. 1In treatment TP basal

area increment was lower than treatment T inAeach of the three

years.

Mean sapwood area showed a similar pattern to basal area increment.
Trees from thinned-treatments had larger mean sapwood area than
from unthinned treatments in 1980 (P = 0.01), 1981 (P = 0.001)

and 1982 (not significant). Fertilizer treatment did not signifi-
cantly affect mean sapwood area in any year but again the pattern

in the unthinned treatments was one of lower mean sapwood area
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than control (0) in both the fertilizer treatments (N and P)

in 1980 and higher mean sapwood area in the fertilized treatments
in both 1981 and 1982. In the thinned téeatments this pattern
was repeated for treatment TN but in treatment TP, mean sapwood

area was lower than in treatment T in all three years.

Mean sapwood efficiency was consistently higher in trees from
thinned treatments (mean sapwood efficiency over the Lhree years -
11.84) than in trees from unthinned treatments (7.98) and this
difference was apparent in every year. For treatment N and’P'
mean sapwood efficiency was lower than tr;atment 0 in 1980 and
1981 but higher in 1982. Mean sapwood efficiency for treatment

TP was lower than for treatment T in 1980, higher in 1981 and
lower in 1982 while in treatment TN, mean sapwdod efficiency

was higher ‘than in treatment T in all three years.

The above results show a distinct effect of thinning on mean

basal area incrémént, mean sapwood area and mean sapﬁood efficiency
but the effects of the fertilizer treatments are less clear.

. As a test for the treatment effects on the relationship between
sapwood area and basal area inérement,'reg;ession analyses were
carried out separately for each years data, and analyses of variance
carried out to test for differences in the slopes of the fitted
lines. The results (Tablé 54) indicated significant differences

in slope between the fitted lines in all three years. In 1980
there was a distinct and significant difference between thinned

and unthinneé trgatments (Fig 21) but no appareﬁt or significan£
fertilizer effect. In the 1981 data, there was again a significant

thinning effect and an indication (non significant) that the



slope coefficient for treatmenfs where nitrogen was applied were
greater than the ofher treatments at both levels of thinning
(Fig 22). 1In the 1982 data the 6nly significant difference to
emerge was that treatment N had a greater slope coefficient than

all other treatments (Fig 23). .

7.2.2 Basal area increment related to sapwood area and sapwood

efficiency Using the mean (over three years) value for each
treatment, basal area increment per tree was plotted against
both mean sapwood area and mean sapwood efficiency (Fig 24).

Mean basal area increment was clearly related to bbth mean sapwood
area and mean sapwood efficiency and tended to increase with
‘increasing levels of both these factors. There was an apparent
slope difference between thinned and untﬁinned treatments which
was particularly apparent in the case qf sapwood efficiency.

The rate of inérease in basal area increment with increasing
sapwood érea and sapwood efficiendy was apparently greater”in

the unthinned than in the thinned treatments.

Sépwood efficiendy appeared to be linearly related to sapwood
area (Fig 25) and showed no sign of levelling off even at the

highest levels of mean sapwood area recorded.

7.2.3 Stand productivity related to leaf area and leaf efficiency
Leaf area index for individual treatment plots at the end of |
1981 was calculated as previously, using thé relationship between
diameter and foliage area for individual trees calculated from

the 1981 sampling exercise (see section 6.2.4). Mean ieaf area
indices per treatment are shown in table 55 along with mean basal
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area increments per ha and mean stand leaf efficiency (Basal

area increment (m* /ha) per wunit of LAI.) LAI varied from 8.61

to 9.32 in thevunthinned treatments and from 6.07 to 6.60 in

the thinned treatments and at both levels of thinning, LAI was
highest where nitrogen fertilizer had been applied. Stand basal
area increment appeared to increase with increasing LAI when
treatments were compared within a level of thinning but there

was a clear difference between levels of thinning. Stand basal
area increment for a given LAI was considerably higher in thinned
treatments. Stand 1eaf efficiency varied from 0.22 to 0.24 in

the unthinned treatments and from 0.37 to 0.38 in the thinned
treatments. Although there was a distinct difference betwegn
_thinning levels, stand leaf efficiency did not vary much between
fértilizer treatments but at both levgls of thinning the nitrogen
tfeatment had stand leaf efficiency which was as high as or higher
than the other treatments. 'Stand basal area increment tended

to increase with increasing stand leaf- efficiency but the pelation—
ship was not strong (Fig 26) in either the thinned or unthinned
treatments; nor was there ahy clear relafionship within a thinning
treatment, between LAI and stand leaf efficiency, although stand
leaf efficiency was clearly lower at~the higher leaf area indices

encountered in the unthinned treatments.

7.3 Discussion

In the Benmore experiment there are clear indications that the
productivity (basal area increment) of individual trees is closely
related to both leaf area and leaf efficiency. The effects of

fertilizer treatment on leaf area have been discussed in chapter 5
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and the data presented in this current chapter suggest that the
relationship between leaf area and basal area increment (leaf
efficiency) has also been affected by fertilizer treatment.

Looked at either in terms of mean ratio of basal area increment

to leaf area or in terms of regression analyses using individual
tree data, it appears that trees fertilized with NP produced
greater basal area increment for a given leaf area than unfertilized
trees, implying a greater leaf efficiency. Substituting sapwood
area for leaf area gave a very similar picture but whereas there
was an apparent but not significant difference between the leaf
"area: basal area increment regressions for fertilized and
unfertilized trees, in the case of sapwood area: basal area increment
the effect of fertilizer treatment was significant. This may

imply that sapwood area is not a true reflection of leaf afea

or more likely, that the difference reflects the greater accuracy
possible when measuring sapwood area cbmparéd with leaf area.

This was also the case in the regréssion of leaf efficiency on

both leaf area and sapwood area where the relationship between
sapwood area and leaf efficiency was much clearer than that based
on leaf area. The results indicate that fﬁrther increases in

both leaf area and leaf efficiéncy in trees in the Benmore stand
would lead to further increases in productivity since in both

cases the relationships between basal area increment and both

leaf efficiency and leaf area are generally linear and show no
tendency towards levelling out. Similarly the relatidnship between
leaf area and leaf efficiency does not suggest that leaf efficiency
is becoming limited by increasing leaf area. The relationship

between leaf area and leaf efficiéncy is very weak though better
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when based on sapwood area rather than leaf area, but does still
suggest, within the range of the data, a pattern of increasing
leaf efficiency with increasing leaf area. The pattern of stand
productivity in relation to stand leaf area and leaf efficiency
presents a similar picture to that fop individual trees. Stand.
productivity was closely related to both leaf area index and
stand leaf efficiency, and both of these parameters appear to
have been increased by fertilizer application. Again the relation-
ship between stand basal area inc;ement and both LAI and stand
leaf efficiency are linear over the range of the data suggesting
that further increases invproductivity are possible. There is

no clear indication of any effect of LAI on stand leaf efficiency.

In thé Wauchope experiment, judgements of the effect of leaf
areé and leaf efficiency on productivity (basal area increment)
are béséd on measurements of sapwood area and sapwood efficiency
respectively and in both of these parameters significant effects
due to thinning treatment have clearly emerged.‘ As expected,
because of the larger average tree size in the population of
trees from the thinned treatments, mean basal area increment

per tree énd mean sapwood area per tree were both significantly
greater in trees from thinned treatments in each of the three
years investigated. More significantly, however, sapwood efficiency
was higher in trees from thinned treatments when judged either
on the basis of mean basal area increment: sapwood area ratios
or more appropriately, by regression analyses and'comparison

of slopes using individual tree data. These analyses have shown
a clear separation bgtween thinned and unthinned treatmenté,

a difference which cannot be accounted for purely by the fact
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of higher average tree size in the thinned treatments. Thus

over the three year period productivity (basal area increment)

of individual trees has been shown to be related to both sapwood
(leaf) area and sapwood (leaf) efficiency and thinning has
considerably increased mean sapwood (leaf) efficiency. (Thinning
effects on leaf area discussed in chapter 5.)‘ On a stand basis
the LAI of thinned plots was considered less than that of unthinned
plots at the end of the second year of\the experiment, yet stand
basal area iﬁcrement was higher. Clearly then, the increase

in leaf efficiency of individual trees in thinned plots was more
than enough to compensate for the reduction in LAI. Possible
fertilizer effects on leaf area and leaf efficiency at either

the stand or indiﬁidual tree level are harder to identify from

the data. No significant differences in leaf or sapwood quantity
have.emerged but there are indications.of a nitrogen effect.’
Measured over the three year period mean sapwood area was higher
than treatment T or TP in treatment TN and higher than treatment
0 in treatment N (though not higher than treatment P) and LAI

at the end of the second growing séason was greater, at each

level of thinning, in trees receiving nitrogen fertilizer. Similarly
stand leaf efficiency was slightly higher at the end of the second
growing season in the N and NT treatments and at the individual

tree level, ,_Sapwood efficiency, judged from the _regression analyses,

“in both _the presence and absence of thlnnlng|

appeared to pe highest, - A P T in the” treatménts
receiving nitrogen. In the fhird growing season sapwood efficiency
was significantly higher in treatment N than in any other treatment.
Taken together, these observations suggest thét, iﬁ the second

and third growing season at least, application of nitrogen had

improved sapwood (leaf) efficiency at both the stand and individual
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tree level. As with the ﬁenmore data the indications are that
basal area increment, leaf area and leaf efficiency at both the
stand and individual tree level have scope for further increase
in this stand for the relationships between these factors are
linear over the range of the data presented. Similarly fhere .
is no indication of a reduction in sapwood (leaf) efficiency

at the highest levels of sapwood (leaf) area either at the stand
or individual tree level, suggesting that optimum leaf area index

has not yet been reached.
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Table 52.

dgtarpféséhtéd are on a per tree basis)

Mean sapwood area, basal area increment and
sapwood efficiency in the Wauchope sample trees

Year
Parameter Treatment Mean
1980 1981 1982
0 81.9 73.7 74.9 76.8
Mean P 61.8 89.9 100.1 83.9
sapwood N 75.7 80.8 79.5 78.7
area T 99.0 108.7 108.4 105.4
(cm TP 96.9 103.7 101.5 . 100.7
TN 87.2 114.2 122.3 107.9
0 617 607 543 589
Mean P 407 719 908 678
basal area N 564 647 769 660
increment T 1295 1153 1346 1265
(mm*) TP 1184 1117 967 1089
TN 1180 1362 1526 1356
"0 7.53 8.24 7.25 7.67
Mean P 6.59 8.00 9.07 7.89
sapwood N 7.45 8.01 9.67 8.38
efficiency T 13.08 10.61 12.42 12.04
TP 12.22 10.77 9.53 10.84
TN 13.53- 11.93 12.48 12.65
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Table 53.

Results of the analyses of variance of mean sapwood area and mean basal area increment
in the Wauchope sample trees

1980 1981 1982
Parameter Source
DF SS VR ¢ DF SS VR DF SS VR
Blocks 4 53333264 4.62 4 4634682 2.30 2 1253623 0.92
Mean Thin 1 17869600 45.9]1%%* 1 11472252 20.21%%% 1 6552359 9.73%
basal Fertiliser 2 643216 0.83 2 407465 0.36 2 854927 0.64
area TxF 2 164982 0.21 2 624469 0.55 2 2609942 1.94
increment Residual 20 7785230 1.35 20 11353034 1.12 10 6732982  0.99
Trees 120 34614128 - 120 60593424 - 72 49012064 -
Total " 149 66410400 - 149 89085312 - 89 67015888 -
Blocks 4 7979 1.57 4 15675 1.94 2 2778 0.49
Mean Thin 1 16903 11.35%% 1 28214 15.06%%* 1 15132 4.16
sapwood Fertiliser 2 3502 1.18 2 1199 0.32 2 1687 0.23
area TxF 2 3828 1.29 2 3509 0.94 2 7066 0.97
Residual 20 29790 1.17 20 37469 0.93 10 36368 1.27
Trees 120 152396 - 120 242118 - 72 206268 -
Total 149 21439 - 149 328184 - 89 269299 -
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Table 54. Results of the analyses of variance
of the basal area increment : sapwood area!
regressions for the Wauchope sample trees -

SS

Year Source DF F
Overall 1 42595296 370.79%%%
regression
Intercepts 5 6433056 11.20
1980 Slopes 5 1529280 2.66%
Residual 138 15852792 1.00
Total 149 66410480 T
Overall 1 67366336 508.70%%%
" regression ; '
Intercepts 5 1448960 2.18
1981 Slopes 5 1994864 3.01%*
Residual 138 18275168 1.00
Total 149 89085392
Overall 1 46163184 244 ,87%%*%
regression .
Intercept 5 2057840 2.18
1982 Slopes 5 4090128 4.34%%
Residual 78 14704695 1.00
" Total 89 67015936 |
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Table 55. Mean leaf area index (LAI),
plot basal area increment (BAI) and
and stand leaf efficiency (SLE)
by treatment in the Wauchope experiment

at the end of 1981

Treatment LAI AL SLE
m“/ha

0 8.61 1.88 0.22
P 8.75 2.11 0.24
N 9.32 2.21 0.24
T 6.49 2.39 0.37
TP 6.07 2.25 0.37
TN

6.60 2.48 0.38
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CHAPTER EIGHT

FOLIAR NUTRIENT CONCENTRATION STUDIES
8.1 Methods
In the Benmofe experimént where fertilizer was applied in 1977 the
intention was to carry out foliar nutrient concentration determination
on a sub-sample of dried needles from each needle age class of eéch
of the whorls sampled in 1979. Following the destruction of a'large
number of samples (due to circumstances outwith the author's control).
prior to their being analysed, a more limited investigation was necessary
which concentrated on all needle age classes at whorls 1, 3, 5, 7 and
9 only, giving a total of 16 possible data values per tree for each
of the nutrient elements examined (N, P, K). It was possible to use
the data from 13 trees in treatment NP with 15 missing values out of
a total of 208 and in treatment O, 14 trees were used with 60 missing
values out of a total of 224. AIn order to produce a table of treatment
means, miésing values were estimated using a least-squares procedure

as provided by the 'Genstat' analysis of variance package.

The data from four trees per treatment, chosen randomly from those
trees with no missing values, were used to calculate nutrient quantities
in relation to foliage area, as grams of nutrient per square metre

of fresh foliage.

In the Wauchope experiment, which had been fertilized in 1980, foliage
was sampled according to normal procedures, ie five dominant trees
per plot were randomly selected and marked and in each October of 1980
to 1982 inclusive one lateral shoot from whorl 1 was removed from each
tree and foliar nutrient concentration determination carried out on

the bulked five-shoot sample as described in section 3.6.
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8.2 Benmore results

Mean foliar nitrogen (N), phosphorus (P), and potassium (K) concentrations
by treatment, whorl number and age of needle are shown in Table 56

and weighted mean concentrations with respect to whorl number (verticél
distribution) and age of needle (horizontal distribution) are shown

in Figs 27 and 28.

8.2.1 Vertical distribution There was a tendency for the concentra-~

tions of all three nutrients to decline from the top of the crown to

the bottom, a decline which was most noticeable in the case of potassium
and least marked in the case of nitrogen. Mean foliar N concentration

at whorl 9 was 93% of the whorl 1 concentration in treatment O and

80% in treatment NP, while the corresponding figures for foliar K
concentrations were 53% and 56%. Decline -in foliar P concentrations

was intermediate.Qith whorl 9 concentrations at 69% and 12% of the

whorl 1 concentrations in treatments O and NP respectively. The rate

of decrease in concentration was>most marked in the top half (Wl to

WS) of the crown and was confined largely to the 1 and 2 year old foliage.
In the 1 and 2 year'old needles in the lower crown and in the 3. and

4+ needles at all whorls, nutrient concentrations were relatively constant

except that there was a rise in foliar K concentrations between whorl

7 and whorl 9, a trend evident at all ages of needles.

Foliar K concentration was slightly (8%) higher at W1 in the feftilized
trees but otherwise there was little difference in foliar K concentration
between fertilized and control trees at any whorl. Foliar N and P
concentrations, however, were consistently higher at every whorl in

the fertilized trees and the concentration differences appeared to
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be highest at W1, were progressively reduced at whorls 3 and 5,'and
remained relatively constant at whorls 7 and 9. Thus mean foliar N
concentration was 29% higher'in fertilized trees at W1 and 10% higher
at W9 and the correspohding figures for foliar P concentration were

29% and 15%.

8.2.2 Horizontal distribution Foliar P and K concentrations declined

consistently with increasing age of needle, a pattern evident at all
whorls and in both treatments. Foliar P concentrations of‘4+ needles
were 73% and 64% of the W1l concentrations in treatments O and NP
respectively, and the corresponding figures for K concentrations were
53% and 48%. Foliar N concentrations however, generally increased
between 1 and 2 year foliage and thereafter decreased with increasing
needle age. N concentration of 4+ foliage therefore, was 93% of 1
year foliage in treatment O and 88%4in treatment NP. Differences in
foliar N and P concentrations between fertilized and qnfertil;zed trees
were evident at all needle ages~but the largest differences were in
the 1 year foliage. Foliar N concentration of fertilized trees was
17% higher in 1 year neecdles and 10% higher in 4+ needles and the
corresponding figures for foliar P concentrations were 23% and 8%.
Foliar K concentration was slightly (10%) higher in 1 year needles

from fertilized trees but otherwise there was no treatment effect.

8.2.3 Nutrient content per unit of leaf area The expression of

nutrient content as a function of the leaf area gave values of between
1.47 and 3.34 g/mZ for nitrogen, 0.20 to 0.52 g/m2 for phosphorus,
and 0.57 to 1.86 g/m’> for potassium. The pattern of variation was

however, very similar to that of the nutrient concentrations (Table 57),

1]
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Table 56. Mean foliar nutrient concentrations from the Benmore experiment
Whorl Number
5
Nutrient  Age of
needles 0 NP (0] NP o NP o NP o NP
1 1.22 1.62 1.24 1.51 1.15 1.29 1.15 1.32 1.01 1.34
3 - - 1.14 1-44 1-19 1035 1018 1026 1.19 1028
4+ - - - - 1.08 1.27 1.1 1.22 1.09 1.21
1 0.185 0.238 0.163 0.202 0.158 0.185 0.159 0.195 0.157 0.192
% P 2 - - 0.155 0.176 0.136 0.160 0.137 0.158 0.141 0.166
3 - - 0.139 0.156 0.124 0.134 0.130 0.130 0.126 0.145
4+ - 0 - - 0.111 o0.128 0.123 0.127 0.118 0.129
1 0.78 0.84 0.57 0.58 0.56 0.59 0.56 0.68 0.64 0.76
% K 2 - - 0.48 0.44 0.40 0.40 0.43 0.43 0.49 0.56
3 . - - 0.44 0.43 0.34 0.33 0.35 0.33 0.40 0.47
4+ - - - - 0.32 0.32 0.31 0.30 0.34 0.36

% oven dry weight
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Fig.28. nutrient concentration in relation to needle age
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Table 57. Mean foliar nutrient concentrations (a) and mean foliar nutrient quantities (b)

by whorl number and age of needle (Benmore)

Whorl Number Age of Needle
Treatment
1 3 5 7 9 1 2 3 4+
0 1.22 1.23 1.17 1.17 1.12 1.15 1.25 1.18 1.09
2.41. 2.38 .16 1. 1.77 1.88 2.15 .19 2.04
N
NP 1.62 1.44 1.35 1.28 1.29 1.42 1.38 1.33 1.23
3.34 3.07 2.60 «26 2.06 2.58 .50 2.56 4
0 0.199 0.154 0.130 0.131 0.136 0.169 0.142 0.127 0.109
0.39 0.30 0.24 0.23 0.22 0.28 0.25 0.24 0.23
)4
NP 0.251 0.196 0.163 0.155 0.167 0.216 0.175 0.147 0.135
0.52 0.42 0.32 0.27 0.27 0.40 0.32 0.28 0.26
] 0.86 0.52 0.41 0.43 0.47 0.66 = 0.47 0.39 0.32
1.67 1.00 0.74 0.68 0.74 1.07  0.81 0.73 0.60
X .
NP 0.91 «55 0.49 0.48 0.68 0.77 0.51 0.47 0.44
1.86 1.18 0.94 0.81 1.01 1.40 0. 0.89 0.74

concentrations expressed as % _oven dry weight
quantities expressed as g. /m
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with quantities generally decreasing in response to increasing age

— PR,

of needle and increasing whorl number. Eip}éssiéh of the”data'inj

‘terms of nutrient quantity (g/cm?) gave a VeﬁY¥\§IMiIér‘picture‘dfl

S T

the relative differ:ences between fertilised and '’ control trees as.

) e

T T T <cnsequeocbtg
that obtained using nutrient concentrations-.At"he_ relationship between

‘concentration (% oven dry wt) and content (g/m{) was examined separately
for each nutrient in a series of linear regression analyses and the
resulting correlation coefficients for N, P and K were 0.80, 0.85 and

0.88 respectively.

8.3 Wauchope results

Top whorl foliar nutrient concentrations for the years 1980 to 1982
inclusive are shown in Table 58 and fhe results of analysis of variance
in Table 59. Foliar N concentrations ranged from 1.65 to 2.13% and
there'ﬁere no significant differences between fertilizer treatments

in any year. In 1980 foliar N concentrations were highest in trees

from nitrogen fertilized plots (nearly significant at 5% level), but

in 1981 and 1982 there Qere no apparent fertilizer effects. Thinning
resulted in a significant (p = 0.05) reduction in foliar N concentrations
in 1981, from a mean of 2.02% in uhthinned plots to 1.93% in thinned
treatments and thié reduction was evident in all fertilizer treatments.‘
In 1981 and 1982 however, there were no significant or apparent thinning

effects.

Foliar phosphorus concentrations ranged from 0.22% to 0.31% and no
significant or apparent treatment effects were detected in any year.

Similarly, foliar potassium concentrations which ranged from 1.04%

to 1.30% showed no significant treatment effects although there was
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. a tendency for trees in fertilized plots (both P and N) to have slightly

(1 to 8%) higher foliar K concentrations in each year.

8.4 Discussion

Foliar nutrient concentration résults from the Benmore experiment are
affected by the extent to whiph missing values, particularly in treatment
O, have had to be estimated and for this reason no statistical analysis
of this data waé attempted. Nevertheless the results indicate consistent
trends with regard to the effect of crown position on needle nutrient
concentrations. Foliar N, P and K céncentrations show a sharp decrease
over the first 5 whorls and a reduced rate of decline beﬁween whorls

5 and 9. Foliar K concentrations show signs of recovery at W9 and

both P and K concentrations decline progressively with increasing age

. of needle. ,The pattern appears to be slightly different in the case

of N where there is a suggestion of an increase in conéentratioﬁ from
~age 1 to age 2 needles, particularly in the control treatment, followed
by a progressive reduction in the 3 and 4+ needles. Wl nutrient concentra-
tions in the Wauéhope éxperiment are considerably and consistently

higher than those at Benmore but the effect of fertilizer application

is more clearly demonstrated at Benmore where foliar N and P concentrations
were consistently higher in fertilized trees at all whorl hositions.

At Wauchope N concentration appeared to be increased in the first year
folloWing nitrogen application but otherwise there were no apparent
fertilizer effects. One year needles, particularly those inAthe top
whorl, éppeared to show the greatest differentiation between fertilized
and unfertilized trees at Benmore and, on the basis of a limited sample,
it appears that expression of nutrient levels as a function of leaf

area gives a very similar result to the use of concentrations. Thinning
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appeared to reduce foliar N concentrations in the first year of the
Wauchope experiment but otherwise had no apparent effect on foliar

nutrient concentrations.
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Table 58. Foliar nutrient concentration
results from the Wauchope experiment

Year
Element 'Treatment

1980 1981 1982

0 1.98  1.73  1.86
P 1.96 1.65 1.81
N N 2.13  1.82 1.85
T 1.88  1.81 1.85
TP 1.94 1.85 1.91
™ 1.95 1.78  1.82 .
0 0.27 0.22  0.25
P 0.28 0.24 0.28
P N 0.31  0.25 - 0.28
T 0.29 0.25 0.27
TP 0.30  0.27 0.31
TN 0.29 0.24 0.26
0 1.16  1.04 1.19
P 1.24  1.12 1.25
13 N 1.24  1.18  1.23
T 1.18  1.12 1,20
TP 1.30  1.11 1.15
N 1.23  1.07  1.20

% oven dry weight
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Table 59. Results of the analyses of variance of the

Wauchope foliar nutrient concentration results

1980

: 1981 1982
Element Source DF
' SS VR ss VR Ss VR
Blocks 4 0.2810 4.45 0.1299 2.84 0.1806 5.82
Fertiliser 2 0.0740 2.34 0.0121 0.49 0.0027 0.17
N Thin 1 0.0691 4.37* 0.4646 3.76 0.0026 0.34
TxF 2 0.0336 1.06 0.0685 .2.78 0.0219 1.41
Residual 20 0.3160 - 0.2466 - 0.1550 -
Total 29 0.7739 - 0.5036 - 0.3628 -
Blocks 4 0.0101 4.37 0.0054 3.09 ° 0.0058 1.47
_ Fertiliser 2 0.0014 1.25 0.0015 1.75 0.0051 2.56
P Thin 1 0.0001 0.28 0.0011 2.47 0.0005 0.48
TxF 2 0.0019 1.66 0.0026 2.95 0.0045 2.24
Residual 20  0.0116 - 0.0087 - 0.0199 -
Total 29 0.0252 - 0.0193 - 0.0357 -
Blocks 4 0.1767 4.95 0.0699 2.27 0.2821 8.53
Fertiliser 2 0.0504 2.82 0.0088 0.57 0.0025 0.15
K Thin 1 0.0041 0.46 0.0009 0.13 0.0101 1.22
TxF 2 0.0076 0.43 0.0443 2.87 0.0180 1.09
Residual 20 0.1787 - 0.1541 - 0.1654 -
Total 29 0.4175 - 0.2781 - 0.4781 -
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CHAPTER NINE

DISCUSSION AND CONCLUSIONS

9.1 Productivity Mean annual volume increment over the period of

this study was 8 m3/ha in the Benmore experiment and 23 m3/ha at
Wauchope .and estimated general yield classes (averagé annual Qalume
incremen£ over the life of the standf were 12 and 20 respectively.
These stands therefore fall into the category of 'average' and 'highly
productive' when compared to the -'normal' range of yield class (6 to
24) encountered in Britain (Hamilton and Cliristie, 1971). Both stands
however responded significantly to the application of niﬁrogen ferti-
liser. 1In the Benmore experiment the average annﬁal increase in volume
increment duevto the épplication of nitrogen was estimated to ﬁe

2.2 m3/ha (29%) while at Wauchope the increase amounted to

3.4 m3/ha (15%) in the absénce of thinning and 3.2 m3/ha (12%) in

the thinnéd plots. These values are well below the incréases,of 4.5 to
19.4 m3/ha/year recbrded in some Radiata pine stands in New Zealand
(Mead and Gadgil, 1978) and are less than the 3.78 to 7.49 m3/h/year
increases recorded in Douglas fir stands in the Pacific_Northwest
(Miller g&_gl, 1979). They compare favourably however, with the values
of 0.6 to 3.4 m3/ha/year recorded following nitrogen application to
spruce stands on mineral soils in Sweden (Tamm, 1982). Miller (1981)
has suggested that fertiliser responses are less likely in coniferl
stands once the crown is‘fully formed and attributes this to the
.effects of canopy closure on nutrient immobilisation in the tissues
(reduced), recycling of nutrients (increased) and capture of atmos-
pheric inputé (increased). The rate of uptake by the stand at this

stage may be matched by the inputs from recycling, atmospheric inputs
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and internal redistribution oé'nutrients and the tree becomes less
~dependent on the soil and less likely to respond to the addition of
fertilisers. As Tamm (i982) points out however, nitrogen immobilisa-
tion in an accumulating litter layer is a feature of most northern
coniferous forests and where high rates of imﬁobilisationvcoincide with
sites of low total nitrogen capital, nitrogen deficiency is the likely
result, as described by Miller et al (1973) in their work on the
response of Corsican pine on sand dunes to nitrogen appligation. fhe
Benmore experiment is located on a relatively infertile site with a
relatively deep organic layer in which nitrogen m;neralisation rates
might be expected to be very low, coupled with wet, cool conditions
favouring the net accumulation of litter. Under these conditions it is
perhaps not surprising that there wés a degree of nitrogen Aeficiency
but it is interesting to note the response at Wauchope where the stand
is.of'high productivity and a site type normally regérded as one of the

most fertile (Pyatt, 1970).

Basal area increment in these exéeriments generally has mirrored the
?olume responses, indicatihg a relatively stable relationship betweén
volume and basal area. In other studies however, (eg Woollons and
Will, 1975), fertiliser application has been found to have significant
effects on the ratio of volume to basal area, with estimates based én
basal area alone generally resulting in an underestimate of the volume
response. Similar chaﬁges in tree shape following fertiliser applica-
tion have been recorded by Miller and Cooper (1973) Mitchell and
Kellogg (1972) and Meng (1980). A point overlooked by some. authors ig
that increases in volume increment will normally result in a chénge in
stem form due to the effects of tree size on stem form and a distinc-

tion should be made between this effect and the effect of fertilisers
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per se. In this study the ratio of volume to'basal area was compared
across treatments both before and after adjustment of the stem volumes
by covariance analysis in én attempt to account for the effects of tree
size (basal area). No significant fertiliser effects were found but in
"the Benmore experiment application of fertiliser appeared to increase
the ratio of volume to basal area, an increase which was partly but not
entirely reduced by adjustment of the stem voiumes. There is a sugges-
tion therefore that fertiliser application per se affected the volume
to basal area ratio but no firm conclusions can be drawn. The measure-
ments-of volume and basal area were ﬁade only 3 years after fertiliser
application and the volume reséonse was relatively small so it is not
perhaps surprising thatvno significént effects have emerged. In a study
of the effect of fertiliser treatment on tree shape on a 31 year old
Sitka Spruce stand which had-shown.a marked response to fertiliser.
applied 9 years previously: Arabatzogloﬁ (1983) found a significant
increase in form factor due to fertiliser application and Snowdon et al
(1981) found significant differences in the average taper of fertilised
and unfertilised trees which could not be accounted for simpl§ by the

differences in tree size.

Height increment in the Benmore experiment was significantly ihc;eased
by fertiliser (NP) application along with basal area and volume but in
the Wauchope stand, although nitrogen application increased volume and
- basal area increment no heigh£ response was recorded. This may reflect
the non-representativeness of the 1983 Wauchope sample trees in treat-
ment N, to which reference has already been made (Section 5.3), or it
may be a true result since a similar result has been recorded by
Woollons and Will (1975) who found no height increment response in a
high productivity Radiata pine stand following'fertiliser application

even though a significant volume response was recorded.
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As regards the effect of tree size on feftiliser response it appears
that basal area respbnse of trees was in_di;ect proportion to their
size and this agrees with the conclusion of Miller and Cooper (1973)
that fertiliser response can generally be described by using the simple

analogy of an accelerated time scale.

The effect of the thinning treatment on the growth ofqthe remaining>
trees in the Wauchope experiment was to significantly increase basal
area and volume increment. This is the typical resﬁlt obtained after
thinning when opening of the canopy and provision of greater growing
space leads to an increase in the diameter -increment of the reméiﬂing
trees. The interesting feature of the Wauchope experiment is that
despite the removal of one third of the basal area (44% of the tree
stemsf, basal area increment per hectare was significantly increased by
thinning, implying that the increase in basal area growth of the
remaining trees was more than enough to compensate for the reduction in
tree numbers. Siﬁilar results have been noted by Bradley (1963) and
Assmann (1970). Aésmann considered that this situation was likely to
occur in young stands which have not yet reached the peak of their
current annual volume increment (CATI). Thinning at this stage may
result in accelerated g;owth of the remaining trees so that they reach
the culmination of theif CAI earlier than unthinned trees. This
implies that the time of reductioh in CAI will also be reached earlier
so that the net increase in volume increment per hectare may e&entually
be cancelled out, resulting eventually, in similar volume production
from thinned and unthinned stands. Hamilton and Christie (1971)
suggest that the maximum CAI of a yield class 20 stand is reached
around age 30. Thinning was applied in the Wéuchope experiment at

age 23 which puts it into the category where response to thinning migh£

be of the type outlined. There are no indications in this study of any
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thinning effects on the volnme to basal relationship of individual
trees. Thinning is generally considered to result in a shift of
increment dan the stem in response to increased e#pnsure and crown
size (Reukemé, 1961) and may lead to a decrease in the cylindricity of
the stem (Larson, 1963). In this study the ?eriod of measurement was
perhaps too short, and the methods of measurement, too coarse, to show -
up any significant effects. The negative effect of thinning on heighf
increment in the Wauchope experiment is a commonly reported phenomenon
sometimes referred to as 'thinning shock' (Miller and Reukéma,'1977;
Crown et dl, 1977). Harrington and Reukema (1983) have suggested that
the severity of 'thinning shock' is related to thinning intensity, site
quality ana tree species, vigour and age and that it is normally only a

short term (2-3 year) effect.

The résults of the Wauchope experiment suggest that in this case the
effects of thinning and fertiliser, when applied in combination, are
simply additive and no interaction is apparent. Additional estimated
volume increment over control was 10.4 m3/ha attributable to N,

9.1 m3/ha attributable to the effectsvof thinning and 18.7 m3/ha

when both treatments were combined. This result is similar to those
obtéined in Douglas fir stands by Barclay et al (1982), Lee (1974) and
Miller'gg_gl, (1979) but differs from results in nine stands (Ryker and

Pfister, 1967; Agee and Biswell, 1970).

9.2 Mechanisms of response This study set out to examine the effects

of thinning and fertiliser treatments on the relationship between
productivity and two principal contributors to the level of produc-
tivity, ie the quantity of photosynthetic tissue and the efficiency of

that tissue. The results suggest that both of these variables have
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been affected. In the Benmore experiment feriiliser application
increased both leaf area and leaf efficiency and in the Wauchope
experiment leaf area and leaf efficiency appeared to be affected by

thinning and possibly by fertiliser application.

9.2.1 ALeaf area Three years after fertiliser treatment in the
Benmore experiment, fertilised trees carried greater léaf area than
control frees. Mean leaf area per tree was 25% greater in fertilised
trees and leaf area index was 24% greater. The increase in leaf area
was largely attributable to an increase in the area of needles formed
in the upper crown in the second and third'years following fertiliser
application and was associated with a slight reduction in the area of‘
all needle ages in the lower crown. Examination of the components of
the leaf area indicated that an increase in needle number was the main
factor responsible and only small, non-significant effects on éverage
needle size were indicated; In the Wauchope experiment the results
were less clear. Nitrogen application appeared to result in aﬁ esti-
mated é% increase in LAI in the absencevof thinning and a 2% increase
in LAI in the thinned plots based on the regressions of 1981 leaf area
on diameter. On the Basis of the sample trees felled 3 years after
fertiliser treatment however, nitrogen.application appearéd to have
reduced leaf area at the whorl 1 and whorl 7 positions. The reduction °
in needle area at W1 appeared to be as a result of smaller average
needle size while at W7 the reduction appeared to be‘due to fewer
needles and needle size was relatively unaffected. The results of
these two exercises are at variance and need some discussion; The 1981
estimate of leaf area index is based on the leaf area : diameter
regressions. In view of the error inherent in the use of these regres-

sions (diameter accounted for 81% of the variability in leaf area) and
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the within‘treatment variability in LAI, the small differences in LAI
recorded, which are not statistically significant, cannot be considered
to be 'réal'. Similarly, the lower leaf area recorded in the N treat-~
ment in the 1982 sample trees at Wauchope may possibly be explained by
the non-representativeness of the N t:eatment'sample'trees as
previously discussed. In view of the above factofs it is not possible
to draw any definite conclusions about the effects of fertiliser
application on leaf area in the Wauchope experiment but it is clear
that any changesvwhich occurred must have been relatively small since

bthe methods used should have identified any significant effects.

In contrast, the effect of thinning on leaf area in the Wauchope
experiment is clearly demonstrated and resulted in an apparent, but
non-significant, reduction in leaf area relative to control at Wi, no
apparent effects at W4 and a highly significant increase at W7.
Similarly LAI of thinned pléts was clearly much lower (28%) than that
of unthinned treatments. The lower leaf area recorded at W1 is consis-
tent with the height increment reduction already discussed since a
sﬁaller terminal shoot is likely to also have smaller leaf area. Simi-
lar effects have been recorded by Maguire (1983) who found that thin-
ning resulted in increased bﬁd production but lower terminal and |
laferal shoot growth in Douglas fir stands and blerix (1981b) wh§
demonstrated that Douglas fir trees subjected to thinning produced, in
the first 2-3 years at least, lower leader iength and needle produc-
tion. The increase in needle area at W7 is consistent with the results
of Brix (198®) who found that thinning effects on needle mass were most
noticeable in the lower crown and this is to be expected since the
improved light conditions following thinning are clearly likely to be

of greatest benefit in the lower crown. Greater leaf area at W7 in
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trees in thinned plots was'dué'to greater leaf dry ﬁeight-through an
increase in the number of needles of all ages and average needle area
and average needle dry weight were not significantly affected. The
increase in the number of 4+ needles (laid down prior to the treatments
being‘applieé) is likely to be due to inéreased needle retention but
the increased needle number in 1, 2 and 3 yeaf age classes could be due
to an increase in needle production following thinning. Defermination
of the way in which changes in needle number were brought about is
outwith the scope ofvthis study but Brix (1981b) attributed such
increases partly to an increase in the number of shoots produced and
partly to an incréase in the number of needles per shoot. As with the
- productivity data, no interactions between thinning and fertiliser

effects on leaf area were evident in the data from the Wauchope

experiment.

The thinning and‘fertiliser_effgcts on leaf area’recorééd in the
Benmore and Wauchope experiments appear to be due to changes in total
needle dry weight ana needle number. Increases_in needle area follow-
ing thinning and fertiliser have therefore been by an increase in the
number of needles and significant changes in average needle weight and
area ére not implicated. This resultAdisagrees with the findings of
Miller et al (1976), Brix and Ebell (1969), Keay EE.EE.(1968)' Turner
and Olson (1976) and Albrekéson et al (1977), all of whom recorded
increases in needle size as well as needle number following fertiliser
application and is at variance with the work of Brix (1981b) who found
that thinning increased average needle weight in the lower érown as
well as the number of needles. Small increases in_both average needle
kweight (2 to 9% depending on whorl number) and average needle area

(5 to 9%) in fertilised trees were in fact recorded in the Benmore
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experiment and although the differences were not significant they are
of the same order as the increases noted by Brix (1981b) and may well

represent a 'real' effect.

The relationship between needle area and heedle weight (specific'needle
area) did not appear to be significantly affected by either fertiliser
or thinning treatments but there was a clear trend towards increasing
specific needle area (SNA) with incréasing whorl number and decreasing
SNA with increasing age of needle. Both the abéolute levels of SNA and
the variations with crown position are similar to those reco;ded in
Sitka séruce stands by Lewandowska and Jarvis (1977) and by Ford (1982)
and similar variations with crown position have been recorded for other
species by Del Rio and Berg (1979) and Benecke (1979). Variations in
SNA are considered to reflect differences in the degree of shade with
‘sh&de' leaves having higher SNA than 'sun' leaves (ngandowska and
_Jarvis; 1977). SNA might therefore be expected to be affected by
treatments which affect the level of shade within the cénopy. Data
from the Benmore and WauchopeAexperimenﬁs do show such a trend. ‘At
Benmore SNA of lowef whorl needles was slightly'(tﬁoughfgbt signifi-
cqntly) greater in fertilised trees and this is probably a response to
the incréased shade p:esent in the lower canopy as a result of the
increase in leaf area in thebupper canopy‘due to fertiliser applica-
‘tion. Similarly at Wauchope, SNA was higher at W7 in the unthinned

treatments but not in the presence of thinning.

9.2.2 Leaf efficiency Three years after fertiliser treatment the

level of basal area increment per unit of leaf area (leaf efficiency)
in the Benmore experiment was highér in fertilised trees. Mean basal

area increment per unit of leaf area was 24% higher in fertilised trees

- /61



and at the stand level, basai‘area inérement per unit of LAI (stand
leaf efficiency) was 11% greéter in the fertilised treatments. 1In the
Wauchope experiment the effects of fertiliéer on leaf efficiency
{judged from measurements of sapwood efficiency) are less clear. 1In
1980 no apparent or significant effects emerged, in 1981 tﬁere was a
non-significant indication of higher efficiency in trees fertilised
with N and in 1982 tfeatment N had significantiy greater efficiency
than all other treatments. Stand leaf.efficiency at the end of 1981
was 9% higher in treatment N than treatment 0 and 3% higher in
treatment TN than treatment T. Only in the 1982 data therefore, was
there any significant increase in efficienqy due to niﬁrogen applica-
tion. Nitrogen fertilisation has been shown to influence the rate of
netvphotosythesis in Douglas fir (Brix, 1971; 1981a) and was respon-
sible for an increase in the net assimilation rate of Corsican pine
(Miller and Miller, 1976). Brix (1983) found an increase in stem
production.pef unit of foliage in fertilised Douglas fir in the first
2-3 years after treatment and Keay et al (1968) recorded an-increase in
the photosynthetic capacity of white pine needles following nitrogen
and phosphorus applications. At least two possible mechanisms may be
_postulated to explain the observed effects of fertiliser treatment on
- leaf efficiency. It is well known thaﬁvthe'photosynthetic capaéity of
shoots generally declines with age (Linder and Troeng, 1980). 1In the
Benmore experiment fertiliser treatment resulted in a higher proportion
of 'young' shoots, especially in the upper crown. In whorls 1, 3; 5
and 7, the total area of 1 and 2 year shoots per tree was 64% greater
in treatment NP and these shoots accounted for 66% of the total leaf
area in those whorls as opposed to 58% in treatment 0. In addition the
concentratidns of nitrogen and phosphorus were consistently higher in

the needles of fertilised trees at all crown positions; but especially
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in the 1 year shoots. Brix (1981a) found a linear relationship between
foliar N concentrétion and rate of net photosynthesis in the foliage of
Douglas fir trees and suggested that the optimum foliar N concentra-
tions was 1.74%. Mean foliar N concentration in the foliage of
unfertilised trees at Benmore were well below this figure at all whorl
positions, suégesting that these mechanisms may have been involved in

the observed efficiency increases. ,

The effects-of thinniné on tree and stand efficiency were clearly
demonstrated at Wauchope. Mean basal area increment per unit of
sapwood (leaf area) was significantly greater in trees in thinned
treatments in 1980 (80% increase) and 1981 (37%) and wés‘greater (31%),
but not significantly so, in 1982. This agrees with the work of Brix
(5983) who found that efficiency was increased for a 3 year period
following thinping but thereafter réturned to the level of unthinned
treatments. He attributed increased efficiency in trees released by
thinning to the greatly improved light fegime, particularly in the
lower cfown. Thé effect 6n stand efficiency at Wauqhope at the end of
1981 was similar, with an increase of 61% in thinned plots.

9.2.3 Leaf area : leaf efficiehcy : productivity relationship The

concept of an optimum critical leaf area index above which the linear
_relationship between foliage quantity and production can be expected to
break down has long been recognised in agricultufal crops (Watson,
1958) but data from the forest situation are more limited.: Albrektson
et al (1977) demonstratéd a linear relationship between LAI and above
ground dry weight production in stands of spruce and pine at relatively
low levels of LAI (1 to 6) and a similar result was obtained by

Madgwick and Olson (1974) in thinned stands of Liriodendron tulipifera.
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Waring_gé_gl_(1981) however, in a Douglas fir thinning experiment,
found that net stand volume growth reached a peak at LAI of 6 and
further increases in LAI were not accompanied by significant increasés
in yield. This effect is attributed largely to the adverse effect of
increasing canopy density on the efficiency of trees in the stand and a
negative linear relationship between leaf biomass or LAI and leaf
efficiency has been demonstrated b} Waring et al (1981) and Satqo
(1971). Aéplicétion of fertiliserrin the Benmore experiment resulted,
3 years after application, in a LAI of 7.7 compared with 6.2 in the
control and mean leaf area per tree was 25% higher in fertilised plots.
The relationships between leaf area and basal area increment at both
the stand and individuél tree level however, remained linear witﬁ
increasing bésal area increment in reéponse to increasing leaf area.
Similarly, in the Wauchope experiment, basal area incremept tendedvto
increase lineariy with increasing leaf area and in neither experiment
was there any clear indication of a reduction in leaf efficiency with
‘increasing leaf area. At Benmore, leaf efficiéncy tended to increase
with increasing leaf area wﬁile stand leaf efficiency showed no obvious
relationship with LAI. At Wauchope sapwéod (leaf) éfficiency appeared
vtoAincrease with increasing leaf area while there was no clear rela-
tionship between stand leaf efficiency and LAI except‘that all
unthinned treatmentsrhad higher LAI énd lower stand léaf efficiency
than thinned treatments. These results suggest that neither of these
stands had reached its optimum leaf area aﬁd that furthér increases in
- LAI through further fertiliser treatment, improved moisture regimes etc

could lead to further increases in production.
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The conceptvof an optimum leaf area provides a possible explanation for
the appearance of fertiliser/thinning interactions in some stands but
not others and also a reason for the reduction in basal area increment
sometimes encountered following nitrogen application. Applications of
fertilisér to a st;nd which is already at the optimum LAI are likely to
result in increased leaf area leading to a reduction in leaf efficiency
with the net result being no incre#se, or even a decrease in net
productivity per hectare. The addition of a thinning treatment in this
situation reduées LAI to below'the optimum and allows the fertiliser
effects to operate fully without adverse effects on leaf efficiency.
These observations also suggest a mechanism for the observed fall off
in increased leaf efficiency in thinned treatments in this study and
thevstudy by Brix (1983). The effect of thinning is to improve light
conditions and therefore leaf efficiency in the lower crown but since
this is also accompanied by an increase in foliage production in the
lower crown, a progressive return to shaded conditions takes place with
a concurrent reduction in leaf efficiency. Thus the effects of thin-
ning on individual tree growth>are likely to be brought about by
changes in leaf efficiency in the first few years but thereafter by
changes in foliage biomass, with the relative contribution of each
deéenaing on existing light conditions and the degree of thinning.

Such a result has in fact been recorded by Brix (1983).

9.3 The use of sapwood area as a measure of leaf area At both

Wauchope and Benmore, a significant linear relationship was found
between the projected leaf area of a tree and the cross sectional area
of conducting tissue (sapwood) at breast height (1.3 m). The mean
‘ratio of leaf area : sapwood area (m2/cm2) was 0.26 at Benmore and

0.29 at Wauchope. Waring et al (1982), in a summary of all published
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accounts at that time, quoted ratios of 0.14 to 0.75 for a range of
conifer species including a figure of 0.45 for Sitka spfuce derived
from unpublished data of Whitehead. The tendency for authors to quote
these ratios makes comparisons between sites difficult. Unless the
relationship~betweeﬁ leaf afea and conducting tissue is such that it
passes through the origin, and few appear to do so, then the ratio will
change with tree size without necessarily implying a change in the
relationship. Thus the larger ratio found by Whitehead may simply be
‘due to a larger tree size in his sample area. It was possible to
obtain this data, collected in a 30 year old Sitka spruce stand in
Glentrool fofeét, and Fig 28 shows the data from Wauchope, Benmore and
Glentrool plotted together. No clear separation between the data sets
is evident and it appears that the foliagé area : sapwood area rela-
tionship is essentially the same at each site. This is in agreement
with Waring et al (1982) who considered that the relationship is rela-
tively constant within a species but that differences in the slope of
the relationship occur in different species with larger slope co-
efficients associated with shade tolerant species in mild, moist
climates. Whitehead and Jarvis (1982) however, considered that such
differences may also occur wi£hin a species in response to differences
in transpiration rate and climatological conductance and there is
limited support for this in the work of Whitehead (1978) who found some
variation in the slope coefficients of data from Scots pine stands from
different ciimatic regions within Britain. Average annual rainfall at
the Benmore, Wauchope and Glentrool sites is 2000 mm, 1200 mm and

1500 mm respectively and under the bioclimatic.classification of Birse
(1971) the sites respectively fall into subregions 01, PB1, 02,

HZB2 and 02H2T1. The range of climatic conditions covered is

therefore not great and further work is required to determine the
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effects of climate in the foliage area : sapwood area relationship.

The pipe model theory of Shinozaki et al (1964) suggests that cross
gectional area of conducting tissue at the.base of the live crown,
rather than at breast height should ideally be used. K;ufmann and
Troendle (1981) found no differencés in the amount of leaf area
supported by a unit of conducting tissue‘from breast height upwards but
‘Waring et al 1982 found significant differences between the 2 samplingb
positions in a range of conifer species and suggested that this was
largely a function of tree size with the crown baseé position giving a
better‘rélationship with leaf area in iarge trees with a high propor-
tion of clean bole between the base of the crown and breast height.

The Wauchope and Benmqre trees (height range 7 to 13 m) were consider-
ably smaller than the 18-24 m trees encountered by Waring et al (1982)
~-and itvseems unlikely that the use of the crown base pésition would
ha&e siénificantly improved the relationship in these stands. It would
appear prudent, however, to take account of the degree of taper in sap-

wood area when larger trees are being sampled.

There is no evidence from the present study that the relationship
between foliage area and sapwood area is affected by thinning ané
fertiliser treatments. The slope coefficient was highér in fertilised
trees at Benmore but the difference was small and non-significant and,
at Wauchope, no treatment effect was either apparent or detectable in
the analyses. The time interval between treatmént and sampliﬂé was
short however, aﬂd the responses relatively small. Brix and Mitchell
(1983) examined the sapwood area : foliage area relationship in a
Douglas fir thinning/fertiliser interaction experiment 9 years after
treatment and found_significantly higher regression slopes for treated

trees than for control trees and Granier (1981) found that 6 years
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after thinning, trees in thinned plots of Douglas fir had greater
foliage area per unit of sapwood than unthinnéd plots. As pointed out
by Whitehead and Jarvis (1982) any external influence (climate or
cultural -treatment) which affects either the rate of trénspiration or
the sapwood conductivity may influence the relationship between sapwood
area and foliage area. Brix (1972) for example found that nitrogen
fertilisation resulted in a decrease in the percentage of latewood in
Douglas fir and since latewood does not conduct‘water in Douglas fir

(Harris, 1961) the result may be an increase in sapwood conductivity.

Total cross sectional area at breast height (basal area) has proved to
be as good an indicator of foliage area as sapwood area in this study.
It seems likely that this is related to the proportion of sapwood; thus
at Wauchope and Benmore where sapwood accounted for 61‘and 66% respec-
tively of the basal area, both sapwood area and basal area show a good
relationship with foliage area. Aé stands age however, the difference
vbetween sapwood area and basal area increases witﬁ increasing average
tree size (Léng and Smith, 1983) and while the sapwood area : foliage
area relationship aépears to be largely independeni of tree size, the
relationship between basal area (diameter) and foliage weight has been

shown to vary greatly with tree size (Baskerville, 1983).

In conélusion therefore it would appear that as a ﬁeasure of leaf area
at a given time in a relatively undisturbed stand, sapwood basal area
can be used to provide a relatively good estimate of leaf area and it
is justifiable to use a single regression equation over relatively wide
stand conditions. More work is required however, to establish whether
it can justifiably be used to compare leaf areas between stands
vsubjected to different cultural treatments or in widely different

climatic regions.
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9.4 . Foliage nutrient concentrations

Foliage nitrogen and phosphorus concentrations associated Qith the
onset of deficiency in establishment-phase Sitka spruce stands have
been set at 1.2% and 0.14% respectively and optimum concentrations are
considered to be 1;5% and 0.18% respectively (Everard, 1973; Binns et
al, 1980). As demonstrated by Miller et al (1981) however, optimum
foliar nutrient concentrations change with increasing tree age (size)
and while there are no published figures for'optimum concentrations in
established Sitka spruce stands by analogy with the situation in
Corsican pine (Miller and Cooper, 1973), Norway spruce (Tamm,. 1982),
Radiata pine (Mead and Gadgill, 1978) and Douglas fir (Brix, 1981a)
optimum foliar N concentration is prqbably around 1.8%, measured in top
whorl foliage. At mean foliar N conéentrations of 1.25% and 1.61% in
the top whorl foliage of treatments 0 and NP respectively, the trees at
Benmore appear to be in a nitrogen deficient situation. These figures,
based on the mean of a random sample of trees, may be lower than would
be encountered by ‘'normal’ sampliné methods based on dominant trees
only but nevertheless the highest top whorl N concentration‘recorded in
a dominant tree in the control treatment was 1.50% suggesting that N
deficiency Qas occurriné. This accords well with the growth response
which took place following nitrogén applicafion but in the Wauchope
experiment top whorl foliage N concentration in £he control plots
varied from 1.73% to 1.98%, yet a significant growth response was
recorded. Similarly at Benmore, although mean foliar P concentration
in the control plots in 1979 was 0.185%, there was an‘indication of a
growth response to phosphate application. These results agree Qith
those from unpublished Forestry Commission fertiliser experiments in

established Sitka spruce stands, recently summarised by McIntosh (in
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press), where there was some indication of a relationship between
foliar N concentrations and response to nitrogen although responses
were recorded in stands with more than 2% foliar N, and where no
relationship was found between foliar P concentration and subsequent

phosphate response.

The vertical and horizontal concentration gradients found at Benmore
agree well with the trends generally observed by McLean and Robertson
(198i), Comerford (1981), Morrison (1974), Florence and Chuong (1974)
and Madgwick (1964) who all found a tendency for N, P and X concentra-
tions to decrease with.increasing depth in-the crown and increasing
ﬁeedle age. Only Comerford (1981) however appears to have noted the
situation found in the control trees at Benmore where 2 year old
needles had higher N concentration than 1 year needles. These
gradients are generally ascribed to the retranslocation of nutrients
from agéing needles and the importance of this source of nutrients has
been discussed by Switzer and Nelson‘(1972) and Miller (1979). Miller
et al (1979) proposed that mobilisation of these ‘second order’
reserves of nﬁtrients, accumulated in excess of the requirements for
growth (Miller et al, 1976), would occur when recent root and foliar
uptake ('first order' reserves) was insufficient to sétisfy demand.
"This suggests that withdrawal of nutrieﬁts from older tissue including
needles, might be greater on deficient sités and evidence for this is
provided by Florence and Chuong (1974) who found that while site type
did not appear to affect foliar N and P'concentrations of current

needles of Pinus radiata the vertical concentration gradients were

affected with greatest concentration gradient between 1 and 4 year
needles associated with the least fertile sites. Similarly Lamb (1975)

found that correlations between litter nitrogen mineralisation (an
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index of site quality) and foliar N and P concentrations progressively

improved witﬁ increasing neédle age in Pinus radiata stands. These
studies were both however, carried out during the growing season when
concentration gradientsAwith needle age are likely to be bestvdevelqpéd
and this may explain the difference between these results and the
Benmore results. At Benmore there was little suggestion of differences
in concentration gradients between the treatments, in fact the 1 year
needles showed the greatest differentiation between treatments. These
results suggest‘that while standard methods of foliage sampling using
top whori needles collected in the dormant season may provide the best
indication of relative nutrient status at least in deficient trees, the
abSOiute levels may not provide a reliable guidg to the degree of
_fertiliser response to be expected. It appears that examination of
concentration gradients during the growing season may be worthwhile as
well as examination of other diagnostic techniques such as analysis of
litter (Miller and Miller, 19768 or the mineralisation potential of

forest soils (Shﬁmway and Atkinson, 1978).

Smith et al (1981) have suggested that since major changes in tissue
dry weight may occur.due to fluctuations in stored cérbohydrates, the
expression of nutrient composition as a percentage of dry weight may
lead to difficulties in interpretation and they suggested that expres-
sion of results in terms of nutrient content per unit of leaf area is
superior. Similar suggesﬁions have also been made by Stachurski and
Zimka (1975) and Gholz (1978). 1In the Benmore study both methods of
expressing the results gave similar pattgrds and there was a good
correlation bgrween foliar concentration (% oven dryAweight) and foliar
co%?nt (g‘/mz) at all crown positions indicating that nutrient

concentration and nutrient content vary in proportion to one another.
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This is perhaps not surprising since no effect of fertiliser treatment

on average needle weight or specific needle area was found.

study

Conclusion In.relation to the 3 original objectives of this

the conclusions are:~

1. Application of nitrogen fertiliser resulted in a significant
increase in stand basal area and volumevincrement in both experi-
ments. There was an indication (non-significant) of .a respbnse
to phosphate application in the Benmore experiment but no appa-
rent or significant effect at Wauchopé. Height increment was
also increased by fertiliser treatment at Benmore but was not
affected at Wauchope. Thinning (Wauchope only) resulted in a
significant increase in the basal area and voiqme increment of
the remaining trees and also a significant increase in the level
of stand basal area and volume increment. Height increment
tended t6 be reduced by thinning. The effects of thinning and
fertilisation at Wauchope were additive and no interaction was
indicéted. In both experiments the effect of the treatments on
volume increment was closely related to the effects on basal area
increment and no significant treatment effect on the relationship
between volume and‘basal area was indicated especially after the

effect of tree size on the volume : basal area relationship was

‘taken into account.

2.  a. Increased productivity following fertiliser treatment
at Benmore was associated both with an increase in leaf area
at the stand and individual tree level and with an increase

in the level of basal area increment per unit of leaf area
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(leaf efficiency). The increase in leaf area was due almost
entirely to an increase in the number of needles produced
following fertilisation and increases in leaf efficiency are
thought to be due to an increase in needle nitrogen concen-
tration and an increase in the proportion of 'young' shoots
in fertilised trées.. In the Wauchope éxperiment the results
are less clear but it appears that fertiliser treatment
resulted in an increase in leafAefficiency and may have also
increased leaf area. Thinning resulted in a clear increase
in leaf efficiency of individual trees, an increase which
became progressively less in each of the 3 years of measure-
ment and also resulted in an increase in leaf area in the
lower crown, attributable again largely to an increase in
needle number, but resulted in a slightly reduced leaf area
at whorl one. The relationship between leaf area and
productivity appeared to be relatively linear at the stand
and individual tree level as there was no indication of a
reduction in either productivity or leaf efficiency at the

highest levels of leaf area and leaf area index encountered.

b. Sapwood area at breast height was linearly related to
leaf area and the relationship was similar at both sités.
The same was true of the foliage area : diameter at breast
heighf relationship and neither relationship was signifi-

cantly affected by thinning or fertiliser treatments.
3. Foliar nutrient concentrations at Benmore showed a progres-

sive decline with increasing depth in the crown and indreasing

age of needle. Fertiliser treatment increased foliar N énd P
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concentrations at all crown positions and one year foliage
éppeared to show the greatest differentiatioﬁ between the
treatments. Expression of the nutrient status in terms of the
quantity of nutrients per unit of leaf area gave a'very similar
picture to the use of nutrient concentrations. At Wauchope,
where only top whorl foliage was sampled, nitrogen concentration
was slightly increased following nitrbgen fertiliser application
but otherwise there were no apparent fertiliser or thinning
effects apart from a slight reduction in the'nitrogen concentra-

tions in thinned treatments in 1980.

Implications for Management and Suggestions for Future Research

The results of this study indicate that the potential for increasing

the productivity of estéblished Sitka spruce stands by the applicatidn

of fertilisers is perhaps greater than has hitherto been imagined. The

response of the Benmore stand was perhaps predictable in view of the

relatively infertile site and relatively low level of stand produc-

tivity but it is interesting to note that highly productive stands on

relatively fertile sites, as was the case at Wauchope, may also respond

to fertiliser appiication.v Results of Forestry Commission experiments

(McIntosh; in press) support the finding that responses may occur in a

wide range of stand conditions but show no clear pattern of response in

relation to site type, stand age, level of productivity etc. It is

clearly of importance to forest managers to know that fertiliser

responses are possible in established Sitka spruce stands but, in a

situation where respoﬂse is not clearly related to site type etc, it is

essential that a system is developed which will provide a reasonably

accurate forecast of the degree of response to be expected following
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application of fertilisers to a particular stand. This is clearly a
research priority if the optimum return on investment_capital is to
achieved. Analysis of foliar nutrient concentrations, as presently
practiced, is undoubtedly a useful tool in this respect in younger
stands and may be satisfactory in established pine standé (McIntosh; in
press) but there is some doubt as to the reliability of such methods in
predicting fertiliser responses in establishéd spruce stands. It was
hoped that the investigations into nufrient gradients would have
revealed a more sensitive sampling system/position capable of providing
a better relationship between foliar nutrient ;evels, plant nutriént
status and response to fertiliser treatment but the results of this
rather limited study have been disappointing in that respect. Neverthe-
less it is considered that further research should be carried out into
nutrient distribution wifh respect to age and position of needle and
that this should be combined with a study of through the year variation

in nutrient concentration.

The preéent studies of leaf area)production relationships have no
direct bearing on management practices but further studies are likely
to be rewarding in terms of increasing our understanding of the pro-
cesses by which silvicultural treatments influence production and hence
increasing our ability to predict the resuits of such treatments. It
is suggested that further study should be made of the relationships
between leaf area, leaf efficiency and production over a range of site
conditions with a view to increasing our understanding of what consti-
tutés the optimum leaf area of a stand under different conditions.
Clearly if a stand can be established to be carrying the optimum leaf
area then treatments like fertiliser application which are aimed at
increasing leaf area, may well result in a drop in production through

the relationship between stand leaf area>and stand leaf efficiency.
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If measurement of leaf area or leaf efficiency is ﬁo form an integral
part of stand management techniques then a reliable and quick metbod of
estimating leaf area must be found. The results of this study suggest
that the use of sapwood area has some place in this but there is
sufficient doubt about the ability of the sapwood area : leaf area
relationship to hold steady for a species, given a range of site
conditions and silvicultural treatments and it is suggested that
further stu&ies should be carried out. In particular it would seem to
be worth investigating sapwood conductivity and the effects thereon of

variations in site/stand conditions.
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