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A 2-yoar field experiment was dedsd to assess the effects of olixMic 
factors and I' fertilization on the growth of Gitka euoe seedlings at Greekins 
F,reet, North Thilriesshfre. Variations in climate were obtained by Sming 
seedlings along a unifom hill slope at altitudes of 229, 3059 3819  435 aid 
480 a a.e.l. (desi*ted Station 1-5) • T.perature, rainfall, solar 
radiation, withxm and exposure were continuously moilitoresi at each station, 
Seed.lino were oontairier..grewrt in +P and -P peat conpoote, Containers were 
sunk into the ground and drainage so arranged to ar*blo collection of leachato. 
Growth was determined by weekly height aeasure,inte and periodic destructive 
saapling. 

Ceneral].y, the overall decrease with a1titud in tesperabre aid 
saturation vapour deficit was at the rate of 0.34 0/100 a and 0.16 xnb/100 a 
respectively, Rainfall was positively correlated With altitude and the 
annual Increase is estina ted at 210 an/100 as  The influence of micro-relief 
in modifying these factors was observed and in particular with rogerd to And- 
run and exposure, The second neat severe conditions for both the!3a factora 
were recorded at the second lowest station, 

leachato analyses showed large and rapid loo3os f both (oiu 
sulphate) and P (ground mineral phosphate) and those were reapplied as 
nsoeaary. Relatively, ecall quantities of N(snpplied as formalized casein) 
were recovered in leachatos, Addition of i', entg,.nnod leaching of both Y and 
N. Computation of nutrient bodasts, revealed large aaomta of N being 'lost' 
from the system and this is believed to be due to denitrifioation. As a 
result the level of fT supplied was inadequate, After initial rapid release 
of peat N in both coaposte, N mineralisation apparently ceased aid was not 
rest4 mlAted even on reapplication of P. !tee of N and P uptake showed 2 
peaks in July and August. The secondary peak was not found for K. 

Observations showed that fluâirg was tasperatuxe dependent whilst growth 
cessation is controlled by photoperiod. P fertilization extended the growing 
season in both years. An autumn frost damaged seedlings at 3t.1 end St.2 in 
1972. Dsi'agl we sever, at Stol and at both stations, P fertilization increased 

*gs. Tis harmful effect of this frost resulted in reduced growth, 

Zi.ither,  treatment nor station significantly affected 
the end of 1972 although P fertilization enhwoed height 
response decreased with altitude and was not apparent at 
growth and dry weight were enhanced by P fertilization at 
an stations, 

total dry weight at 
growth. The 
St.5. Both height 
the end of 1975 at 

Use other side if necessary. 



kiit 	wt-lite reLi.tiowh.tpe were iii,ed by correlation, 
atep-vi.e and full siltiple regression szayaes and f1xl1y by principal 
coapoznt aZA1jat.. Incoaiswj solar radiation, potential evapointion and 
rooting medium tsp.rature were the variables most closely associated with 
he&jzt growth. The piaciI.1 component analyses Indicated the strongly 
native effect of aatuxation vapour deficit and particularly of its 
extreme value., while the tuct offeote of tepeiaturo sees to be lees 
isportent. 

A striking feature of the growth rslatiozmhipe Is the cater 
d.p.r*dano. of -P eaedin.a on clii*tio Ictore compared to i'P eesdlinçu. 

]y weight Xv4uctiou was "test at the s.eoM highest st*tton. 
This may be related to the relatively favoisblo tenperabzre conditions 
with the learnt saturation vapour prewaze deficit and relatively low  
windrmo  

The experiment doimtxted that on a local scale neither o1iste 
now growth oculd be siiiply or directly related to altitMe. The most 
sever* oliatio oord1tiorm in this experiment did not prohiblt growth 
of Sitka spruce sceulings ath h.zoe a response to fertilization was 
found at all 5 stations. 
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PREFACE 

Large areas of productive lowland forests in West Malaysia are 

being converted into agricultural use. The increasing importance 

of land at higher elevation for timber production has therefore to 

be accepted. Generally, soils are infertile and such areas are 

poor in or devoid of commercial tree species. Species trials and 

methods of crop establishment are thus important fields for research 

if timber supplies are to be sustained. The use of introduced 

species under inhospitable conditions coupled with erosional hazards, 

clearly indicate a broad ecological ap'oach. It is with these 

problems in the background that the present study is planned. In 

spite of major differences, the interaction of climatic factors and 

phosphorus fertilization (important also in forest tree nutrition in 

West ITalaysia'in this study has close parallel to the problems of 

crop establiihment at hii 	cations in West Malaysia in approach, 

methodology and handling of data. 

A considerable amount of data have been accumulated and it has 

not been possible to include all of them in this thesis. 	They are 

being kept in this Department and available to anyone interested. 

Some preliminary results of this experiment were presented at an 

International S3mposiurn on Forest Fertilization held in Paris in 

Dec-1973 and a copy of this paper is included in Appendix 5.5 

I wish to record my appreciation to the Directors-General of 

the Public Services and Forestry Departments, West Malaysia for 

financial support and granting my study leave which enable me to 

undertake this study at Edinburgh University. The Forestry 

Commission kindly allowed the use of their area at Greskine for 

which I am most grateful. Assistance from the Unit of Tree 

Bio1or is also gratefully ac1o.r1edged. 
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SUnAIRY 

A 2-year field exoeriment was designed to assess the effects 

of climatic factors and P fertilization on the growth of Sitka 

spruce seedlings at Greskine Forest, North Dumfriesshire. 

7ariations in climate were obtained by growing seedlings along 

a uniform hill slope at altitudes of 229, 305, 331, 435 and 430 m 

a.ni.s.1. (designated Station 1-5).  Temperature, rainfall, solar 

radiation, windrun and exposure were continuously monitored at 

each station. 

Seedlings were container-grown in +P and -P peat composts. 

Containers were sunk into the ground and drainage so arranged to 

enable collection of leachate. Growth was determined  by weekly 

height measurements and periodic destructive sampling. 

Generally, the overall decrease with altitude in temperature 

and saturation vapour deficit was at the rate of 0.340C/100 in and 

0.16 iub/100 in respectively. Rainfall was positively correlated 

with altitude and the annual increase is estimated at 210 mni/loo M. 

The influence of micro-relief in modifying these factors was 

observed and in oarticular with regard to windrun and exposure. 

The second most severe conditions for both these factors were 

recorded at the second lowest station. 

Leachate analyses showed large and rapid losses of both K 

(potassium sulphate) and P (ground mineral phosphate) and these 

were reapplied as necessary. Relatively, small quantities of N 

(supplied as formalised casein) were recovered in leachates. 

Addition of P, enhanced leaching of both K and N. 
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Computation of nutrient budgets, revealed large anounts of 

II being 'lost' from the system and this is believed to be due to 

denitrification. Xs a result the level of N supplied was inadequate. 

After initial rapid release of peat N in both composts, N mineralisation 

apparently ceased and was not restimulated even on reapplication of P. 

Rates of N and P uptake showed 2 peaks in July and August. 

The secondary peak was not found for K. 

B. Observations showed that flushing was temperature dependent 

whilst growth cessation is controlled by photoeriod. P fertilization 

extended the growing season in both years. 

An autumn frost danaged seedlings at St.l and St.2 in 1972. 

Damage was severe at St.l and at both stations, P fertilization 

increased damage. The harmful effect of this frost resulted in 

reduced growth. 

Neith' treatment nor station significantly affected total dry 

weight at the end of 1972  although P fertilization enhanced height 

growth. The response decreased with altitude and was not apparent 

at St. 5. Both height growth and dry weight were enhanced by P 

fertilization at the end of 1973 at all stations. 

Height growth-climate relationships were examined by correlation, 

step-wise and full multiple regression analyses and finally by 

principal component analysis. 

Incoming solar radiation, potential evaporation and rooting 

medium temperature were the variables most closely associated with 

height growth. The principal component analyses indicated the 

strongly negative effect of saturation vapour deficit and particularly 
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of its extre values, while the direct effects of temperature seea 

to b.r less irisortnt. 

A striking feature of the growth relationships is the greater 

deoenderice of -1? ssedlings on climatic factors compared to +P 

seedlings. 

Dry weight production was greatest at the second highest 

station. This may be related to the relatively favourable 

ternperature conditions with the least saturation vapour pressure 

deficit and relatively low windrun. 

The experiment demonstrated that on a local scale neither 

climate nor growth could be simply or directly related to altitude. 

The most severe climatic conditions in this experiment did not 

prohibit growth of Sitha spruce seedlings and hence a response to P 

fertilization was found at all 5 stations. 



CLPTE2 1 	INTRODUCTION 

In many parts of the world afforestatioi is required to meet 

ever-increasing demands for wood and wood products. Competition 

for land, and in particular for food production, normally results 

in tree crops to be raised on marginal land, with poor physical 

soil conditions, low fertility and often severe climates. Without 

any site treatment, tree-planting on marginal land is usually 

unsuccessful so that the most important recent advances in forestry 

have been obtained through drainage, ploughing and fertilization. 

Vast areas have thus been brought into timber production. In 

Scotland for example, ploughing with phosphorus fertilization Is 

standard practice for establishing forest plantations but these 

ameliorative measures are only effective within the limits Imposed 

by climate. Similarly, slow growing forest stands can only respond 

to fertilization if the climate is not limiting. Clearly, a better 

understanding of the climate-fertilization interaction is needed if 

afforestation is to expand and wood increment of established forest 

crops is to be enhanced. 

Climatic extremes, such as aridity, strong winds and low 

temperature are known to limit tree growth. The widely reported 

negative correlation between tree growth and altitude, generally 

ascribed to 'exposure', results from changes in microolimatic 

factors some of which adversely affect tree growth. Since large 

areas of uplands are used for forestry, the definition of 'exposure' 

in terms of climatic components is of great interest. The 

characterisation of microclimate along a hill-slope can reveal the 

nature and extent of climatic deterioration with altitude and may 

help to explain variations in tree growth and the limits to 

afforestation. 



Changes in microcliiiate are unlikely to account for all the 

variation in tree growth with altitude. Edaphic variables are 

also involved and these often include reductions in rooting apace, 

o11 moisture retention and nutrient supply (Malcolm and Studholme, 

1972). Malcolm (1970) investigated the performance of Sitka 

spruce in Scotland and showed that elevation was the dominating 

factor affecting productivity. But within this effect, the 

phosphorus status of the site proved to be the next most important 

individual variable. These observations indicate the need for 

research under controlled conditions at various elevations such 

that nutritional and altitudj.nal effects can be separated (Mustanoja 

and Leaf, 1965). 

In Scotland, where large areas of low-yielding plantations of 

Sitka spruce have been established, the forest manager is faced with 

the problem of diagnosing whether climatic or soil factors, inhibit 

tree growth. If the limiting factor is climatic, then soil 

improvement through fertilizer application is futile. What 

constitutes climatic limitation is thus fundamental to the problem. 

Almost 75 per cent of the Sitka spruce plantations established by 

the Forestry Commission show a mean annual increment of 10.7 - 14.3 

cu. ni/ha and little is known about their potential response to 

fertilization (Binns, 1969). As tree growth is dependant on the 

interaction between climate and fertilization, those combinations of 

crop and site factors which show the most profitable responses to 

fertilization have to be identified (Binns and Grayson, 1967). 

It was against this background that this study was planned. 

Basically it was a field bio-assay on the perfonaance of Sitka 

spruce seedlings in relation to climate at various altitudes. 
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Superimposed on this, the effect of phosphorus fertilization was 

also investigated to ascertain whether it affects the climate-plant 

growth relationship. In addition the general 'balance sheet' of 

applied fertilizers, especially phosphorus, should be monitored in 

view of their widespread use in forestry (Malcolm, 1970). 

For this project to be managed by one person with minimal 

assistance and limited fends, it had to be sited within a reasonable 

distance of Edinburgh, provide a realistic altitudinal range and be 

small enough to allow sufficiently precise and frequent monitoring 

of climate and tree growth. The 2-year period available meant that 

the study had to be confined to seedlings whose endogenous growth 

patterns fixed the timing of measurements. These factors determine 

the size of the experiment in terms of the number of plants that can 

be established and the intensity and frequency of monitoring climatic 

factors and plant growth. 

The main objectives of the project then were:- 

to test the effects of different climates on the growth 

and development of Sitka spruce seedlings, and 

to investigate the influence of phosphorus fertilization 

on the climate-plant relationship 

In addition the study allowed the attainment of the following further 

objectives:- 

o) the monitoring of climatic factors over a bill slope, and 

d) the study of the budget of major applied nutrients in the 

soil-plant system, 
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CHAPTER 2 	LITERATURE REVIEW 

2.1 ENVERQMENTkL FACTORS AND TREE GROWTH 

The occurrence of plant formations on a global scale in 

accordance with gross climatic zonation early attracted attention 

and gave rise to the science of plant geography which has been 

reviewed by Mason and Stout (1954). So close is the dependence of 

tree growth on climate that under certain conditions, growth rings 

could be studied as a record to past climates (Giddings, 1962; 

Fritts, 1966, 1972). On a smaller scale such studies are often 

complicated by soil conditions for the soil represents that part of 

the environment where land plants obtain all nutrients except carbon 

(Epstein, 1972).  Gaertner (1964) concluded from his review of tree-

environment relationships that it was an oversimplification to 

separate the influence of climate and soil as they together form a 

complex. Nevertheless for convenience they are treated separately 

here with a discussion of their interactions. This latter aspect 

is important as it is possible in some conditions to manipulate the 

soil to obtain a climate-soil complex more favourable to growth. 



2.2 CLIM&TIC FACTORS AND TREE GROWTH 

Climate in its broadest sense implies the interplay of sunshine, 

temperature, air movement, rain, snow, atmospheric humidity, mist and 

fog (Watson, 1963). These factors generally become adverse with 

increasing latitudes and altitudes till at the tree line, tree growth 

ceases. Newnham (1968)  studied the relationship of climate and the 

distribution of tree species in British Columbia and found that 

climatic conditions accounted for almost 80 per cent of the variation 

observed. A strong correlation was established between temperature 

and tree growth at the northern tree line but this relationship became 

less pronounced southwards according to Mikola (1962). On a local 

scale, there Is the common observation of diminishing tree growth with 

increasing elevation. Change in elevation is not in itself important 

but the associated climatic changes are of real significance as pointed 

out by Day (1946).  Climates at higher elevations are complex and 

Critchfield (1966)  described them as mosaics of microclimates resulting 

from the pattern of relief and altitude. This is reflected in the use 

of such terms as 'exposure' and 'shelter'. In this review 'exposure' 

is used only in the strict sense defined on page 8. 

Climatic conditions at high elevations and their effect on tree 

growth have been discussed by Tranquilhini (1963a, 1963b, 1964 and 

Gale (1972).  Evans (1974)  reports a pronounced curvilinear 

relationship between the top height of Pinus patula with elevation 

in Swaziland; optimum growth occurring at 1,250 in, declining rapidly 

below 1 9000 in (due to moisture stress) and gradually above 1,400 m 

(due to temperature). A recent study in Finland showed that the 

productivity of natural undisturbed stands decreased by 31 cu. ra/ha/100 in 

rise in elevation (Poso and Kujala, 1973). 
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Poore and McVean (1957) recognised altitudinal zonation as 

one of the prime ecological features in the mountain vegetation 

of Scotland. Negative correlations between total tree growth and 

elevation were found in Scotland for Scots pine (Cook, 1971), 

European larch and Sitka spruce (Studholme, 1968) and Sitka spruce 

(Malcolm, 1970). Mayhead (1973) indicated that this last 

relationship was stronger in the north than the south of Britain. 

Permanent sample plot data in Britain show the reduction of one 

'yield class' for an increase of 35 in in elevation (Bradley- et al, 

1966). 

Elevation thus imposes definite limitations to tree growth. 

The relationship between climatic factors and elevation and their 

influence on growth however, is complex. In Scotland, temperature, 

precipitation and wind are thought to be the main elements of 

climate (Miller, 1973). 

2.2.1 Wind 

Sustained high wind speed is one of the major factors affecting 

hill-land productivity in Scotland (Gloy-ne, 1968a). On Ben Nevis 

(1,343 in) an average of 261 gales ter year with velocities exceeding 

80 kin/hr were recorded during a 13-year period (Pearsall, 1950). 

Wind-blow of trees is a real hazard (Andersen, 1954; Fairbaimn, 

1971; Mackenzie and Martin, 1971). 

At low elevations, Picea engelmannii is a forest tree with 

symmetrical crown onthe Front Range in Colorado but at higher 

elevations, it occurs in isolated clumps but still with 
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symmetrical crown. With further increases in elevation, the clumps 

consist of flagged trees with normal branching only near ground level 

and finally, at an elevation of about 3,540 m they are deformed into 

clumps of dwarf trees. Wardle (1968) concluded that these changes 

were in response to increasing wind severity affected by basipetal 

dessicatioxi and death of needles. Trees at altitudinal and 

latitudinal limits obtain mutual shelter by growing in clumps 

(Griggs, 1936; Nutch, 1958).  Fraser (1970) suggested that on windy 

sites, dominant trees do not achieve any advantage. 

Crown deformation of Craetaegus ssp. was found a sufficiently 

accurate measure for classification of site shelter requirements in 

Wales (Thomas, 1958). Apart from crown deformation and the 

influencing of branching direction (Hoiroyd, 1970), the prevailing 

wind can depress growth rings on the windward side of trees (Griggs, 

1938); Bannan and Bindra, 1970). As a growth parameter, height is 

more responsive to elevation than radial growth (Cook, 1971; Fraser, 

1972; Malcolm and Studholine, 1972). This is probably a reflection 

of increasing wind severity with increasing elevation. Leikola 

(1969) found no relationship between wind speed and diameter growth 

of trees. Wind has been shown experimentally to increase root-

shoot ratio of various plants (Wadsworth, 1959; Whitehead, 1962a, 

1962b). 

The climatic exclusion of tree growth at the tree line is of 

particular interest to this study. Firstly, it is an indication of 

the limits of afforestation and secondly, it is often an expression 

of wind as the prime inhibiting factor in arctic and alpine conditions 

(Dauberimire, 1950). Tree lines on the Northern Rocky Mountains are 

believed to be conditioned by wind (Griggs, 1938). 
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In the Cairngorms the tree line is imposed by wind, at 610 in - 

685 m depending on topographic shelter because temperature conditions 

alone would place the tree line at about 762 in (Pears, 1967). 

Anderson and ?airbairn (1955)  reported instances of tree growth at 

altitudes up to 686 m in Scotland but only in the sheltered east. 

Poore and McVean (1957) estimated the tree line at 690 in - 750 in in 

the east and central Highlands and only about 91 in - 135 in in the 

west. It is possible to establish plantations on large areas of 

the east and central Highlands up to 610 in (Anderson and Edwards, 

1955). Malcolm and Studholme (1972) consider, however, that 

climatic conditions would limit commercial afforestation to 600 m, 

The measurement of wind is difficult as it is characterised by 

direction and gustiness apart from speed. Topography modifies 

wind flow greatly (Caborn, 1965; Geiger, 1966; Witte, 1968;. 

Gloyne, 1968b) and thus enables relative wind conditions within a 

locality to be assessed in terms of geomorphic shelter (Howell and 

Neuntein, 1965). Simple measurements, such as relative elevation 

or 'skyline angle' can give good correlations with tree growth 

(Dixon, 1968; Malcolm and Studholxne, 1972). 

Although wind is an important element of exposure, other climatic 

factors associated with increasing elevations are also involved. 

The term exposure is used here as defined by Lines and Howell (1963) 

i.e. the whole complex of factors which make up the weather including 

the speed, constancy and gustiness of wind and the effects of the 

associated temperature and humidity of wind on tree growth. Exposure 

may be assessed by exposing flags of standard size and material and 

determining the rate of tatter. Lines and Howell (1963) found good 

correlations between rate of tatter and growth of Contorta pine at 

high elevations but correlation with Sitka spruce was not so high. 
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They concluded that if other factors are not limiting, suitable 

species grow adequately, if tatter does not exceed 6.5 sq. cm/day . 

Rutter (1966, 1968) studied the behaviour of tatter flags under 

field and controlled conditions and showed that weight loss was 

the best estimate of wind speeds up to 97 km/hr. Under field 

conditions, rate of tatter was a linear response to windrun except 

when water in the material accelerated tattering. Icing of flags 

also introduces errors (Fraser, 1965). When used carefully, 

however, rate of tatter provides a good approximation of the square 

of mean. wind speed (Rutter, 1966; Jones, 1971). 

2.2.2 Precipitation 

Moisture is a major climatic factor controlling tree growth. 

Its role and importance was enumerated by Kramer (1962) as follows:- 

Water is the principal constituent of protoplasm; 

90 per cent of growing roots and stem tips is water 

and even a tree trunk is more than 50 per cent water. 

Water is the reagent in photosynthesis. 

Salts and gases enter plants in water solution. 

Water is essential for cell turgor, cell enlargement 

and opening of stomata. 

Internal water stress influences shoot growth of trees by its effects 

on cell expansion of preformed shoot primordia and on development of 

new primordia (Kozlowski, 1971).  Growth reduction is effected 

through a series of mechanisms diagrammatically summarised in Fig.2.1 
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(weatherley, 1965). 	In the climatic zonation of Scotland for tree 

growth (Anderson and Fairbairn, 1955)9 Wales (Howe, 1961) and the 

British Isles (Fairbalin, 19 68) rainfall is one of the 2 climatic 

variables used. 

Rainfall is normally the most important component of 

precipitation. Generally, it increases with increasing elevation 

except at very high elevations (CritchIield, 1966). Thus the whole 

of the British Isles lie within the range of increasing rainfall with 

elevation (Pearsall, 1950). In Scotland rainfall is positively 

correlated with altitude (Cook, 1971; Jones, 1971) normally at the 

rate 76 mm/30 m rise in elevation but in some parts of the east the 

increase could be only 25 mm (Gloy -ne, 1968a). Rainfall variations 

with altitude are most marked in winter (Lull and Ellison, 1950). 

In dry soils foliage can absorb dew (Kozlowski, 1961)  and Stone 

(1958) showed that conifer seedlings survived longer with foliar 

application of simulated dew. Generally, dew is unlikely to be 

important unless rainfall is very low (Monteith, 1963). Vogelmanri 

et al (1968) observed that rainfall was increased by 67 per cent by 

fog in an area where fogs occurred frequently at an elevation of about 

1,000 M. Snowfall is believed to be important only at elevations too 

high to be important for tree planting according to MacDonald et al 

(1957). 

Soil moisture tension affects plant growth even before the 

permanent wilting point is reached (Veihmeyer and Hendrickson, 1950) 

as shown by the growth of Scots pine seedlings in Table 2.1 
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Fig. 2.1 Water stress and plant growth (Weatherley, 1965.) 
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Table 2.1 Effect of moisture conditions on growth of 

Pinus y1ve3tr±s seedlings (Sands and Rutter, 1959) 

Maximum water stress (atmospheres) 

	

0.1 	0.5 	1.5 	5.0 

Apical shoot length cm 	17.6 	16.7 	13.6 	13.5 

Leaf extension 	CM 	500 	4,35 	4.40 	3.70 

Dry weight 	g 	32.2 	29.5 	26.2 	22.8 

Fourt (1968) investigated the effects of watering and shelter on the 

growth of potted 1+1 Sitka soruce seedlings and reported reductions 

in both radial and height growths with reduced watering irrespective 

of shelter for the former but there was an interaction between 

watering and shelter for height growth. 

Norway spruce trees growing on dry sites stopped growing one week 

earlier than those on moist sites (?'cxrk, 1960). As with wind, soil 

moisture stress has been reported to increase the root-shoot ratio in 

several tree species (Jarvis and Jarvis, 19 63; Zahner, 1968; Struik 

and gray, 1970). However, the increased efficiency of a bigger root 

system is doubtful due to increased euberization (Slatyer, 1969). 

2.2,3 Temperature 

The various aspects of tree growth as influenced by temperature 

wac reviewed recently by Kozlowski (1971). Temperature influences 

practically every factor that affects growth (Cramer and Kozlowski, 



1960; Treshow, 1970). 	Every plant process has temperature limits, 

above and below which it ceases and an optimum at which reactions 

proceed at a maximum rate. The northern tree line coincides with 

the 10°c isotherm of the warmest month (Mikola, 1962), 

The mean daily maximum temperature was the most significant 

measure of temperature relating to the growth of Betula pubescens 

in the Northern Pennines at an elevation of 579 m according to 

Nillar (1964). During good weather, Scots pine and Norway spruce 

trees responded with reduced growth even to a slight fall in daily 

mean temperature but a relatively small rise in temperature during a 

spell of low temperature and solar radiation, gave a comparatively 

large boost in diameter growth (Odin, 1972). The reduction of timber 

yield from mixed stands of Scots pine, Norway spruce and Birch due to 

increasing latitudes and altitudes was computed at 48 cu. m/ha/1 0C of 

summer mean temperature in Finland (Poso and Kujala, 1973).  Fraser's 

(1970) investigations showed that in young stands of Sitka spruce a 

heit increment of 1.8 mm/day was obtained for every 1 C of daily 

mean air temperature. Though both height and radial growth are 

influenced by temperature, the former is more sensitive to changes 

in temperature (Helimers, 1964). 

Temperature integration expressed as heat sums in day-degrees or 

hour-degrees, is another measure of temperature that is often used. 

Leikola (1969) reported that the diameter growth of Sects pine and 

Worwar spruce trees were dependent on accumulated temperature based 

on daily records. An indirect measure of temperature is the length 

of the growing season based on the number of days when the temperature 

exceeds a certain threshold in spring and autumn. For agricultural 

purposes, a temperature of 5°C - 6°C is adopted (Gloyne, 1968a) but 



for trees 7.2°C was chosen by Anderson and Fairbairn (1955). 

Gloyne (1965) pointed out that little is known about the 

relation between temperature and topography. Temperature 

decreases at the rate of 1 0
C/154 in - 165 in in Scotland (Gloyne, 

1966a). Based on integrated temperature Jones (1971) reported 

that a rise of lOOm in elevation resulted in a decrease of 0.64°C 

fox air and 0.62 °C for soil temperatures. As the length of the 

growing season is temperature dependent it is possible to relate 

it to altitude. In Scotland the rate is about 13 days/100 in 

elevation. The average length of the growing season at Eskdalernuir 

is 205 days with a range of 174 - 266 days (Gloyne, 1966a). King 

(1973) examined this data and showed that the duration of the growing 

season was determined by the date of commencement as its end was 

almost constant. Fowel]s's (1941)  observations on the growth 

pattern of Pinus ponderosa at various elevations, summarised in 

Table 2.2, illustrate this. It can be seen that though growth 

period for both radial and height increment, decreased with increasing 

elevation, cessation of both processes was constant. It was their 

commencement that varied. Height growth ended slightly later in 

agreement with ork's (1960) findings. However, apart from climatic 

factors, there is evidence that commencement of growth varies with age 

and vigour of trees (Kozlowski, 1962). 
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Table 2.2 Radial and height growth pattern of P. ponderosa 

at various elevations (Fowel1, 1941). 

Elevation m 

	

549 	914 
	

1219 	1524 
	

1829 

Height growth 

Start 	days 	88 	92 	105 	116 	128 

Length 	days 	122 	108 	105 	97 	89 

Rapidity days 	24 	22 	25 	21 	26 

Radial growth 

Start 	days 	47 	55 	70 	82 	107 

Length 	days 	241 	148 	185 	117 	143 

Rapidity days 	58 	49 	59 	57 	48 

(Start = no. of days from 1st Jan., rapidity = minimum no. of days 
to complete 50 per cent of growth). 

Apart from elevation, the temperature regime of a site is also 

controlled by its slope and aspect as they affect the interception of 

direct solar radiation per unit area (Geiger, 1966;  Black, 1966) and 

almost half as much extra potential growth may be expected on south 

slopes compared with north slopes of about 220  as shown by studies 

in Wales (Taylor, 1967). On south-facing slopes tree-lines could be 

50 m higher than north-facing ones (Poso and Kujala, 1973)  and in 

Scotland, Cook (1971) reported that stands of Scots pine on south-

facing aspects were more productive. Baldwin (1931)  observed that 

several tree species on north-facing slopes were the latest to start 

growth in spring. 
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Topography also influences movement of air. Cool air flows 

downslope and accumulates at lower levels if drainage is impeded and 

the worst air frosts occur in such confined localities (Day, 1939). 

A number of plant species are known to develop best when 

moderate daytime temperatures are followed by cool nights (Kozlowski, 

1964). This was demonstrated by Helimers (1962)  for seedlings of 

Pinus taeda and Douglas fir. In another series of similar 

experiments with seedlings of Sequoia senlpevirens and Picea engelmannii, 

Helimers (1967)  reported that the former was more sensitive to changes 

of day temperature, unlike the latter which was more sensitive to 

temperatures at night. 

Seasonal temperature variations may be even more important to 

plants than diurnal variation. A prolonged period of low temperature, 

when the plant is dormant, is needed by many species to complete their 

life cycles (Daubenmire, 1950;  Treshow, 1970). Frost hardiness of 

trees show remarkable periodicity; it increases during autumn as 

temperatures drop, reaches a maximum in winter and decreases in the 

spring to a summer minimum (Kozlowski, 1971). Day and Peace (1937) 

demonstrated this with potted seedlings of Sitka spruce. Frosts 

which occur in spring when trees have or are about to flush and those 

in early autumn before the development of winter hardiness, can be 

most damaging. Considerable damage to young plantations of Sitka 

spruce was reported in the Newton Stewart area in the spring of 1973 

(?acNab, 1974) and in Ireland during the autumn of 1972  (Mooney,  1973). 

The development of winter hardiness have been reviewed by Levitt 

(1956) and Alden and Hermann (1971),  It is induced primarily by 

temperature changes but photoperiodic effects are also involved 

according to Kozlowski (1971).  Huystee et al (1967)  reported that 



only slight cold hardiness was achieved with decreasing temperature 

alone and even less with decreasing light only. Phytotron studies 

with Larix decidua showed that the formation of terminal buds under 

short days depended on temperature (Simak, 1970). The role of soil 

moisture and fertilization on the development of frost resistance is 

conflicting (Alden and Hermann, 1971). Dietrichson (1964) observed 

that trees on wet soils harden-off later than on dry soils. 

A recent review showed that not much is known concerning the 

effect of fertilization on the development of winter hardiness 

(Battle, 1973). Some authors believe that certain fertilizers enhance 

frost hardiness though there are reports that these same nutrients can 

increase susceptibility by prolonging the growing season but on 

balance the beneficial effects of potassium is recognised (Kawana et 

al, 19 64; Viro, 1966; Benziaza and Freeman, 1967;  Aidhous, 1966; 

Dickson, 1969;  O'Carrol,  1972; Christersson, 1973). 

Although winter twigs can withstand very low temperatures (Sakai 

and Yoshida, 1967)  rapid temperature fluctuations are damaging (Day, 

1939). Winter twigs of Abies sachalinensis were chilled to -12 °C and 

allowed to thaw slowly (0.6°c - 0.80C/min.) or rapidly (4.40C/mm.). 

Rapid thawing killed the twig. Under field conditions the rate of 

thawing under the influence of the morning sun was about 0.5 °C/mm.. 

and hence no damage was observed (Sakai et al, 1967). Thus, 

fluctuations in weather conditions affect damage by cold injury. 
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2,2.4 Solar radiation 

Light as it affects plant growth has 3 basic properties. These 

are qualitative (wavelength) , quantitative (amount or intensity) and 

duration (daylength or photooeriod). The spectrum utilised by plants 

is between. 390-760  inj. and comprises 41 per cent of the total electro-

magnetic spectrum. Ultraviolet radiation can be intense at high 

elevations (Tranquilhini, 1964a; Gale, 1972),  but is of little 

importance at the elevations found in this country. 

Tree seedlings have different light requirements and hence the 

general classification of species as light demanders and shade tolerant 

species. Such differences in tolerance play an important role in 

respect of natural regeneration (Ostler, 1956). Atzet and Waring 

(1970) reported that no regeneration of Pinus ponderosa was observed 

under light conditions below 36.8 cal/sq. cm/day  though Douglas fir 

regeneration survived under light intensities as low as 2.6 cal/sq. cm/ 

day. Pairbairn and Neustein (1970)  grew seedlings of 6 coniferous 

species (including Sitka spruce) under different light intensities and 

reported that weight of seedlings decreased with increasing shade for 

all species though at different rates. Root-shoot ratio was also 

found to decrease with increasing shade in agreement with the data 

presented by cast (1937),  Jarvis  (1964)  and Phares (1971). 

Photoperiod affects the growth, distribution and survival of 

plants by regulating the annual growth rhythm. The importance of 

temperature in inducing bud formation has been discussed, but photo-

period is also important (Robak, 1957;  Magnesen,  1969,  1971). 	In 

general, plants from low latitudes require short days for normal 

development but those from high latitudes need long days. Thus, there 

is a latitudinal chine in photoperioclic response. In high latitudes, 



short-day plants will have an extended growing season and be vulnerable 

to frost damage. 	Several tree species have wide latitudinal 

distribution and Vaartaja (1959)  established the existence of photo-

periodic ecotypes in such tree species in an extensive study with 38 

species from 82 origins. His data on the performance of northern and 

southern provenances of Sitka spruce grown under 12 to 16-hour day 

lengths Illustrate this. The ratio of the values obtained for high 

latitude:low latitude provenances for 3 growth parameters are shown in 

Table 2.3.  Growth was drastically reduced under short daylengths for 

Table 2.3 Ratio of the performance -of high latitude:low latitude 

aovenances of Sitka spruce growing under 4  daylengths 

(Vaa.rtaja, 1959). 

12-hour 14-hour 16-hour 18-hour 

Height 0.28 0.27 0.91 0.91 

Shoot wt. 0.05 0.09 1.09 0.86 

Root 	wt. 0.22 0.24 1.26 1.08 

the northern provenance. Lines and Mitchell (1965)  observed the 

growth pattern of 12 provenances of Sitka spruce (ranging from 

Alaska to Oregon) seedlings at 3 sites and suggested that growth 

cessation was regulated by photoperiod. Recent studies in growth 

rooms with clonal Sitka spruce showed that photoperiod has an 

overriding effect on growth cessation for northern provenances but 

southern provenances show an interaction with temperature (Golding, 

pers.comm. 1974). 

Photoperiodic control regulating the onset of dormancy has 

disadvantages, when low and high altitude populations, growing within 
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the same latitudes are compared. Early dormancy ensures that high 

altitude populations escape frost damage in autumn but is 

disadvantageous to lowland populations by leaving part of the growing 

season unutilised. If this was overcome by a delay in growth 

cessation, high elevation populations are exposed to frost damage. 

Thus, the importance of temperature as reported by various workers 

can be seen (Alden and Hermann, 1971). Dormiing (1973) observed 

a dine for the onset of dormancy with altitude in populations of 

Norway spruce subjected to the same photoperiod. The night].engths 

which induced dormancy were 7, 6, 5.5 and 5 hours for populations 

growing at 600-850, 1,000, 1 0 200 and 1,400 m respectively. In this 

way maximum growth and the survival of the species is ensured by an 

interaction of photoperiod and temperature to accommodate the wide 

latitudinal and altitudinal distribution of tree species. The 

growth pattern of 162 provenances of Sitka spruce, Picea glauca and 

Picea erigelmannii were so sensitive to these climatic variables that 

Roche (1970) could separate and identify their origins based on their 

dormancy curves. 

2.3 EDAPHIC FACTORS AND PLANT GROWTH 

Plants require ample amounts of at least 16 chemical nutrients for 

good growth. Nutrients form the structural components of plants, the 

nucleic acids directing plant processes, the enzymes regulating 

metabolic processes and the carbohydrates which supply energy. Of 

these, only 2, carbon-dioxide and oxygen, originate from the air. 

The soil provides all others; water, macronutrients (nitrogen, 
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phosphorus, potassium, sulphur, magnesium and calcium - N, F, K, S, 

Mg and Ca) and micronutrients (iron, manganese, boron, zinc, copper, 

molybdenum and chlorine) (Treshow, 1970). Both physical and 

chemical soil conditions affect tree nutrition and this in turn 

influences tree growth. 

2..1 Soil physical factors 

Several workers have shown that productivity of tree stands is 

mainly dependent on the general condition of the rooting medium, such 

as depth of soil or per cent clay content (Ford, 1971). Malcolm and 

Stud.holme (1972) attributed growth reductions of Sitka spruce and 

Furopean larch at high elevations in Scotland as partly due to a 

deterioration of physical soil conditions. Poor rooting of Sitka 

spruce due to waterlogging was shown by Lees (1972). Leyton and 

Rosseau (1958) demonstrated that this was due to poor aeration or 

high oxygen tension. Poor rooting conditions, such as waterlogging, 

induce a higher root-shoot ratio in Sitka spruce trees and this partly 

accounts for a loss of timber yield (Fraser, 1967; Fraser and Gardiner, 

1967). Drainage is an important operation to enhance tree growth in 

Finland (Heikurainen, 1968) and it is standard practice for the 

establishment of forest plantations on peatlands in Britain. 

Soil moisture stress also reduces tree growth as seen in Table 2.1. 

Crompton (1958)  believed that hill soils could be more productive than 

lowlands due to a larger water surplus at high elevations. Soil 

moisture stress was shown by Fraser (1970) to depress radial growth of 

pole stage Sitka spruce trees. 
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2.3.2 Soil chemical factors 

Fertilizer application is of special importance in forestry which 

has often been relegated to soils of low fertility. Its benefit is 

more immediate and of greater magnitude than other silvicultural 

practices. Swan (1965)  illustrated this by growing Pinus banksiana 

seedlings in a forest soil and added various nutrients. The average 

weight of seedlings supplied only with water was just over 0.2 g and 

application of a complete fertilizer increased its weight 72 times. 

It is necessary to review briefly the general principles on plant 

nutrition relevant to this study based mainly on the recent works by 

Epstein (1972)  and Treshow (1970).  Benzian (1965) has published 

results from extensive experiments on the nutrition of tree seedlings, 

especially Sitka spruce. Only nutrients found important in forest 

tree nutrition will be discussed here. 

2.3.2.1 Nitrogen 

N is commonly the fourth most abundant element in plants following 

carbon and the elements of water. Proteins contain about 18 per cent N. 

It is a constituent of amino acids, nucleotides and chioroplasts and is 

required in enzymes and enzyme synthesis. N deficiency inhibits 

chlorophyll formation and hence the symptoms of yellow foliage. The 

resulting reduction in photosynthesis not only causes 11-deficient 

plants to lack amino acids but also the machinery for carbohydrate 

synthesis. Needles of Corsican pine growing on N deficient sand 

dunes are reported to be short and yellow-green (Miller, 1969). 

Benzian (1965)  noted that N deficiency in seedlings of Sitka spruce 

resulted in the whole plant developing a pale colour with the tips of 

the youngest needles turning pink. These symptoms appear early in the 
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season. Transplants also show these symptoms but without the pink 

needle tips. 

N fertilization has been reported to increase amino acid levels 

in nursery and plantation grown Douglas fir foliage (Van den Driessche, 

et al, 1973), chlorophyll content of Norway spruce needles (Viro, 1965), 

needle length and hence leaf area, of Douglas fir (Gessel, 1968) Scots 

(Heikurainen and Pivnen, 1970) and Corsican pines (Miller, 1966) and 

Picea mariana trees (Weetman, 1967). Nalcoim (1972a)reported that 

application of urea on newly planted Sitka spruce caused differences 

in the colour and positioning of the foliage, treated trees were 

bright blue green with stiff ascending twigs compared to the yellow 

green drooping twigs of control plots. 

2.3.2.2 Phosphorus 

In plants, P is a vital structural component of nucleic acids, 

nucleoproteins, phytin, phospholipids, adenosine triphosphate and 

numerous other phosphorylated compounds. P plays a vital role in 

many processes particularly in energy transfer. Its biochemistry 

is complex and has been dealt with by various authors including 

Anion (1953) and Ray (1963). 

P deficiency causes dark green or blue green symptoms on the 

foliage of most plants with red, purple or brown pigments along the 

veins. Norway spruce seedlings respond to P deficiency with short 

and yellow needles. Old needles turn dark green and often develop 

a violet tinge. In Sitka spruce, P deficiency causes a lack of 

lustre in both seedlings and transplants (Benzian, 1965). 



2.5.2.5 Potassium 

Thoui much is known about the distribution of K in plants and 

what happens in its absence, its specific functions are largely 

unknown. Its principal role is regulatory and the most specific 

fupctiori which has been established is in protein metabolism. It 

is also involved in the formation and transportation of starch and 

sugars. Humble and Raschke (1971) demonstrated that IC is involved 

in the opening of stomata in leaves. 

Apart from colour symptoms in the leaves, root tips of K 

deficient birch seedlings, turned black and violet (Ingestad, 1962). 

In Sitka spruce K deficiency results in yellowish-purple colours in 

August but small seedlings develop this symptom even in June. These 

discolorations can cover the entire needle or may be confined to 

needle tips only. Symptoms are worst in young foliage and decrease 

in severity towards the base of the seedling. At this stage K 

deficiency can be distinguished from N deficiency, The purple 

discolorations change into reddish-yellow. Transplants also show 

these symptoms (Benzian, 1965). In addition, K deficient Sitka 

trees often show a loss of apical dominance and the yellowing of 

second year foliage is most marked in winter. (Malcolm,  1972b). 

203.2.4 Calcium, magnesium and other nutrients 

Ca has many roles but most of it occurs as calcium pectate, a 

structural component of the middle lamella of the primary cell wall. 

It is also involved in the amount and development of new growth. 

Mg is an activator of more enzymes than any other element. As a 
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constituent of chlorophyll, its deficiency results in chiorosis 

resulting in diminished photosynthesis. Sitka spruce develops 

a brilliant yellow colour in young needles when Mg is deficient 

(Benzian, 1965). 

Most of the micronutz.ents act as activators or regulators 

of enzymes. Ions of iron, zinc, copper and cobalt are cofactors 

of several enzymes but rarely with a high degree of specificity. 

Iron is a constituent of chlorophyll and its deficiency results 

in chlorosis. Copper deficiency causes needle tip burn in Sitka 

spruce seedlings during hot dry spells (Benzian, 1965). 	in 

greenhouse trials Pinus contorta grown on sand from Culbin developed 

a slight mottling of needles without added boron (Binns and Keay, 

1963). 

2.3.3 Nutrient uptake 

Good plant growth is associated with adequate nutrient uptake 

as determined by its concentration in plant tissues. Several 

workers have established relationships between foliar nutrient 

concentrations with the performance of forest trees and where 

nutrients are suboptinl1y available, foliar analysis has been 

proposed as a means of diagnosing fertilizer needs (Leyton, 1958a; 

Viro, 1961; Parker, 19628.; Binnset a]., 1972). 	Everard (1973) 

studied the growth of young Sitka spruce in relation to foliar 

contents of N, P and K. His observations are shown in Table 2.4. 

Nutrient uptake and its biochemistry has been reviewed recently by 

Hodges (1973). This brief review is restricted to the external 

physical, chemical and biotic factors involved in the mechanism of 

nutrient uptake. 



Table 2.4 Poliar nutrient concentrations and growth of 

Sitka spce (Everard, 1973). 

% nutrient in oven-dried foliage 

N 	 P 	 K 

Pool' growth 	 1,0 	 0.14 	 0.5 

Uncertain 	 1.0-1.5 	 0.14-0.18 	0.5-0.7 

Good growth 	 1.5 	 0.18 	 0.7 

2.3.3.1 'Nutrient availability 

The level of external supply of nutrients is of fundamental 

importance. This relates both to the total nutrient content of 

the soil and to the fraction that is available to plant roots for 

absorption. The various equilibria and conditions that determine 

the release of labile or plant-available P, have been discussed at 

length (Larsen et al, 1965; Cooke and Larsen, 1966; Gunary and 

Sutton, 1967; Devine et al, 1968; Larsen, 1971). 

Taber and McFee (1972)  grew seedlings of Pinus radiata and 

reported that adequate P was absorbed from solutions with 

concentrations as low as 00007. ppm. When the external supply is 

low, absorption is approximately equal to external supply but at 

higher concentrations, each successive increment leads to a 

smaller enhancement in absorption (Russell, 1972). 
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PH is another soil property which determines nutrient 

availability and uptake. pH affects plant performance. 

Lundeherg (1961) demonstrated that P uptake by seedlings of Scots 

pine was dependent on pH. Conifers, including Sitka spruce, grow 

best at a pH of 4.5 - 5.5 (Leyton, 1952;  Benzian,  1965; Aidhous, 

1968). In addition, pH determines the solubility, and hence 

availability, of nutrients. Ammonium sulphate was suggested as a 

good source of N in neutral or near neutral nursery soils (Benzian, 

1966). In acid soils ground mineral phosphate is a suitable source 

of p (Benzian, 1965; Aidhous, 1968).  Granule size of fertilizer 

particles is another important factor (Zehetnayr, 1954; Terman, 

1968; Bengtson, 1973). 

2.3.3.2 	Climate 

Temperature and moisture are especially important in nutrient 

uptake. In pot experiments with cereals, it was found that a 

temperature increase of 5°C,  increased P uptake without applying P 

(Simpson, 1960b, 1965). Van den Driessehe (1969a) studied the 

nutrition of Douglas fir seedlings and found differences between 

those raised in the greenhouse and those raised in the nursery and 

attributed this to differences in climatic conditions. Annual 

variations in climate are especially important in nutrition studies 

of forest crops as Bonneau (1973)  rightly pointed out the need for 

caution in the interpretation of results from fertilizer trials. 
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The climate-nutrient uptake relationship is affected also 

through the influence of climate on root activity. Low temperatures 

(Mason et al, 1970) and water stress (Slatyer, 1969) increase root 

SUb9rization. Irrigation improves P uptake of agricultural crops 

(Simpson, 1960a,  1960b, 1961,  1965) and Benzian (1965)  found that 

Sitka st)ruce did not respond to N fertilization in dry summers. 

Apart from root interception, the movement of nutrients to root 

surfaces is effected by 2 water-dependent processes. The trans-

piration stream causes the flow of water together with dissolved 

nutrients, towards root surfaces by mass movement. Nutrient uptake 

around root zones creates a concentration gradient and causes 

nutrients to diffuse towards root surfaces (Barber, 1966; Rook, 

1973). The ability of roots to absorb nutrients decreases with age 

but there is evidence that this does not occur if roots have not been 

subjected to droughts (Newman and Andrews, 1973). 

2,3,3.3 	Biotic factors 

Cereals are known to absorb nutrients during the first part of 

the growing season and nutrient supply thereafter is not critical 

for maximum growth (Brenchley, 1929; Ishizuka, 1964; Russell, 1972). 

This may be dictated by the growth rhythm of roots • In Europe tree 

roots have 2 growth peaks, a maximum in Nay-June, interrupted in 

August with a rest period and followed by a secondary peak in autumn. 

Conifers, however, show a more uniform growth throughout the season 

(Lyr and Hoffmann, 1967).  Seasonal differences in rooting activity 

was reported for Pinus ponderosa (Stone and Jenkinort, 1970), Pinus mugho 



(Mason et al, 1970)  and Pinus reinosa (Leaf et al, 1971). 	Anison 

(196 5) found that p uptake by seedlings of Picea glauca had 3 peaks. 

According to Kohmann (1972),  K absorption by seedlings of Scots 

pine showed 2 peaks, in July and September, but absorption of P 

showed little variation. 

Nutrient uptake is linked with normal root respiratory metabolism 

and the supply of oxygen is thus vital • In peat culture, inadequate 

aeration, due to waterlogging is probably the commonest single cause 

of root injury resulting in a reduction of their capacity to absorb 

water and minerals (puustjàrvi, 1969).  The quantity and activity of 

roots, by exploiting a bigger soil volume, are also important factors 

influencing water and mineral absorption (Barber, 1966; Lyr and 

Hoffmann, 1967). Russell (1971) stressed the need to select genetically 

desirable root types in breeding for efficient crop production. 

Lwideberg (1961)  reported that root tips of Scots pine seedlings are 

the sites of maximum P absorption. 

Uptake also depends on species. In water culture studies with 

seedlings of Douglas fir and Sitka spruce, Van den Drieseche (1969b) 

reported that Sitka spruce absorbed more P. The optimum P 

concentration for various coniferous species varied from 0.62 ppm to 

62 ppm in greenhouse studies (swan, 1960). Provenances of Pinus 

banksiana were also found to vary in their ability to absorb nutrients 

(Mergen and Vorall, 1965).  Smaller seedlings of Pinus radiata 

absorbed relatively more P than bigger seedlings (Taber and McFee, 

1972) indicating the need to grade seedlings for nutrition studies 

(powells, 1959).  Initial plant nutrient concentration or carry-over 

effects, also influence nutrient uptake (Rorison, 1969;  Goodman,  1969). 
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The importance of root mycorrhizae in the uptake of nutrients, 

especially F, have been widely reported (Melin and Nilsson, 1953; 

i'iorrison, 1957, 1962; Harley, 1968, 1970;  Bjorkman,  1970; 

Baylis, 1972). Haoskaylo (1970)  regarded the introduction of 

rnycorrhizae as a means of biological soil amendment under certain 

conditions. However, wider current nutrition regimes in nurseries, 

it is unlikely that this is an important consideration according to 

Benzian (1966 ). 

2.3.3.4 Nutrient interaction 

For ion absorption, the presence in the solution of another ion 

species of the same charge may slow down its absorption, may 

accelerate it or it may have neither effect (Epstein, 1972). 

Leyton (1958a) and Ingestad (1967)  stressed the importance of 

relative nutrient concentrations for raising seedlings. Ingestad's 

(1970, 1971) recent studies with seedlings of birch defined the 

optimum nutrient requirement. Essentially, the solution should 

contain macronutrients in the same proportion as the optimal nutrient 

content of the species. The relative amounts of ammonium and nitrate 

N supplied, may cause differential uptake and adjustments in pH may 

have to be made by adding calcium or magnesium. Pretreatment of 

Pinus radiata seedlings with N was shown to enhance P uptake (Taber 

and ?Icpee, 1972). Miller and Williams (1969) reported that N 

fertilization of Finns contorta planted on sand dunes, resulted in 

higher foliar levels of P and K. P fertilization was found to 

increase K uptake by Douglas fir seedlings (Van den Driessche, 1969a). 
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On the other band, greenhouse studies with Pinus elliottii showed 

that high levels of N suppressed P uptake (riaftoun and Pritchett, 

1970). 

2.4 FOREST FERTILIZATION 

Afforestation on marginal land is dependent on the extent of 

ameliorative measures that can be undertaken to improve soil 

conditions. Fertilization may be singled out as one of the most 

important. To bring land which had been misused for centuries into 

timber production, to exploit advances in genetics by fast growing 

strains and to grow trees on vast areas of peatlands after drainage, 

necessitate fertilizer inputs (Maki, 1966). Fertilizers are needed 

to enable crop establishment, to enhance wood increment and in the 

long run, to replace nutrients removed from the site by timber 

harvesting. Rennie (1956) computed the extent of the nutrient 

drain from a site by timber harvesting and argued the need to 

recognise this aspect of site management. Drainage and ploughing 

may be viewed as an extension of the same principle as such ground 

preparation improves the physical conditions of the soil and promotes 

rooting to enable trees to tap nutrients from a bigger soil volume. 

Forest fertilization is a recent practice for the theory of 

the self-perpetuating forest noted by Rennie (1956) dominated 

thinking in silviculture for a long time. Even in 1936,  Mitchell 

doubted the feasibility of forest fertilization. The evolution of 
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fOrest fertilization in European silviculture was traced by Tanm 

(1968). Large-scale fertilization is now undertaken in conjunction 

with crop establishment and in established forests mainly in 

Scandinavia (Hagner, 1971)  especially in Sweden (Moller, 1974)  where 

it is expected to increase to 250,000 ha annually (Hagner, 1973)  and 

in Finland where it may reach a million ha annually (Frvasti, et al, 1965; 

Viro, 1970). In New Zealand, Conway (1962)  envisaged that aerial 

top dressing of forest plantations would parallel its use in 

agriculture. 

Forest fertilization research and practice in Britain associated 

mainly with the establishment of Sitka spruce plantations on peatlands, 

have been reported by Leyton (1958,b),  Binns (1966, 1969), Binns and 

Grayson (1967) and Atterson (1969).  In  1971/1972,  the Forestry 

Commission treated more than 23,000 ha of forests (Binns, 1974). 

The increasing fertilizer use in Scotland is indicated by the use of 

aircraft to apply fertilizers (Davies, 1969; Dannatt et al, 1971). 

Nutrition studies are often undertaken with small seedlings 

under controlled conditions. The relevance of such studies for 

forest fertilization 1s often discussed (Tamm, 1964). For certain 

aspects of tree nutrition, such as interelement interaction, green-

house studies have an important role to play (Swan, 1960). 

Experience in New Zealand with Pinus radiata showed that seedlings 

raised in about 10 kg of topsoil for at least 2 years resulted in 

foliar contents and fertilizer responses surprisingly close to those 

under forest conditions (aaupach, 1967). Fertilizer response of 

young stands of Pinmj elliattii were compared with response of potted 

seedlings raised in similar soil. Mead and Pritchett (1967)  found 

the best correlation (r 0.66) was between total weight of seedlings 

and height of trees. Obviously, the limitation to extrapolation must 
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be recognised but such studies can be used to provide a stepping 

stone between laboratory studies and field conditions or in order 

to answer a specific question (Raupach, 1967). Pot trials are 

valuable if the limiting soil factor is nutritional but they can 

be misleading if the limiting factor is soil physical conditions 

(Beadle, 1962). Weight was found to be the best indicator to 

assess fertilizer response (Iustanoja and Leaf, 1965)  but normally 

extension, radial growth or volume increment are often determined 

for large trees. 

Numerous factors including nutrient, form, rates and methods 

or fertilizer techniques, interact with crop and site factors 

following fertilization. The subject is thus complex. 	It is 

proposed to review the literature briefly under nutrition in 

controlled conditions, nursery nutrition, fertilization and crop 

establishment and fertilization of established crops. The review 

concludes with a discussion on the effects and interaction of 

nutritional factors on growth processes with climate. 

2.4.1 Nutrition under controlled conditions 

Such studies are undertaken using water, sand or soil cultures. 

Water culture studies are free from complications due to nutrient 

availability (Stanford, 1959).  It is important that nutrients 

supplied are balanced (Leyton, 1958a;  Ingestad., 1967) in relation 

to optimum nutrient ratios in seedlings and proportion of ammonium 

and nitrate N to maintain the correct solution pH (Ingestad, 1970, 

1971). Layton (1967)  demonstrated that continuous irrigation of 
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Pinus radiata seedlings raised in sand culture with very dilute 

nutrient solutions was equivalent to intermittent applications of 

concentrated nutrient solutions. When P was applied as phosphoric 

acid the optimal pH for Sitka spruce grown in sand culture was 3.7 - 

4.0 but the optimum pH was 4,5 - 6.5 when it was supplied as mono-

basic or dibasic potassium phosphate according to Van den Driessche 

(1969b). 

Bell (1968) reported that seedling density may be more important 

than fertilizer treatments for conifer seedlings. Sweet and Wareing 

(196 observed that smaller seedlings of Pinus radiata, Larix 

leptolepis and Betula pibescens grown in water cultures, always had 

higher growth rates than bigger seedlings of the same species and 

attributed this to the relatively smaller rooting volume available to 

larger seedlings. 

Seedlings of Douglas fir and Sitka spruce respond to increasing 

P supplies with increased total and relative growth rates and growth 

of Sitka spruce is superior to Douglas fir except at low P levels 

(van den Drisssche, 1967, 1969 b). Similar observations were 

reported by Gessel (1968). 

Root-shoot ratio decreases with increasing supplies of N in 

various conifer seedlings (Aldrich-Blake, 1932; Mitchell, 1934; 

Ingestad, 1962; Lister et al, 1968; Maftoun and Pritchett, 1970). 

Ammonium N stimulated greater root growth than nitrate N in Sitka 

spruce (Leyto'n, 1952). Craig and Miller (1967)  reported that 

ammonium N gave better response than, nitrate N for Corsican pine 

seedlings in greenhouse studies. 

Just as low nutrient levels can restrict growth, toxic effects 

develop at high levels and depress growth or even cause mortality. 

Swan (1960) found that high levels of P depressed growth of Pinus 
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banksiana seedlings even though its uptake was increased. High 

levels of N were reported to cause mortality in Pinus elliottlj with 

associated low N uptake (Maftoun and Pritchett, 1970). 

2.4.2 Nursery nutrition 

Adequate and balanced fertilizer application is essential in 

nursery management in view of the large amounts of nutrients removed 

(Table 2.5) and losses by leaching and soil fixation. It can be 

seen from Table 2.5 that the general level and pattern of nutrients 

Table 2.5 Nutrients removed by Sitka spruce at various nurseries 

kg/ha (Benzian, 1966 ; Aidhous, 1972). 

Seedlings N P K 

Tieridland 56 8 42 

Wareham, Dorset 48 8 22 

Kennington, Oxford 76 12 47 

Transplants 

Wareham 69 11 41 

Kennington 110 15 66 

Devilla 116 14 63 

removed are similar though actual amounts vary between nurseries. 

The extensive nutrition studies in nurseries up to 1962, mainly 

with Sitka spruce, have been well documented by Benzian (1965) aM 

forms the basis of nursery fertilizer regimes currently used 



(Aidhous, 1972). 	This review relies ninly on these 2 works. 

Response to N is positively correlated with summer rainfall. 

With a July-August rainfall of 102 mm or less, N fertilization my 

even be harmful. Variations in response during wet summers were 

associated with pH. Under almost neutral conditions, calcium 

nitrate gave the least response, nitrochalk was intermediate and 

ammonium sulphate gave responses of up to 140 per cent. At a pH 

of 3.5 - 4.5, the  3 fertilizers gave almost equally good results. 

Nitrochalk and ammonium sulphate are commonly used now applied 

as topdressings 5-7 weeks after germination with another 2 applications 

at about monthly intervals at the rate of 50-150 kg N/ha. A late 

application in September will usually increase nutrient concentration 

of Sitka spruce though by this time growth has nearly stopped 

(Benzian and Freeman, 1967).  Transplants are given the initial 

application about a month after transplanting. 

N is a problem nutrient as it needs several applications in a 

season. When adequate levels of N is applied as Eng (magnesium 

ammonium phosphate + potassium sulphate) for example, it leads to 

high levels of Mg and p (Atterson, 1969). Benzian et al (1971) 

reported that formalised casein was effective and a single application 

gave good growth of Sitka spruce. 

Superphosphate and ground mineral phosphate (GM?) are used to 

supply P. Responses in acid nurseries are consistently good and 

superphosphate is always more effective than GM?. However, at low 

pH (3.5 - 4.5), GM? can give equally good responses. In practice 

P is normally added in combination with K as potassic superphosphate 

which is a mixture of potassium chloride and superphosphate. It is 

cultivated into the top 10 cm of the soil at the rate of 600-1,000 kg 

of the fertilizer/ha. However, when applied in spring the supply of 
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}, does not last the suimner on light soils low in organic matter 

especially in wet seasons even though P remains at an adequate 

level. 

As the various fertilizers used in nurseries contain Ca, it 

is only prescribed to raise the pH if necessary. Dolimitic 

limestone can be used to provide Mg and raise soil pH. However, 

Enmag, a common nursery fertilizer contains, Mg. Sulphur has been 

used only as an acidifying agent. 

2.4.3 Fertilization and forest establishment 

Waterlogged conditions, poor nutrient status and intense weed 

competition are major constraints to tree growth on peatlands 

(Holmes and Stewart, 1960). N and P reserves in peat are 

organically bound due to a high carbon-nitrogen ratio (Parker, 

1962b) apart from generally low reserves of N, P and K (Parker, 

1962a; Heikurainen, 1967; BØrtnes, 1969b; Huikari, 1973). 

Greater survival and improved early growth of tree seedlings 

following ploughing and ditching is widely attributed to improved 

rooting due to better aeration, release of nutrients due to 

stimulation of microbial activity and a reduction of competing 

vegetation. In addition applications of fertilizers have also 

been found necessary (Heikurainen, 1968) especially with P 

($rtnes, 1969a, 1969b). 

Experiments on peat afforestation in Britain have been documented 

by Zehetmayr (1954, 1960) and Macdonald (1945, 1953); the latter 



based on trials at Lan ?or, a poor peat dominated by Trichophorum 

with some Molinia. By 1925, the importance of P fertilization was 

realised and its use became common by 1928  (Leyton,  1958b). p 

fertilization after ground preparation, is now standard practice 

for the afforestation of peatlands with Sitka spruce in Britain, 

Early trials showed that 56 g G?P/p1ant gave satisfactory 

results depending on the fineness of the fertilizer (Zehetrnayr, 1954). 

Mackenzie (1972) recently reported results of a series of experiments 

with Sitka spruce and Pinus contorta at various sites in Northern 

Britain using various sources, rate and methods of applying rock 

phosphate on ploughed and drained peats. His results (Table 2.6) 

Table 2.6 Moan ht,(crn) of Sitka spruce 3 years after planting. 

Kershop 	Greskine 	Glenorchy 	All 

Methods - Spot 

Broadcast 

Rates - 16.5 kg/ha 

33 

66 

132 

Types - Crude Unground. Ca/sa 

Gafsa 

Kola Peninsula 

Nauru Island 

58 51 38 49 

56 50 35 47 

56 52 34 47 

58 51 37 48 

57 51 38 49 

57 49 38 48 

58 51 38 49 

59 51 39 50 

55 50 32 49 

56 51 37 48 

with Sitka spruce show that spot application is slightly more 

advantageous and crude unground Cafsa is as good as the fine ground 

material. Foliar p level in this investigation shows that there is 

no advantage in increasing the =esent standard rate of 50 kgP/ha in 



agreeiint with Leyton (1958b)  and Binns et al (1972). 

Apart from P, other nutrients have given no worthwhile 

responses in Britain except on the poorest peats where K top-

dressings a few years after planting have =oved essential (Binns, 

1966; Malcolm, 1974). Similar experiences have also been 

reported in Norway (Meshechok, 1963), Finland (Ileikurainen, 1967), 

and Ireland (Dickson, 1972). In Scotland, Binns et al (1972) 

suggested the application of 100 kg/ha of K as optimal. 

Liming has given no useful response (Zehetmayr, 1954, 1960) and 

can cause reductions in growth and foliar N and P of Sitka spruce 

(Dickson, 1972). This is believed to be due to a decrease in G!p 

solubility. In mineral soils, however, liming raises the pH 

slightly and reduces P immobilization by iron and aluminium (Truog, 

1953). 

P fertilization is believed to stimulate N mineralisation 

(Parker, 1962b; Dickson, 1972). 	Kai-la (1958) reported increases 

in both nitrate and ammonium N on drained peat fertilized with super-

phosphate. Thus, generally application of N is worthwhile (Heikurainen, 

1967; Brthes, 1969a) but can even be harmful (Mcconaghy, 1962). 

Growth responses to N are often associated with heather competition 

(Dallas, 1960; Leyton, 1958b). Malcolm (1972) demonstrated that 

if competing vegetation was destroyed, N fertilization of Sitka 

spruce on Calluna/Sphagnum peat gave no worthwhile response. N 

fertilization, however, doubled height and diameter growth of Corsican 

pine planted on sand dunes (Ifiller, 1969). 

Direct planting of Sitka spruce in peat dominated by heather 

often results in cessation of growth and yellowing of foliage (check). 
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There are large areas of checked plantations in Britain in areas 

where current techniques would have ensured success (Binns, 1966). 

Holmes and Cousins (1960) described attempts to stimulate growth. 

This is often achieved by P fertilization with or without K combined 

with heather control. Checked conditions are considered to be due 

to competition with Calluna for water and nutrients (Zehetmay:r, 19 60). 

2.4,4 Fertilization of established and mature crops 

Forest fertilization to enhance wood increment is mainly under-

taken in Sweden and Finland. I'rineral soils in Sweden are deficient 

in N and its application increases tree growth that is more than 

justified economically (Hagner, 1966, 1973). On peats with 

moderate contents of N, potassic superphosphate increases tree 

growth considerably. But on poorer peats and poorly drained mineral 

soils, forest stands respond to either N, P and K or N fertilization 

(Tamm, 1965) due to slow N mineralisation (Huikari, 1973). 	There 

is evidence that increment does not fall with repeated applications 

of N (11I1ler, 1974). 

Experience in Finland shows that forests on mineral soils and 

podsols respond to N (viro, 1965, 1970) and both urea and ammonium 

sulphate are equally effective (Keipi and Kekkonen, 1970). 

In Scandinavia the rate of application is about 150  kg IT/ha 

for economic reasons (Hagner, 1973)  but response continues to 

about 400 kg (r'wller, 1974).  For Douglas fir' in North America, 

Gessel et al (1969)  reported 150-500  kg N/ha as optimal and beyond 
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200-250 kg, rate of gain diminished. Viro (1965) studied the 

budget of applied N to a Norway spruce stand at the rate 82 kg 

N/ha. 9 1  8 and 3 per cent of the fertilizer was utilized by the 

trees in the first, second and third years respectively. Three-

quarters of the increased organic matter produced was estimated to 

be wood. The annual demand for N was distributed in the ratio of 

about 2:1 between new wood and needles. 

Time of fertilizer application can be important. Investigations 

by Viro (1965, 1970)  showed that N fertilization in early summer for 

Scots pine and late summer for Norway spruce gave the best response. 

Paarla, fi (1967) reported that P fertilization of Scots pine can be 

undertaken at any time of the year without any great loss of increment, 

Experience in Scandinavia shows that N fertilization lasts about 

5 years for diameter growth but repeated applications extend the 

response period for another 2-4 years (Hagberg, 1966). However, 

even heavy doses can not be expected to last longer than 12 years 

(Tamm et al, 1960). Most workers report a longer fertilizer effect 

on Scots pine (about 6 years) than on Norway spruce (about 4  years) 

(Tamm, 1965; Viro, 1965; Hagner, 1966; iluikari, 1973; Wilier, 

1974). 

Growth increment following fertilizer application in Sweden 

has been estimated at 25-30 per cent (Hagberg, 1966). Studies in 

Finland showed that generally the 5-year increment following 

fertilization is in the region of 5.3 cu. in/ha for Scots pine and 

7.5 cu. rn/ha for Norway spruce (Keipi and Kekkonen, 1970). 

In Sweden, Hagner (1966, 1973)  reported that the current 

increment is the best indicator of response and age, site class, 
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elevation and latitude did not appear to be important. However, 

according to Viro (1967) 11 fertilization gave strong responses for 

stands growing on soils witn mor humus but on soils with inoder 

humus, worthwhile responses were obtained only with exacting 

species and on mull soils even exacting species did not respond to 

fertilization. Keipi and Kekkonen (1970) found that N fertilization 

of Norway spruce and Scots pine stands near rotation age had a 

statistically significant effect for stands growing on moderately 

productive mineral soils. Douglas fir response to N fertilization 

was dependent on site index, age and stocking according to Gessel 

et al (1969). Fertilization of a 250-year stand of Norway spruce 

in Sweden with N, gave very little response (Tarnm et al, 1960). 

There is now growing concern about the fertilizer needs of 

established crops of Sitka spruce in Britain, (Malcolm, 1974). 

Fertilization to enhance growth associated with poor soils after 

canopy closure was envisaged by Binna and Grayson (1967). Almost 

75 per cent of the plantations of Sit1a spruce established are, 

however, low yielding (10.7 - 14.3 cu. m/ha/yr) and it is not yet 

known whether they will respond to fertilizers and, in fact, few 

have, so far. Trials in Scotland indicate that Scots and Corsican 

pines are likely to respond to N in the pole stage but whether the 

response will justify cost is uncertain. Experiments in Wales with 

Sitka spruce show that stands yielding 11.6-16.0 cu. rn/ha annually, 

respond to P. only. Binns (1969)  emphasised the need for more 

information. P application some 10 years after planting followed 

by N fertilization at about the time of first thinning and thereafter 

at 7-yearly intervals, may be necessary (Binns, 1969;  Davies, 1969). 



2.5 121VIRONTNTAL FACTORS AD GROWTH RESPONSES 

Plant growth results from various interdependent physiological 

processes which are differently influenced by environmental factors. 

Plant dry weiit for example, is basically the result of net 

photosynthesis. Monteith (1971) reviewed the data on temperate 

Table 2.7 Response of certain aspects of plant growth to 

environmental factors. Strength of response is 

indicated by number of circles (Monteith, 1971). 

Water 	CO2 	Growth and 
balance 	balance 	development 

Radiation 	. . . . 	. . . . 	. . 

Temperature . 	 . 

Sat.deficit 	. 

Wind 	. 	 . 	 . 

Co2 

Water balance 	 o 0 	 0 0 0 0 

CO2 balance 

Growth 	00 	 00 

crops and indicated the interrelationship of 3 aspects of growth 

with factors of the environment as shown in Table 2.7 	The upper 

half of the table shows the direct effects and relative strength that 

each microolixnatic factor exerts on evaporation and water balance, 

photosynthesis and carbon dioxide balance and the growth pattern 

and development. The lower hail' of the table demonstrates the 

interaction of physiological processes with microclimate • 	It can 

be seen that temperature exerts the strongest direct effect on 

growth and development. The strong interaction is between water 
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balance and growth. Water balance is, in turn, stroncly dependent 

on saturation deficit. 

As environmental factors influence some growth processes more 

than others, studies of various plant attributes and their relative 

development, provide a useful method for assessing the importance 

of each factor to plant yield. Such studies can be undertaken by 

growth analysis following different treatments to plants. The 

derivation of the various formulae and the computation of the 

related growth parameters have been discussed at length by Evans 

(1972). It is convenient to discuss the various growth 

parameters commonly used by adopting standard notation for 

simplicity: -  

Standing dry wt. of crop per unit ground = W 

Total leaf area index = L 

Rate of dry matter production per unit ground = C = dW 
dt 

Net assimilation rate 	 = E 	
dW 

A = dt IL 

Relative growth rate 	 = R = dWdt / 

Relative leaf growth rate 	 = RL = dL 
 /L 

Leaf area:plant wt.ratio 	 = L/W 

Relative growth rate (Rw)  is a useful parameter and may be 

regarded as the efficiency index when comparing species, cultural 

treatment or relative importance of climatic factors. Based on 

the derivation of its formula, dry matter production is dependent 

on initial weight, relative growth rate and length of the growth 

period. However, the entire plant weight is not directly involved 
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in photosynthesis. Skeletal materials, for example, are not 

active photosynthetically (Watson, 1952). Net assimilation 

rate (EA) relates dry matter production to leaf area. The 

computation of leaf area is often difficult and inaccurate and 

some workers thus use leaf weight instead and }ve obtained 

acceptable results (Williams, 1946 ). Van den Driessche (1967) 

also studied the EA  of Douglas fir and Sitka spruce seedlings 

based on needle weight. E as normally calculated implies a 

linear relationship between L and W over time (Radford 1967). 

However, as pointed out by Frils-Nielsen (19 66) both 

methods assume that all the foliage on the plant receives equal 

illuiriination which is rarely true. Another important growth 

parameter is the relative growth rate of leaf, R. The ratio 

of leaf area to plant weight is also a useful measure indicating 

the relative distribution of dry matter in the plant. The 3 

major growth parameters, relative growth rate (R,), net assimilation 

rate 	and leaf area ratio (Lw) are related as follows:- 

Rw X 

In general net assimilation rate is responsive to weather 

variables and nutrient status influences leaf area index. 

Watson (1947a, 1947b) demonstrated that yield can be greatly 

enhanced if both net assimilation rate and leaf area index can 

be increased to coincide with each other. 
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2.5.1 Temperature 

Temperature influences all major growth processes. Based 

on temperate crop plant responses, Monteith (1971) summarised 

d.iarammatica11y, the effect of temperature on the processes 

Pig.2.2 The response to temperature of the processes 

governing dry matter production. The graphs 

show the type of response, with temperature 

plotted on the X axis and the response of the 

process on the Y axis (Monteith, 1971). 

Gross 	 Respiration 
photosynthesis 

Net 	
L photosynthesis  H H 

H 
Key: 

EA Net assimilation rate 

LW '  Leaf area ratio 

RL Relative leaf growth rate 

RW Relative growth rate 

affecting crop yield (Fig.2.2). 

EA 	
II 

LW 

RW 

H 

It was argued that in the early 

stages, leaf area seriously limited growth due to low temperatures. 

Net assimilation rate was not depressed by low temperatures to the 

same extent. 



46. 

Although conifers have low growth rates, their overall growth 

is high and hence their wide use in afforestation. Satoo (1970) 

noted that the net production of broad-leaved forests is lower 

than that of coniferous plantations. This suggests that conifers 

are capable of photosynthesis in winter. Extensive studies were 

undertaken in Norway by Hageni (1962 ) in young stands of Scots pine 

and Norway spruce and it was found that in a maritime climate, 

considerable dry matter production occurs in winter and loss of 

dry matter in winter can be excluded. Hygen (1965) reported that 

even in continental climates, conifer needles were found to 

transpire several times their initial moisture content over the 

winter. Studies under controlled conditions with Sitka spruce 

shoots showed that photosynthesis took place at temperatures as 

low as -5 0 C to -6 0 
C. The optimum temperature was 18 0  C-20 0C as 

Fig. 2.3 	The influence of leaf temperature on net photosynthesis of 
five provenances of spruce. •, 2 Alaska; o 99 Deniaark; 
R, 38 Qaeen Charlotte Island; o , 51 Vancouver Island; 
A 52 Washington North Coast. Leaf-air vapour pressure 
difference 	5 rn  (-5 to 20 C, 	30 nib (above 20°C); 
ambient CO22concentration 320 -10 ui/i; irradiance (400-700 
nm) 180 W/m (Neilson et al, 1972). 
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shown in Fig.2.3. The stontal resistance increased considerably 

at supra-optimal ttemperatures and below 5 
0
C. The mesophyll 

resistance, on the other hand, increases steeply at about 150C 

(Ludlow and Jarvis, 1971; Neilson et a]., 1972). 	Tranquilhini 

( 1964b) discussed the growth of Pinus cernbra at high elevations and 

reasoned that alpine timber lines result from negative dry weight 

balance in winter. Even short warm spells in winter can cause 

respiration to increase rapidly but photosynthesis was not equally 

responsive to such changes in temperature. Retardation in growth 

and delimitation of the occurrence of Pinus aristata at an elevation 

of about 3,000 m in California is also due to the same reason 

(Schulze et al, 1967) 

2.5.2 Moisture and wind 

The main effect of wind is to reduce the water balance of 

plants even if roots are in optimum conditions for water uptake 

(Whitehead, 1963a, 1963b, 1968). Thus wind can cause reduction in 

growth even if soils are moist (Satoo, 1962). However, Warren 

Wilson and Wadsworth (1958) demonstrated that low wind speeds up 

to 30cm/sec increased growth of Brassica rpus and this was believed 

to be due to enhanced carbon dioxide uptake. One of the common 

effects of wind is the reduction in leaf area (Wadsworth, 1959; 

Whitehead, 1962a, 1962b). Whitehead (1962a) reported that growth 

retardation resulted from reduced leaf area and not due to decreased 

rate of photosynthesis per unit of leaf area. Reduction in photo-

synthesis due to wind treatment in grasses may also be caused by 

mechanical damage of leaf surface due to mutual rubbing between 
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leaves under windy conditions (Grace and Thompson, 197). 

2rarcjui11ini (1964a)  believed that the harmfiLl effects of 

wind at high elevations has been exaggerated as both trans-

piration and photosynthesis are affected only at low speeds 

above which they attained a constant. 

Unfavourable moisture conditions have been widely reported 

to reduce photosynthesis by increasing stomatal resistance 

(Stalfelt, 1955;  Rutter and Sands, 1958;  Brix,  1962; Pry 

and Walker, 1964; Slatyer, 1969).  Studies under controlled 

conditions with Sit1. spruce showed that the diffusive resistance 

of stomata increased at leaf-air vapour pressure differences above 

11 mb (Ludlow and Jarvis, 1971). There is now considerable 

doubt about this result and it appears to be linear over a wide 

range of leaf-air deficits as shown by recent work with seedlings 

of Sitka spruce under controlled conditions (Grace et al, 1974). 

High relative air humidity tends to counteract low soil moisture 

but low air humidity exaggerates low soil moisture (Tranquillini, 

1963b). 

2.5.3 Interaction of climatic and nutritional factors 

Not much is knoim about the independent effects of nutritional 

factors on specific growth parameters especially in forest tree 

nutrition. Although nutrient supply may affect photosynthetic 

efficiency it has a far greater effect on total photosynthesis of 

plants through its effects on leaf area (Watson, 1963b). Additional 

N had no effect on net assimilation rate (EA)  of container grown 

potatoes and P and K caused small increases in 	during the early 
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and later part of the season respectively. But all 3 nutrients 

Greatly increased leaf area (Watson and Wilson, 1956). 

There is considerable experimental evidence on the beneficial 

effects of P fertilization under low temperature conditions for 

agricultural crops (Rob inson.etal,1959;case et al, 1964; rKnoll et 

al, 1964; Ivanova, 1965; Nielsen and Humphries, 1966;  Sutton, 

1969). Power et al (1964)  reported that as P supply was increased 

growth of barley not only increased but the soil temperature range 

over which dry weights approached those at optimum temperature, was 

also increased. Biglov (1964) found that P uptake and trarLalocation 

did not stop during the process of hardening at low temperature and 

suggested that it was associated with maintaining the level of high-

energy compounds involved in the process of hardening. 

P fertilization has been reported to improve the water economy 

of plants and help to minimize the harmful effects of water stress 

(Reinken, 1963;  Atkinson,  1973;  Atkinson and Davison, 1973). 

Sands and Rutter (1958) demonstrated that N fertilization of Scots 
),134 

pine seedlings alleviated I-ew soil moisture stress. This effect 

was found to be highly significant. One of the most interesting 

series of experiments on the interaction of rainfall and N 

fertilization was reported by Benzian (1965)  for nursery grown Sitka 

spruce. With low summer rainfall N fertilization gave no response 

and may even be harmful. Good responses were obtained during wet 

summers. Fertilizer application on droughty sites is beneficial 

to a point but heavy applications with soluble nutrients may be 

harmful as the salt concentration increases with water depletion 

(Schomaker, 1969).  Glatzel  (1973)  reported that fertilization 

reduced water use by potted Norway spruce seedlings at the beginning 

of the season. 
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Apart from the nitrogen-moisture interaction, solar radiation 

is another important factor controlling response to N fertilization. 

Scots pine did not respond to N fertilizers under poor light (Cast, 

1937). Phares (1971) reported that seedlings of Quercus rubra did 

not respond to N fertilization under intense shade. 

Fertilizer-climate interaction is of considerable interest to 

foresters as a means of establishing plantations on difficult sites 

often under adverse climatic conditions • It is believed that well 

nourished seedlings are better able to withstand severe climates 

(Neustein, 1966; Fraser et al, 1967). To investigate this inter-

action, the Forestry Commission established several trials in 

Britain at high elevations recently- as trials established before 

1950, were considered unsuitable for assessment due to lack of 

adequate ground preparation and fertilization (Neustein, 1965). 

In fact these earlier trials had to be treated with N, P and K 

fertilizers to induce trees to grow (Neustein, 1969). promising 

initial results with Sitka spruce at high elevations were obtained 

by provision of shelter, pre-potting and fertilizer application 

(,erard, 1969). N in particular markedly improved needle 

retention (Neustein and Everard, 1970). However, these studies 

indicate the altitudinal limit for initial establishment and it is 

not until the trees get taller that the full effect of exposure will 

make itself felt (Neustein, 1965). 
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CHAPTER 3 

METHODS AND MATERIALS 

3.1 INTRODUCTION 

The study undertaken was basically a field experiment on the 

interaction of plant growth with climate. Variations in climate 

were obtained by growing plants at different elevations along a 

hill slope. Superimposed on this, the effect of phosphorus 

fertilization was investigated. Seedlings grown in known soil 

conditions, adequately and inadequately supplied with phosphorus, 

were located at 5 different elevations or stations. At each 

station, climate, plant growth and the nutrient balance in the 

system were monitored. Details of the measurements made are 

summarised in Table 3.1. The interaction between fertilization 

and elevation on grass production had often been studied (Batey, 

1957; Alcock et al, 1968; Jones, 1971).  The general experimental 

approach of the current study is similar to the investigations 

reported by Grant (1968)  and Hunter and Grant (1971)  who studied 

grass production by placing container-grown plants at intervals of 

75 in along a hill slope. 

The study area was chosen in early 1972 and site preparation 

started in March. 111 seedlings were planted and ready for 

measurement on the 1st May, 1972.  With the exception of 

solarimeters, climatic instruments were installed by the middle of 

May 1972.  Solarimeters were installed 3 weeks later. The 

experiment was concluded with the final harvest on 5th November, 1973. 

(ii)
'03 N' 



Table 3.1 
	

Summary of measurements 

Measurement 
	

Frequency 	 Details 

Temp, 	 Grant Miniature Temp. 
Containers at 5,10 & 20 cm 	 Recorder Model D with 
Soil at 5,10 & 20 cm 	 hourly 	interchangeable thermistor 
Air & wet bulb temp. in 	 probes 
radiation shields 0.9 in 	 Measurements in duplicate 

Wind 0.9 in above ground 	 12.7cm cup counter 
anemometer 

periodic 

weekly 

Rainfall 

Total solar radiation 

Exposure 

Flushing 

Height growth 

Dry weight 

Root collar diameter 

Plant nutrient content/ 
uptake 

Nutrients leached from 
containers 

Residual nutrients in 
compost and nutrient 
content of peat 

Each plant component as 
for dry wt. determination 
analysed for N, P.& K. 

Leachate vol. and N, P & K 
concentrations determined 

Peat used in making 
compost & compost from 
last harvest analysed 
for N, P & K. 

	

weekly 	Standard 12 • 7cm rain gauge 

Tube solarimeter & 
coulometer 

	

4-weekly 	Tatter flag 0.9 m above 
ground 

Stages of bud development 
recorded at commencement 
of growth 

weekly 
All seedlings measured 
during growing season 

Destructive sampling. 
Plants divided into current 
shoots, previous years' 

	

periodic 	foliage, stems and roots 
for dry wt. determinations. 

Plants for destructive 
sampling measured 
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3,2 SITE 

3.2.1 Location of Site 

It was initially planned to carry out the experiment in different 

climatic regions in Scotland. However, as the project took shape, it 

was found necessary to confine the exeriment to one site to keep it 

to a manageable level. The site chosen was at Rivox which forms part 

of Greskine Forest belonging to the Forestry Commission. It is 

located at Grid reference NT.015060, latitude  55°20'N  and longitude 

30034'W in north Dumfriesshire, Scotland. It is at a reasonable 

distance (100 kin) from Edinburgh and access within the site is quite 

good (Fig-3-1).  An important advantage is that, it is remote from 

main roads. Interference from passers-by and hikers is thus minimal. 

In addition, the Institute of Tree Biology has a field station close by. 

3.2.2 Site description 

Greskine Forest is situated in the Southern Uplands north of the 

Scottish-English border. The area is characterised by broad, flat-

topped fells and smoothly convex hills with long and narrow valleys 

(Tivy, 1965). The study area lies within the Lowther Hills complex 

of the Southern Uplands. Silurian rocks occupy extensive areas here 

and consist of dark shales, mudstones, conglomerates, flags and grits 

(Fitzpatrick, 1964).  The geography of the area has been briefly 

described by McIver (1945).  Physically, Dumfriesshire is dissected 

into 3 valleys, parallel to each other and drained by the Rivers Nith, 

Annan and Esk flowing southwards into the Solway Firth. 
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The general summit level of the hills around Greskine Forest is 

between 490  m to 610 in and the highest point, Queensberry (696 in) is 

about 5 Ion south of Rivox Fell (486 in). Greskine Forest lies on the 

western bank of the Evan Water, a tributary of the River Annan. 

From the bank of the Evan Water the land slopes moderately with a 

north-easterly aspect. 

The nearest meteorological station is at Eskdaleciuir some 16 km 

south-east of Rivox. Long-term average weather conditions recorded 

there are tabulated in Table 3.2. The overall mean temperature is 

7.20C. The average dates of first and last air frosts in the area 

are 15th September and 15th Nay, respectively (Green, 1964). The 

length of the growing season at Eskdalemuir averages 205 days (Gloyne, 

1968a). The heavy annual rainfall of 1582 mm is due to the high 

ground of the Southern Uplands lying in the path of the prevailing 

south-westerly winds from the Atlantic. October, November, December 

and January are relatively wet with over 40 per cent of the annual 

rainfall • March, April, May and June are relatively dry with only 

25 per cent of the annual rainfall. 

3.2.3 Establishment of stations 

The 5 stations of the experiment were sited along a 2 km transect 

in a south westerly direction from Cloffin Burn to Rivox Fell-

(Fig-3,l) at 229 in, 305 m, 381 in, 435  in and 460 in a.s.l. 	They were 

designated Station (St.) 1 9  St.2 1  St-3, St-4 and St-5 respectively. 

Such features as sheepfolds, cairns etc. marked on the rrs.p were used 

to locate the stations at their corresponding elevations. The 

profile of the area along the transect passing through all the 
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Table 3.2 Average meteorological conditions recorded at 

Eskdalenruir (242 in) 

Air temp. °C 
Month 

Max. 	Mm. 	Mean 

JAN. 3.8 -0.9 1.4 

FEB. 4.7 -0.8 1.9 

W. 7.4 0.2 3.8 

APR. 10.4 1.7 6.1 

MAY 14.2 4.2 9.2 

JUNE 16.7 7.2 11.9 

JULY 17.8 9.2 13.5 

AUG. 17.4 8.9 13.2 

SEPT. 14.7 7.2 11.1 

OCT. 11.2 4.6 7.9 

NOV. 7.6 2.2 4.8 

DEC. 5.1 0.8 2.9 

Earth Rainfall Solar Bright 
temp. radiation sunshine 
o 

C mm Daily daily 
0 cm mean mean hrs. 

watts /rn 2  

3.6 192  3.39 1.41 

3.2 117 7.46 2.32 

4.3 101 11.26 3.05 

6.7 96 18.80 4.34 

9.7 96 25.22 5.61 

12.5 101 27.09 5.63 

14.2 127 23.22 4.51 

14.4 140 19.35 4.17 

12.8 135 14.03 3.34 

10.1 166 8.22 2.52 

7.0 152 4.01 1.66 

4.9 159 2.35 1.15 

MEAN 	10.9 	3.7 	7.2 
	

8.6 	- 	13.70 	3.31 

TOTAL 	- 	- 	- 	- 	1582 	- 	- 

7 
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stations is shown in Fig-3.2. The elevational differences between 

stations were not uniform; 76 in between St.l and St.2 and S 40- .2 and 

St-3, 54 in between St-3  and St.4 and 45 in between St-4  and  St-5- 

It was believed that severity of climate increased at an accelerated 

rate with increasing elevation and hence the reduced elevational 

intervals with increasing elevation. As can be seen from Pig.3.1 

all the stations have a uniform north-.east aspect. 

St.l was sited on a gentle slope of the profile (Fig-3.2)  as 

it slopes down gently to Cloffin Burn. St.2 was on a moderate 

slope and as the gradient eases a little from St.2 towards St., it 

was rather exposed. St-3  and  St-4 were moderately sheltered. 

St-5 was sited about 6 in below the highly exposed crest of Rivox Fell. 

St-3t St-4 and St.5 were located within young stands of Sitka 

spruce planted in 1967. The trees were about lj in high but growth 

around St-5 was poor. The area had been ploughed for planting. 

At each station a 20 in square plot was marked and fenced to a 

height of 2 in as protection against rabbits, hares, sheep, cattle 

and deer. At st.3 9  St-4  and  St-5  all the trees within the stations 

were removed. In addition, the surrounding trees outside the fence 

were also removed if they were considered to shelter the plants used 

in the experiment. 



3.3 PLANTING TLTIRIALS 

3.3.1 Plants 

The test plants used were 1-year old seedlings of Sitka spruce 

(Picea sitchensis Bong., Carr.). The species was chosen in view of 

its wide use in afforestation and its growth response to elevation 

and phosphorus fertilization. 

The seedlings were obtained from the Forestry Commission Northern 

Research Station nursery at Bush near Edinburgh. They were of Queen 

Charlotte Island origin raised from seeds collected from Scottish plus 

trees (s.s. 69 (41)  501). Seeds were sown on 14th April, 1971  on free-

draining sandy beds to which 1,255 kg/ha of Eimag had been applied. 

At the end of July, 19719 ammonium sulphate at the rate of 251 kg/ha 

was applied. Soil samples gave an average pH of 4.3 (Cad 2 ). 

During the autumn of 1971,  frost damaged some of the seedlings. 

From the point of this experiment, the effect of the frost was 

beneficial as it probably largely removed traces of any Washington 

strain that might be present in the population. Otherwise, the 

seedlings were normal with a healthy green colour. The seedlings 

before being lifted are shown in Plate 3.1. 

The seedlings were lifted on 18th April, 1972,  a day before 

planting started at Rivox. At this time the terminal buds of some 

of the seedlings were beginning to swell corresponding to stage 2 of 

flushing as described under 3.5.1. The seedlings were lifted using 

a fork and quickly taken into shelter and the soil gently shaken off. 

Frost damaged or otherwise unhealthy or abnormal seedlings were 

discarded. Seedlings which were too big or too small were also 

rejected. Similarly, seedlings with broken roots were discarded as 

such damage can affect phosphorus uptake (Andrews and Newman, 1970). 
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Plate 3.1 Seedlings in nursery bed just before being lifted for USQ. 



Plate 3.2 A sample of the seedlings used. 
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Plate 3.3 Method of fixing drainage tubes and linking buckets in a row. The 3 apertures 
for inserting thermistor probes are shown in the bucket on the right. In the centre is 
the nylon disc used to seperate the layer of stones from the compost. 
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Seedlings were packed into 5 plastic bags each containing sufficient 

for one station. Planting comnienced at Rivox on 19th April, 1972 

and the rest of the seedlings were sheughed into a moist sheltered 

spot and used as required. 

A sample of 50 seedlings were measured. The mean height was 

6.92 cm with a standard deviation of - +  1.10. A sample of these 

seedlings is shown in Plate 3.2. 

3.3.2 Containers 

As plants had to be grown in known soil conditions they had to be 

container-grown. Much consideration was given to the choice of 

containers. Duration of the experiment, number of seedlings per 

container and costs were factors that had to be considered. The 

experiment was like raising 1 + 2 transplants. Height was expected to 

be about 30 cm. As seedlings are sensitive to planting density (Bell, 

1968) adequate spacing was essential. The growing space recommended 

for raising such plants is 100-125 sq.cm  per plant (Forestry Commission, 

1956; Aidhous, 1972). Phosphorus fertilization had been found not to 

affect stocking of Sitka spruce seedlings (Benzian, 1965) and thus the 

same growing space could be given  to both treatments in the experiment. 

Singlet plant containers were preferred at first but it was found that 

normal horticultural plant pots, lacked sufficient depth. A depth of 

about 20 cm was needed to maintain a desirable and realistic water regime 

in the compost. The most suitable mono-plant container found was large 

diameter rigid plastic piping cut up into desired lengths but proved 

prohibitively expensive. 



It soon became apparent too that the use of mono-plant containers 

would drastically restrict the total number of plants that could be 

established and managed. Damage by frost and other pests could not 

be ruled out entirely. It was decided to use multi-plant containers; 

thus, increasing the number of seedlings in the experiment and thereby 

allowing some flexibility and insurance against damage that may occur 

in a field experiment of this type. 

Domestic plastic buckets with detachable handles were finally 

chosen as they were of suitable dimensions and available at reasonable 

cost. The bucket was 25 cm high with an 8-litre capacity when 

filled to within 3 cm. from the top surface. The top diameter of 

24 cw tapered to 19 cm. at the bottom. With the bucket surface 

area of 453 sq.cm., it was decided to use 5 seedlings per container 

giving each plant a surface area of 90 sq.czn and a rooting volume 

of 1.6 litres. This surface area is slightly lower than the 

recommendation mentioned earlier. 

Drainage was provided through a single aperture made at the 

bottom of the bucket and inserting into it a plastic tubing-connector 

so that drainage was possible only through this outlet. The 

connector had an internal diameter of 6 mm and protruded out (3.5 cm) 

of the bottom surface (Plate 3.3). With this arrangement ].eachate 

from the bucket could be collected by attaching tubing to the 

protruding end of the plastic connector. 
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.3.5 	Com 

Two important factors conditioned the choice of medium for 

growing seedlings. Firstly, the medium must be poor in or devoid 

of phosphorus to enable its use in the control. This was 

particularly important because the seedlings obtained from the 

nursery contained optimal levels of phosphorus. A medium devoid 

of phosphorus would minimize the carry-over effect emphasised by 

Rorison (1969). Secondly, the medium should have a high water 

capacity without developing water-logged conditions. This was an 

m-oortant consideration as under field conditions the most serious 

limitations to root development and function arise from inadequate 

water supply in periods of drought and from anaerobic conditions due 

to water-logging (ussell, 1972). Lees (1972) demonstrated that 

seedlings of Sitka spruce was sensitive to soil aeration. The first 

consideration ruled out the use of a John Innes compost because loam 

low enough in phosphorus content could not be found. Horticultural 

peat was finally chosen as a growth medium. It was low in phosphorus 

content, had a high water capacity, easily handled and light. The 

last property was also an important advantage as the compost had to be 

transported from Edinburgh to Rivox and distributed to the various 

stations. Thus the compost used was loamless and contained a 100 per 

cent peat similar to U.C. Mix E (?.latkln and Chandler, 1957). The 

physical and chemical properties of the peat used is shown in Table 33. 

These nutrient levels are similar to those reported by Robertson (1963) 

and Gallagher (1972). Peat as a growth medium has various desirable 

physical and chemical properties as shown by several workers 

(Puustjarvi, 1963; Boggle, 1970; Gallagher, .1972; Roll-Hansen, 

1972; Wille, 1972). It can absorb high levels of added 
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Table 3.3 Physical and chemical properties of peat used in 

preparation of compost 

PH 	 mg/g 
Water 

Cad 2 	H 2  0 	capacity % 	N 	P 	K 

3.2 	4.1 	70 	10.17 	0.26 	0.12 

nutrients in a form available to plants. Available water is held 

to a pP value of 4.2 or about 15 atmospheres. With an air capacity 

greater than its water capacity, peat retains abundant water in 

available form with no risk of developing anaerobic conditions if 

drainage is adequate. The water capacity of the peat used is 

comparable to Boggie's (1970) results. Assuming a peat density of 

1.5 (Puustjarvi, 1971) the pore volume was computed at 93 per cent 

resulting in an air capacity of about 23 per cent. The physical 

characteristics of the peat used are similar to those reported by 

Puustjarvj (1969), Boodt and Verdonek (1971) and Kaukovirta (1971) 

for equivalent densities. 

It can also be seen from Table 3,3 that the peat used was poor 

in phosphorus and amounted to about 260 mg per bucket. However, this 

is unavailable (Diest, 1968) or mainly unavailable (Neshechok, 1963) 

to plants. The pH however had to be raised to about 4.5 (Cad 2 ) to 

be in the optimal range for Sitka spruce (Benzian, 1965). 

Peat was riddled through a 12.7 mm sieve, moistened with water 

and left to equilibrate. The moist peat was subsequently mixed with 

fertilizers in a mechanically driven concrete mixer. 



Fertilizers 

Two types of conpost were prepared. The control was supplied 

with all nutrients and trace elements except phosphorus (-P) and the 

other was similar in all respects except it had added phosphorus (i-P). 

As far as possible slow release fertilizers were used as this would 

reduce the need for repeated application. The rates and forms of 

I'ertiljzers used are detailed in Table 3.4. 

Table 3.4 Rates and forms of fertilizers 

ITutrient 	Form Amount, added 
Thxtrient - Remarks ----.-- 

Big/ ppm g/m' kg/ha 
bucket 

11.0 963 1O 21.3 213 5050 mixtux 
of 2.5 and 5 
mis particles 

13.5 1523 1-50 33.6 336 passed 
through 0.5 
mm sieve 

42.7 1017 W 22.5 225 passed 
,'0i7 through 1 mm 

sieve 

234 9372 191 207 1068 passed 
93i through 1 mm 

10.9 4405 550 97 972 sieve 

2.5 83 10 
93 

4.4 147 18 
Find 

11.0 366 46 	 powder 34.6 
0.22 7 

7 
0.44 15 

/ .5-  
41.4 147 18 

isV 7 

N 
	

Formalised 
casein 

G .M.P. 

K 
	

K2 SO4 

Ca 	Magnesian 
limestone 

Mg 

B 

Ma 
it 253 A 

Fe 

Mb 

Cu 

Zrt 
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At the end of 1971  a simple short term glass house experiment 

was carried out to determine the response of Sitka spruce to different 

forms and levels of phosphorus. Phosphorus was supplied in an 

entirely soluble form (sodium orthophosphate), partly soluble 

(calcium monophosphate) and mainly insoluble (ground mineral 

phosphate or G1IP). Six levels up to 260 ppm of phosphorus were 

applied. Height growth after about 3 months showed that seedlings 

supplied with Gil? grew as well as other seedlings. 	The height 

response curve flattened off at about 130 ppm. 	Eased on this, 

GNP was considered a suitable source of phosphorus at about 150 ppm. 

GMP is slow release in action and also widely used for establishment 

of Sitka spruce. A dummy compost prepared for trial had a pH in 

water of just under 5 and thus within the pH range of 45 - 5.5 

recommended for the use of GM P. (Aidhous 19 68). 

Formalised casein was used as a source of nitrogen. It is a 

waste product from plastic manufacture containing U per cent nitrogen. 

Benzian et al (1971) found it a good source of slow release nitrogen 

and its effect on Sitka spruce seedlings was equivalent to 4 top-

dressings of nitro-chalk. Nitrogen was supplied in the compost at 

the rate of 21.5 g /sq. m as this was the optimal level found for 

Sitka spruce (Benziaai, pers. comm. 1972). It was expected that a 

single application of nitrogen would be sufficient for the duration 

of this study. Benzian (1965) reported that formalised casein 

contained about 2 per cent phosphorus which appeared to be available. 

However, analysis of the formalised casein used in this study showed 

a phosphorus content of only 0.2 per cent. Thus the amount of 

phosphorus supplied from this source was about 20 mg/bucket. 
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Benzian (1965) obtained the best response to potassium 

fertilization with 3itka spruce at Wareham nursery between the rates 

of application of 12 - 24 g/sq. m. The compost prepared for this 

study contained 22.5 /sq.m. This level had also been used in the 

Departmental glasshouse to raise Sitka spruce seedlings satisfactorily. 

The compost also contained 445 g magnesian limestone powder per 

100 litres. This amount had been round to give the correct pH level 

for raising Sitka spruce. Though the initial pH in CaC12  was 4, 

this value was expected to rise but still remain within a pH of 4-5 

found optimal for Sitka spruce. 

With a peat compost the addition of micronutrients is essential 

(Lucas, 1963; Burt, 1971; Wile, 1972). 37 g of Frit 253 A in 100 

litres of peat have been found satisfactory for raising Sitka spruce 

seedlings in the Departmental glasshouse. Prit 253 A is a mixture of 

boron, manganese, iron, molybdenum, copper and zinc in carrier ground 

glass. The importance of copper for raising Sitka spruce was 

demonstrated by Benzian and Warren (1956). 
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3.4 ESTABLISFNT 

.4.l 	L-ayout  

The problems of establishing and managing a field experiment of 

this nature necessitated a compromise with the needs of replication. 

It was decided to use 21 buckets per station per treatment involving 

altogether 210 buckets with 1,050 seedlings, This was considered to 

contain a reasonable amount of plants for periodic destructive sampling 

and at the same time remain nBnageable. The 21 sets of buckets would 

allow 5 single-bucket harvests in the first year, one in winter and 

about 5 double-bucket harvests during the second year. The reining 

buckets could act as spares and at the same time allow a certain amount 

of flexibility as to the number of harvests and or number of buckets per 

harvest. 

The 21 buckets were arranged in 3 rows of 7 buckets. Thus, at each 

station there were 6 rows of 7 buckets; the first 3 rows for the control 

(-p) and the other 3 rows for the phosphorus treatment (+P). The layout 

of the experiment is illustrated in Fig-3-3 and Plate 3,4. 

3.4.2 Installation of containers 

At St-3, St-4 and St-5, buckets were located in rows along ridges 

of plough lines at right angles to the contour. Trenches had to be 

dug for the other 2 stations. Buckets were carefully sunk in the soil 

and connected by plastic tubing to 25-litre collecting bins as shown in 

Plate 3.3. Each row of 7 buckets therefore acted as a simple lysimeter. 

When packing soil around buckets care was taken to prevent stones to be 

in direct contact with the buckets as stoniness could affect temperature 



ri-i 
3 It 

FIG. 3.3 SCHEMATIC LAYOUT OF EXPERIMENT 
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Plate 3.4 Part view of St. 5 showing layout of buckets. 



Plate 3.5 Spacing of seedlings in bucket. Compost was 

capped with quartz grit. 
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regimes (Troedsson, 1956). The bucket surface was about 2 cm above 

ground level. Finally, drainage was tested by pouring some water 

into the toDmost bucket of each row. 

..4.3. 	Planting 

By 17th April, 1972, all the buckets and drainage tubes were 

installed. Planting started 2 days later and was completed within 

a week. 

A handfulj of previously washed stones between 1 cm - 3 cm in 

diameter, was placed at the bottom of each bucket and a disc of nylon 

mesh, 20 cm in diameter and 1 mm mesh, was placed over the layer of 

stones. This arrangement was to ensure efficient drainage and prevent 

particles of peat flowing into and blocking the drainage system. The 

buckets were then filled with compost. Earlier trials had shown that 

when filled with compost and firmed to within about 2 cm to the top of 

the bucket, a volume of 8 litres was obtained. This required 9 litres 

of loose compost. 

Seedlings were soaked in water, placed away from direct sun and 

handfulls taken at a time for planting. 5 seedlings were planted in 

each bucket as shown in Plate 3.5. During planting, seedlings showing 

any signs of ill-health or frost damage were rejected. Abnormal 

seedlings in size or form were also discarded. After planting the 

bucket surface was capped with about 0.5 litre of washed quartz grit 

to prevent rapid dessication or the peat from being blown away. 

After planting the seedlings were thoroughly watered, 



.5 OBSiFVATIONS ATTh r•t1AST]RatENTS 	OF PLATITS 

5.5.1 Flushing 

Stages of terminal bud development before commencement of height 

growth were recorded for all seedlings weekly or twice weekly. 

Flushing was recorded as stages of bud development recognised. for 

Sitka spruce by Lines and Mitchell (1965) as follows:- 

Stage 1. Winter state 

Stage 2. Buds swollen but not yet burst 

Stage 3 • Buds burst and showing individual needles 

Stage 4. Buds fully flushed 

Flushing dates for the first year however, may not reflect site 

conditions as Sitka spruce seedlings are affected by transplanting 

in late winter or early spring before flushing (Aidhous, 1962). 

3.5.2 Height growth 

All seedlings were measured weekly during the growing season and 

twice weekly at the commencement and cessation of growth. The rim of 

the bucket was marked to indicate seedling number and measurements were 

made in a standard order so that the performance of individual seedlings 

could be traced from week to week. 

During the first season height measurements were made from the 

surface of the bucket to the highest point of the seedling. 

Measurements were found to be accurate to ± 2 mm. During the second 

year, the method of measurement was changed. A rigid aluminium strip 

was placed across the bucket surface and measurements made from this 

level. 
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3.5.3 Destructive sampling 

Seedlings were harvested at about monthly intervals during the 

growing season with one winter harvest. A sample of unpianted 

seedlings w'ts used as the first harvest. The dates and other 

details of the destructive samplings carried out are outlined in 

Table 3.5. It can be seen that sampling was more intensive during 

the second year when it was expected the plants would reflect the 

effects of phosphorus deficiency and climatic stress. 	The final 

harvest consisted of 5 buckets to enable a fuller comparison between 

treatments and stations. Some 30 seedlings had been found to be 

necessary to obtain a satisfactory sample of Sitka spruce seedlings 

in progeny and provenance studies (Aidhous, 1962; Lines and Mitchell, 

1965; Herbert, 1971). The last harvest of this study, approached 

this level of sampling. 

Buckets for harvesting were selected at random. Soil around a 

bucket to be harvested was carefully dug out to expose one half of it 

and the drainage tube prised out. The bucket was tIen lifted out and 

the free end of the drainage tube plugged with a rubber bung. 

The harvested bucket with seedlings were brought back intact and 

the following day the seedlings were labelled. If the compost was dry, 

it was moistened with water. For the first 4 harvests the seedlings 

were actually dug out but for subsequent harvests, the bucket was placed 

on its side and the compost pushed out by pressing on the outside wall and 
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Table 3.5. Details of destructive samplings 

Harvest 	Date 
No, 

1 1-5-72 

2 1-6-72 

3 1 - 7 - 72 

4 28-7-72 

5 2-9-72 

6 13-11-72 

7 19-2-73 

8 20-6-73 

9 11 
- 7 - 73 

10 8-8-73 

11 29-8-73 

12 24-9-73 

13 5-11-73 

Interval (days) 
	

No. of 
buckets 

Between 	From 
harvests 	planting  

(unpianted seedlin 

	

31 
	

31 
	

I 

	

30 
	

61 	 1 

	

27 
	

88 
	

1 

	

36 
	

124 	 1 

	

41 
	

165 	 1 

	

98 
	

263 	 1 

	

121 
	

384 
	

2 

	

21 
	

405 
	

2 

	

28 
	

433 
	

2 

	

21 
	

454 
	

2 

	

26 
	

480 
	

2 

	

42 
	

522 
	

5 



the bottom of the bucket. This normally extruded the compost in 

one solid mass. 	At this stage compost samples were collected for 

pH and other determinations. The compost blocks were stood in a 

row and a jet of water directed to all sides to loosen the block. 

At this stage the roots were teased out from the compost. The 5 

seedlings were then placed together with broken roots into the same 

bucket. 

The next stage of washing involved the separation of particles 

of compost sticking to the roots. This was washed off using a slow 

jet of water whilst breaking the compost particles between the fingers. 

The minimum possible amount of water was used to minimize leaching of 

nutrients from both thDots and roots (Tukey, 1970). However, Wilson 

and NcKell (1961) reported that loss of phosphorus by washing was 

insignificant. 

After diameter measurements were made, seedlings were divided into 

4 components; roots, current shoots (including current years' foliage 

and branches), old foliage and stems (all woody tissues in the shoot 

except for the current growth). Roots were cut at the point of first 

root emergence. Each component as obtained from a bucket of 5 seedlings 

was placed in appropriately labelled paper bags and dried in an oven at 

850C for at least 48 hours. The oven dried samples were cooled to room 

temperature in dessicators. 

For the first 7 harvests when only one bucket was harvested for each 

treatment, plants could be washed, root collar diameter measured, plants 

divided and placed in the oven for drying within the same day following 

the harvest at Rivox. When 2 buckets were taken, the process took 3 

days. The last harvest of 5 buckets took 4 days before being put in 

the oven for drying. In all cases if it was necessary to store plants 

overnight, they were stored in a cool room at 4°C. 
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3..4 Root collar diameter 

After seedlings were washed and before they were cut up into the 

4 components described, root collar diameter measurements were rde 

using a caliper which measured to 0.01 mm. These measurements were 

tabulated together with height measurements to find the relationship of 

these variables for which Aldhou.s (1962) found a high correlation in 

Stka spruce. 

Dry weight 

When cooled to room temperature in dessicators after bein g  oven-dried, 

each plant component was separately weighed. This would enable deter-

mination of partitioning of dry matter including root-shoot ratios. 

This ratio reflects a dynamic balance of plants under a given set of 

external conditions (Wareing, 1972). 

35.6 Needle weight 

After dry weight determinations were made, a sample of needles 

from current shoots was taken, 50 needles counted out and accurately 

weighed. Broken or abnormal needles were discarded. 

3!5•7 Number of branches 

After the first growing season, the number of growing points 

found in individual seedlings were counted. The importance of lateral 

branches to height growth was demonstrated by Burley (1966). 

Correlations were also found between number of branches of Pinus 

;oderosa with plantation  elevation (Callahan and Liddict, 1951). 
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5d Cthor observations 

Apart from the above plant observations and measurements, notes 

were kept on anything unusual. Frost daniage was recorded and the 

length of die-back due to this, measured. 	In addition, representative 

harvested seedlings were photographed, 

3.6 	rs2' 	OF OLIiATE 

3.6.1 Introduction 

Temperature, rainfall, solar radiation, wind and exposure were 

measured at each station. A typical layout of the experiment 

indicating the location of instruments at each station is 

diagrammatically shown in Fig-3-3. Plates 3.6 - 3.12 are photographs 

of the ins trunEnts used. The following paragraphs describe these 

instruments briefly and further details are included in Appendix 3.1. 

Apart from temperature and exposure, other climatic variables were 

measured weekly. 

.6,2 Temperature 

Temperature was monitored hourly using a 20-channel Grant 

Miniature Temperature Recorder Model D. Interchangeable thermistor 

probes, with a range from -10 0 
C to +400C, were used as sensors. 	Soil 

and bucket temperatures at depths of 5 era, 10 cm, and 20 cm, together 



with air and wet-bulb temperatures in a radiation shield, were all 

measured in duplicates. The battery-operated instrument recorded 

temperatures as short 1-mm vertical lines on pressure sensitive 

per. Ich chart roll lasted 3 weeks • Data from charts had to 

be extracted dnto forms before being put on c:trds and summarised on 

a weekly basis by computer. 

Open ended boxes mounted 0.9 in above ground level were used as 

radiation shields. One of the 2 probes in each shield had a wick 

over it and the free end dipped into a 50 ml plastic bottle filled 

with distilled water and replenished as necessary. At about monthly 

intervals, wicks were replaced. With a wind speed of less than 

1 in/sec, the air temperature may rise 0.1 0C above ambient temperature 

with a corresponding rise of wet-bulb temperature by 0.05 0C, in such 

a radiation shield (Long, 1957). 

The recorder operated satisfactorily when enclosed in polythene 

with silica gel and placed in a waterproof wooden box. 

3.6.3 Rainfall 

A standard 12.7 cm diameter rain guage was used to measure rain-

fall at each station. It was partly sunk into the soil so that it 

stood 33 cm above ground level. 

3.6.4 Solar radiation 

Solar radiation was measured using a solarimeter coupled to a 

coulometer. Basically, the system consisted of a tube solarimeter 

(szeicz et al, 1964) and its output was integrated by a coulometer 



registered by the apparent movement of a bubble. 	A similar system 

was used by Drew (1972 ). The distance moved by the bubble was 

directly correlated with solar radiation. The system measured 

total radiation but Szeicz (1966) showed that the ratio of visible 

radiation (utilized by plants for photosynthesis) and total radiation 

measured was so nearly a constant that it can safely be used to 

calculate the amount of visible radiation. 

3. 6 .5 Wind 

Wind run was measured using 12.7 cm cup counter anenometers that 

gave direct readings of wind run in miles. Prior to use the 5 

anenometers that were obtained from the Meteorological Office on hire, 

were checked for calibration at speeds of 2.2, 3.6, 6.6 9  12.6 and 19.1 

rn/sec in the wind tunnel of the Department. In the field the 

anenometers were mounted on wooden tripods 0.9 m above ground level. 

The anenometers needed practically no attention except for oiling 

periodically. In winter some snow got caught in the cups and this was 

removed during weekly visits. 

3.6.6 Exposure 

Exposure was assessed using tatter flags of standardised cotton 

fabric supplied by the Forestry Commission. The flag was mounted on 

a vertical iron rod securely fixed on a wooden post such that the flag 

was able to rotate freely. The lower edge of the flag was 0.9 m from 

ground level. This was lower than the level adopted by Lines and 



I•, !__!ç 

-- 

I L. 

Rate 3.6 Temperature recorder with chart roll and thermistor probe. 
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Rate 3.7 3.7 Radiation shield. 
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Plate 3.8 3.8 Wooden box lined with expanded polystyrene for housing temperature 

recorder. Recorder enclosed in polythene with 2 bags of silica gel. 



- 	 ' 	

: 

Ayr 

om 

POW 

— 	i: 	., / 	 • i- 6 • 	 : 

'•I 	 4 :' 	 'I  

:' 	 :-. 	• 	 -4' 

, 

Plate 3.9 Rain gauge and measuring cylinder. 



; 	

I 

.':...4 	 - 

Aw ,  

Plate 3.10 Solarimeter and coulorneter. 
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Plate 3.11 Anemometer at St2. 
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Plate 3.12 Tatter flag. 



Howell (1963) as it was considered more realistic to be near ground 

level where the seed1ins were. Flags were replaced at 4-weekly 

intervals and rate of tatter was determined by weight loss (Rutter, 

1966). 

3.7 NUTRIENT BTJDGET IN SYST•t 

Introduction 

As the experiment was designed as a closed plant-soil system 

with known inputs and losses were monitored in leachates, the nutrient 

balance could be worked out. These results enabled cornDutation of 

the level of nutrients prevailing at any time in the compost and 

provided a check on the need to replenish any nutrient that had been 

severely depleted, 

3.7.2 Leachate 

The volume of leachate from each row of buckets was determined 

every week. Depending on the volume, about 500 ml of leachate from 

each of th -P rows of buckets were combined and a sample taken in a 

250 ml plastic bottle. A similar sample was taken from the 3 +P rows 

of buckets. A total of 10 samples were collected every week. On 

arrival the leachate samples were stored in a cool room at 4°C. 

Leachates were filtered and 100 ml samples taken on which nitrogen, 

phosphorus and potassium determinations were made. Analytical methods 



(0. 

used are outlined in Appendix 3.2. Concentrations of nitrogen, 

phosphorus and potassium in leachates together with their volumes, 

were used to calculate nutrients leached. 

- 3.7.3 	Nutrient uptake 

After dry weight determinations, each plant component was 

searately ground and passed through a 06 mm sieve and stored in air-

tight plastic containers. The samples were then analysed for nitrogen, 

phosphorus and potassium. Samples from the last harvest were also 

analysed for calcium and magnesium. Analytical methods for plant 

samples are described in Appendix 3.3. 

During the second season when more than one bucket was harvested, 

samples from the same station and treatment were combined for analyses. 

About 20 per cent of the samples were analysed in duplicates. 

Nutrient contents of samples were expressed in mg per g sample. 

These values multiplied by the dry weight data determined earlier, gave 

the total amount of nutrient present in a particular plant component of 

the 5 seedlings from a bucket. 

3.7.4 Compost and peat samples 

Compost samples were collected from all harvests and pH 

determinations in distilled water and 0.01T.I calcium chloride were 

made. In both cases one part of compost to 2- parts of liquid were 



used. 

Comoost samples from thp last harvest were also analysed for 

nitrogen, phosphorus and potassium. Similar methods used for 

plant samples were followed. Analyses of compost samples enabled 

a check to be made on its nutrient level as compared with computation 

based on losses by leaching and plant uptake. 

Peat used for making the compost was also analysed to determine 

the amounts of nitrogen, phosphorus and potassium present. 
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CHWR 4 RESULTS 

The results of the experiment are presented in this chapter 

under the main headings of plant growth, climate and nutrient 

balance. Much of the basic data collected has been included in 

the appendices with the more important results presented here 

graphically. The effect of the treatments applied in the 

exoeriment have been subjected to an analysis of variance 

(Appendix 4.1) and the significant results are discussed here. 

The interaction between the variables measured and plant attributes 

are discussed in Chapter 5. 

Statistical significance attached to differences in the results 

obtained is noted in the conventional manner viz:- 

	

0.05 	p > 0.01 	+ 

	

0.01 	p > 0.001 	++ 

	

0.001 	p 	 +++ 

4.1  PLANT GROWTH 

4.1.0 General 

Seedlings were successfully established and the very few 

mortalities found before height growth commenced were replaced. 

At the end of the first growing season seedlings in 2 buckets at 

St-3 were found to be mildly attacked by aphids (Elatobium abietinun). 
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This infestation was eliminated by spraying seedlings with malathion. 

Apart from this, seedlings were free from attacks by pests. However, 

at the end of the first season an autumn frost damaged seedlings at 

St.l and St,2 as discussed in the following section. 

Representative seedlings from certain harvests were photographed 

and are shown in plates 4.1 and 4.2. Plate 4.3 shows the intensity of 

rooting in the compost. 

4.1.1 Fro st damage 

On 11th September, 1972, several seedlings at St.l and St.2 were 

found to have withered and drooping shoots. Until then, seedlings 

were actively growing in height. No such damage was seen at the 

other stations. Damage was assessed the following week by counting 

the number of seedlings in each of the following 3 categoies:_ 

Undamaged 

Tip damaged-terminal foliage browned but-
shoots unaffected 

Shoot damaged - shoot damaged resulting in 
stem die-back 

The 3 categories of damage are shown in Plate 4.4. The result of 

the enumeration is shown in Table 4.1. 

Table 4.1 Inventory of seedling damage at St.1 and St.2. 

St.1 St.,2 

-p -p 

Undamaged 	 1 1 20 15 
Tip damaged 	 51 5 64 64 

Shoot damaged 	 33 79 1 8 
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Plate 41 Sample of seedlings from 4th. and 6th. harvests. ( From left: St.5-P, St5+P; 
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arranged as in Plate 4.1). 
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Plate 4.4 Degree of frost damage; normal, tip- damaged and shoot-damaged seedlings. 
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It can be seen that the damage was more severe at St.l and. with P 

fertilization (Plate 4.5). 

Exaaination of temperature data confthied that the damage was 

caused by an air frost (ig.4.1) on 8th September, 1972. The air 

temperature fell below 0°C for 5 hours at St.l, reached 0 °C for an 

hour at St.2 and was below 0 0 
C for 2 hours at St.3.  The minimum 

recorded air temperature was at St.l with _200.  Screen air 

temperatures recorded at Eskdalernuir are also plotted in Fig.4.1 for 

comparison. Evidently, the temperature regime at the stations were 

modified by topography and St.l is situated low in the valley which 

filled with cold air. The gradual slope at St.3 probably acted in 

the same way. The rapid rise in temperature must have also 

contributed to the damage. The damage resulted from a combination 

of low temperature with rapid temperature fluctuations at a time when 

seedlings were still actively growing. The evidence from agricultural 

crops is that T fertilization reduces frost resistance whilst P and K 

are beneficial (Levitt, 1956 ), 	In this case, however, P had a 

deleterious effect. Though a lower temperature was recorded at St-3 

when compared with St.2, no damage occurred at St-3. It is possible 

that lower temperatures were reached at St.2 in between hourly 

measurements. Another possible explanation is that seedlings at 

St.2 were growing more actively than at St-3  and hence the absence of 

damage at St-3. 

As reported in the following sections, plant growth at both St.l 

and St.2 were significantly affected by the damage resulting from the 

frost. This is clearly seen from Plate 4.2 especially for seedlings 

raised in the +P compost at St.l 



4.1.2 Flushing 

At the first assessment (1st ray, 1972), seedlings at all stations 

were found to be at a similar stage of development; an average of 5 

per cent at Stage 1, 20 per cent at Stage 2 and the rest were all at 

Stage 3 (defined in 3.5.1). By the third 1 week 90 per cent of the 

seedlias at all stations had completely flushed. No differences 

could be found either between stations or treatments. 

	

In the second season flushing was relatively late. 	Few seedlings 

had flushed by 14th May, 1975, but by the end of the following week 

(week 56) a large proportion had attained stage 4 (Table 4.2). 

Table 4.2 Percentage of seedlings completely flushed on 21st T'Tay, 1973. 

St.1 	 St.2 	 St-3 	 St-4 	 St-5 

-I) 	+1) 	-P 	+p 	-p 	 -p 	+p 	-p 

56 	38 	55 	40 	60 	64 	83 	65 	70 	67 

Flushing was delayed at St.l and St.2 presun.bly due to frost damage. 

The greater damage to +P seedlings is shown in the slower development 

of this treatment at both stations. Except for St-3t P fertilization 

apearsto delay flushing at the other 2 stations. 

4.1.5 Extension growth 

Extension or height growth curves for the first and second seasons 

are shown in Fig-4.2 and Fig-4.3 and data for weekly increments are 
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included in Aupendix 4.2. Measurable growth iris recorded from weeks 

2-23 (8th May, 1972 - 21d October, 1972),  for 1972 and from weeks 

58-73 (4th June, 1973 - 17th September, 1973) in  1973.  Thus, the 

1973 season was shorter by 6 weeks due to a 4-week delay in 

coaencement and earlier cessation by a fortnight. The duration of 

the growth period was similar for both treatments in 1972 but in 1973, 

P fertilization lengthened the growth period by about 5 weeks. 

Differences were less marked at St.1 and St.2 in this respect. 

P fertilization significantly enhanced growth at all stations 

except at St-5  as can be clearly seen in Pig.4.4 which depicts the 

relationship between altitude and average height of seedlings at the 

end of the first and second seasons. The effect of p is more marked 

in 1973  but shows the same decreasing influence of P with altitude 

in promoting growth if St.1 and St.2 are ignored. Shoot dieback 

caused by frost damage altered this relationship at these 2 stations. 

4.1.4 Root collar diameter 

Root collar diameter of harvested seedlings are shown in Fig-4-5. 

Each plotted value is based on a mean of 5 seedlings for the first 7 

harvests, 10 seedlings for the other harvests except for the last 

which was based on 25 seedlings. There were no significant 

differences in root collar diameter between treatments or stations 

at the end of the first year but P was found to have enhanced diameter 

growth (p > 0.01) at the final harvest. 

The relationship between root collar diameter and dry weight of 

seedlings is shown in Fig-4. 6 . It can be seen that dry weight is 
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highly correlated with root collar diameter and a co-..-non cue fitted 

for both +p and -p seed1in:s accounted for almost 9d per cent of the 

variation. 

Seedling height is also hily correlated with dieter 

(Fig.4.7). The relationship is linear with an r 2  90 per cent but 

exclusion of frost damaged seedlings at St.l and St.2 increased r 2  

to almost 95 per cent. 

Dry weight 

Dry weight values for total plants and their comPonents at each 

harvest are included in Appendix 4.3 and su.inarised in Table 4.3. 

Table 4.3 Mean total dry weight of seedling - g/bucket 

St.2 	St-3 	St-4 	St-5 Harvest  
-p 	+p 	-p 	•4-p 	-p 	 -p 	+P 	-P 

1 	 1.68 

6 	15.58 15.69 11.38 16.13 15.95 14.54 13.65 14.28 9.15 	10,69 

13 	49.07 65.38 46.49 64.19 58.66 85.21 57.48 90.87 50.79 60.84 

To determine the effects of P and stations, analyses of variance were 

performed for total dry weight (Table 4.4), total shoots and roots 

(Appendix 4.1). It can be seen from Table 4.4 that at the end of the 

first season, P had no significant effect on total dry weight but 

differences were beginning to show between stations. To depict this, 

log linear regressions were fitted (Fig.4.8) between total dry weight 

on time ignoring treatment. Maximum dry weight growth occurred at 
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T 1 0.2509 
St 4 0.5416 
R 4 0.2301 

T 1 0.0194 
St 4 2.7819 
R 4 1.4927 

T 1 1.0615 
St 4 2.9682 
R 4 3.7610 

T 1 0.1516 
St 4 21.5270 
R 4 5.5652 

T 1 2.6329 
St 4 41.1600 
R 4 8.7763 

T 1 6.1038 
St 4 55.9250 
R 4 6.0428 

T 1 98.3580 
St 4 156.2328 
mt 4 52.1875 
R 10 128.3402 

T 1 268.2852 
St 4 714.5758 
mt 4 120 .1356 
R 10 137.4973 

T 1 1196.7620 
St 4 813.1469 
mt 4 228.7790 
R 10 484.6729 

0.2509 4.36 ns 
0.1354 2.35 ns 
0.0575 - 

0.0194 0.0520 ns 
0.6954 1.86 ns 
0.3731 - 

1.0615 1.1290 ns 
0.7421 0.7893 ns 
0 .9402 

0.1516 0.1090 ns 
5.3817 3.8681 ns 
1.3913 

2.6329 1.2000 ns 
10.2900 4.6399 ns 
2.1941 

6.1038 4.0404 ns 
13.9813 9.2548 + 
1.5107 

98.3580 7.6639 + 
39.0582 3.0433 ns 
13.0469 1.0166 ns 
12 -8340 

268.2852 19.5121 ++ 
178.6439 12.9926 +*F 
30.0339 2.1843 ns 
13.7497 

11 96 .7620 24.6922 +--+ 
203.2867 4.1943 + 
57.1948 1.1801 ris 
48.4673 

Harvest No. 
and dates 

2 
1-6-72 

Table 4.4 Analysis of variance of total dry weight of harvested seedlings. 

Variation 	df SS MS P 

3 
1-7-72 

4 
28-7-72 

5 
2-9-72 

6 
13-11-72 

7 
19-2-73 

8 
20-6-73 

9 
11-7-73 

10 
8-8-73 

St.l with the minimum at St. 5. 	Differences between St.l, St.27 St-3 

arid St-4 could not be separated but all 4 were separable fm St-5 



Harvest No. Variation df SS 1S. F 
and dates 

11 T 1 1271.2180 1271.2180 34.5358 -t-1 
29-3-73 St 4 543.0446 162 .0112 4.4014 + 

mt 4 506.7124 126.6781 3.4415 n 
R 10 368.0869 36.8037 

12 T 1 2017. 63 60 2017.6360  64.5336 +- 
24-9-73 St 4 594.8325 148.7081 4.7564 

Irit 4 92.8325 23.2081 0.7423 ns 
R 10 312.6494 21.2649 

13 T 1 5287.8320 5287.8320  175.3016 -t-i 
5-11-73 St 4 3543.0446 887.0112 29.4061 + 

mt 4 869.6544 217.4136 7.2077 -- 
R 40 1206.5700 30.1642 

P = treattient 
St= station 
Int= interaction 
R = residual 

Highly significant differences (p > 0.001) in total dry weight 

were found both between stations and treatments at the conclusion of 

the experiment. In Fig-4.9 curves were fitted between dry weight 

on time from where the marked response to P can be clearly seen. 

Response was least at St.5. Maximum dry weight was found at St-4, 

followed by St-3;  St.l and St.2 intermediate and St.5 the lowest. 

The harmful effect of frost damage at St.1 and St.2 is thus still 

evident. The last harvest also showed a strong (p  >0.001) inter-

action between station and treatment on total dry weight. 

Dry weight of plant components at St.]., St-3  and  St-5 and the 

effect of P fertilization are shown in Fig.4.10 and Fig-4-11- An 

analysis of variance for shoot and root weights (Appendix 4.1) show 

that the effects of station and treatment generally parallel those 

observed for total dry weight. Root weight, however, tends to 
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deviate from this pattern. At the end of the first season, both 

P and stations had greater siificnt effects on roots when comoared 

to total dry weight. The weight of old foliage differed from oth4r 

plant components in that it decreased towards the end of the growing 

season in both years. 

Root:shoot ratios are depicted in Fig'-4-12.  An analysis of 

variance did not reveal any significant effect of either station or 

treatment on this ratio. 

Partitioning of dry matter between plant components as a per-

centage of total dry weight at the end of the first and second growing 

seasons are shown in Table 4.5. 	anination of the data at each 

Table 4.5 Partitioni 
of total 

Harvest 	St.l 
No. 	-p 	-i-p 

C • shoots 

6 	43.3 	51.1 

13 	37.5 	44.2  

rig, of dry ma 
dry weight. 

St.2 
-p 	+p 

48.4 47.9 

38.2 39.6 

tter between 

St-3 
-p 	+p 

44.1 44.8 

39.4 42.8 

plant components - 

St-4 	St-5 	Overall 
-o 	-i-p 	-p 	-i-p 	Mean 

	

44.5 48.0 41.4 40.6 	45.4 

	

40.6 43.5 38.9 40.1 	40.5 

6 	42.9 38.4 43.0 43.5 42.7  37.1  40.8 41.1 40.1 43.3  41.3 

13 	37.5 38.0 36,6 37.7 38.9 37.9 37.5 35.8 37.2 38.4 37.6 

Old foliage 

6 	3.8 2.4 2.9 2.6 4.9 1.7 2.0 2.9 1.6 4.7 3.0 

13 	4.5 5.6 5.4 5.0 4.6 2.4 3.3 2.8 2.9 3.5 4.0 

Stems 

6 10.0 10.8 10.2 9.3  10.9 10.1 9.3  11.1  9.9  11.4 10.3 

13 20.5 18.2 18,5 16.8 17.6 15.5 19.6 18.6 16.6 18.0 18.0 



h.rvest showed that neither trebient nor station had any significant 

effect on the distribution of dry matter except at the conclusion of 

the experiment when P treatment significantly (p > 0.05) increased the 

DrO)ortjofl of drr matter in current shoots, The overall means show 

that there was a considerable increase in stem dry weight at the 

exDense of current shoots and roots at the end of the experiment, 

4.1.6 Needle wei 

Unit weight of needles collected from harvested seedlings are 

shown in Fig-4-13, 	Station (p > 0 .05) and treatment (p > 0.01) 

significantly influenced individual needle weight at the end of the 

first season but at the end of the second season only station was 

found to exert any significant (p > 0.05) effect. There is thus, a 

negative correlation between weight of individual needles and altitude 

as can be seen from Fig-4.13. The overall mean needle weight at the 

end of the 1973 summer was 2mg/needle. This value is comparable with 

Mackenzie's (1972) findings who reported needle weights ranging from 

1.98 mg - 2.83 mg for P fertilized Sitka spruce 3 years after planting 

at 3 sites. 

4.1,7 Number of branches 

A count was made of the number of growing points in individual 

seedlings at the beginning of the second season. At this time 75 

seedlings were available per treatment at each station. Means for 
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station and treatment were calcultted and plotted against altitude 

in Fig-4- 14. P fertilization does not have any siificant effect 

on the number of growing points but if St.1 and St.2 are ignored, P 

depresses branching siiificant1y (p > 0.05). However branching 

differs between station (p > 0.05). With the exception of St.2, 

branching is negatively correlated with altitude in accordance with 

the findings of Callaham and Liddicoet (1961). 

4.2 CLflTE 

Climate was monitored continuously during the study period. 

The data are complete for rainfall, wind run and exposure. Just 

over 20 per cent of temperature data were lost, mainly in winter 

(pi.4.15), due to loading and unloading the recorders in wet 

weather. Under the conditions of this experiment, the tube 

solarimeters used became unreliable and of the climatic measurements 

made, solar radiation proved to be least satisfactory. 

4.2.1 Temperature 

Data from the roll charts were extracted on to forms (Appendix 

3.1) and subsequently transferred to punch cards for computer analysis 

and summarising on a daily and weekly basis • In addition to temperature 



variables, saturation vauour deficit was computed by the Sae 

pro rzram. 

The variables coimputed and the symbols used for denoting them 

are as follows:- 

Bucket temperature at 5 	cia - 	00 B5 

atlOcni 0 
- 	C BlO 

at2Ocm - 	
0 
 C B20 

Soil temperature 	at 5 cm - 	00 

at 10 cm. 0 
- 	C SlO 

at2Ocrn - 	
0 
 C 320 

Air temperature - 	°C A 

Maximum air temperature - A max 

Iiinimum air temperature - 	
0 
 C A mm 

No. of occasions hourly air temperature 	500 0 five 

Accumulated air temperature > 500 - degree-hours Accuxa 

Saturation vapour deficit - mb SVD 

Maximum saturation vapour deficit - mb SlID max 

No. of occasions hourly SlID 	11 nib 0 eleven 

Accumulated saturation vapour deficit 	11 mb - mb-hours Accum Slfl) 

These climatic variables summarised on a weekly basis as extracted 

from the computer printout are shown in Appendix 4.4 for one week. 

In this section temperature variables on an hourly, daily and weekly 

bases are reported. 

Hourly temperature variations for one day in spring, summer and 

winter for the middle station are shown in Pig.4.16, 4.17 and 4.18 

respectively. It can be seen that the peat medium in the buckets 

was more responsive to air temperature changes than the undisturbed 

soil at the same depths. The soil is characterised by slow warming 
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and cooling which tends to smooth out rapid air temnerature 

fluctuations. 

In spring, bucket maximum temperature is just below that of the 

air and may exceed it in mid-sua-ner at 5 cm. Maximum soil 

terioeratures, on the other hand, are considerably lower than air 

but in winter soils are warmer than both air and B5 temperatures. 

The influence of air temperature is reduced and delayed with 

depth particularly for the undisturbed soil. Temperature maxima 

and amplitude decrease with increasing depths in both soil and 

bucket media. 

Hourly air and B5 temperature variations between stations on 

16th June, 1972  are shown in Pig)-4.19  and Fig.4.20. Except for 

minor fluctuations it can be seen that air temperature is separable 

between stations with a general decrease in temperature from St.l to 

St-5. This gradient is more marked for B5. 

Mean daily air temperature for a week in August 1973  and B5 in 

August 1972  are shown in Fig-4.21 and Fig-4.22. Generally 

temerate decreases from St.]. to St-5 but inversions also occur. 

Fig,-4.22 shows the lowest temperatures were obtained at St.4 on most 

of the days. 

Weekly temperatures during the study period are plotted for air 

(Fig-4.23), B5 (Fig-4.24), 35 (Fig-4.25),  Accum (Fig-4.26) and A mm 

(Fig-4.27). Although the maximum air temperature reached in 1972 

was higher than 1973,  it can be seen that temperatures remained at a 

higher level in summer for a longer period in the summer of 1973 

This is also reflected in 35 and B5 temperatures. The highest 

temperatures were generally recorded at St.l and the lowest at St-5- 

St,3 was intermediate. Minimum air temperatures were always highest 

at St-5 (Pig.4.27) during the first growing season but during the 



second, there unas no clear pattern. 

To find the relationship between teraperaure variables a 

correlation matrix was calculated for the summer data of 1972  and 

1973 (Appendix 4.5). The general observations made earlier 

concerning the relative responsiveness of bucket and soil to air 

temperatures may be examined in greater detail from Table 4.6 

extracted from Appendix 4.5. 

Table 4.6 Correlation matrix between temperature variables at 
St- 1  for 1972 summer data 

35 	B10 	B20 	S5 	Slo 	S20 	A 	Accum. 

1.00 	0.99 	0.96 	0.96 

1.00 	0.98 	0.98 

	

1.00 	0.99 

1.00 

P = 0.001 	r = 0.76 

p = 0.01 	r - 0.64 

p=0.05 	r=0,51 

Generally, bucket temperatures are more closely related to air 

temperatures than soil temperatures. At 5 cm, the correlation between 

bucket and air temperatures is 0.96 but that with soil is lower (0.92) 

though still highly significant. The temperature lag due to soil and 

bucket depths, is also seen in Table 4.6. 	The correlation between ; 

and 3,5 (0.96) is reduced at 320 (0.92) and theuivalent correlations 

for air and soil temperatures are 0.92 and 0.85. The time lag also 

0.93  

0.96 

0.99 

0.99 

1.00 

0.87 

0.91 

0.96 

0.97 

0.98 

1.00 

0.96 

0.95 

0.92 

0.92 

0.90 

0.85 

1.00 

0.96 

0.94 

0.90 

0 .91 

0.88 

0.83 

0.99 

1.00 



accounts for better correlation bet';een successive depths. 	Thus 

he correlation 'oet'.ieen BlO and B20 is better (0.98) than 35 and 

320 (o.9). 

In Table 4.7 means of the temperature variables monitored for 

all the available data are shown. However, these means are not 

strictly comparable between stations due to missing data at different 

times. 	Considerable winter data is not available for St-4  and St,5 

Table 4.7 Mean weekly temperatures (pooled data) 

0C 
St. Accum 

B5 BlO B20 35 310 320 A °C.hr 
St.1 8.81 8.79 8.62 8.76 8.70 8.57 8636 711 

St.2 8.23 8,12 7.95 7.67 7.81 7.69 7.95 631 

St.3 8.55 8.51 8.35 8.28 8.26 8.19 7.90 64 

St.4 8.50 8.52 8.53 8.81 8.75 8.57 7.87 622 

St-5 8.4 8.27 8.14 8.10 8.07 7.86 7.55 564 

and this may give an overestimate for these 2 stations. To minimize 

this effect data from the first 30 weeks are examined in Table 4.8. 

Table 4.8 Mean weekly temperature based on the first 30 weeks 

00 
St. ccum 

B5 BlO B20 S5 S10 S20 A C.hr 

St.1 10.96 10.87 10.60 10.73 10.68 10.53 9.98 886 

St.2 10.38  10.15 9.87 9.73 9.62 9.45 9.69 821 

St-3 10.07 9.97 9.72 9.69 9.66 9.59 9.02 725 

St-4 10.49 10.32 10.07 10.63 10.40 9.97 9.39 758 

St-5 10,10 9 , 93 9.66 9.58 9.51 9.25 9.03 705 



7). 

For all the temperature variables St.l is consistently waxrner than 

St  .5. 	The second warmest is St,il: for all bucket and soil temper- 

atures followed by St.2 and St-3. Both air and accumulated 

temperatures decrease with increasing altitude but there is an 

inversion between St-3  and  St-4. 	Generally therefore, St.l is 

the warmest, St-5  the coldest, St-4  the second warmest with St. 2 and 

St.3 being intermediate. The exception at St-4  from the generally 

accepted relationship of decreasing temperature with increasing 

altitude, is most probably due to its slope being much steeper than 

the other stations. Similar observations have been reported by 

other workers reviewed in 2.2.3. 	- 

Temperature lapse rate for the temperature variables are shown 

in Table 4,9. This has been calculated as the difference between 

Table 4.9 Lapse rate of weekly temperature °C/lOOm 

0  
Accui 

35 	BlO 	B20 	S5 	Sb 
	

S20 	A 	0Chr 

Based on temp. 
diff. between 
St.,l and St-5 

Av. based on 
differences 
between successive 
stations 

0.355 	0.375 	0.375 0.459 	0.464 0.509 0.576 71.89 

	

0.308 0.351 0 .355 0.493 	0.484 0.532 0.342 66.89 

stations 1 and 5 and the average lapserates between successive stations. 

The latter is lower than the former due to the negative lapse rate 

between St-3  and  St-4. Temperature falls more with increasing 

altitude at both deeper soil and bucket depths. The fall in air 



temperature at the rate of 0.34°C/loom is much lower than the values 

reported by Gloyne (1968a)  and Jones (1971)  who found values of 

0.65 - 0.61 and 0.64 respectively. This can be attributed to 

several factors. The first 30-week data is from May-November, 

thus omitting the winter months. The north-easterly aspect of the 

site reduces insolation and this may be exDected to reduce the 

temperature amplitude between stations at the upper end. 	The 

generally, gentle to moderate slope is another contributory factor 

in this respect. The temperatures at St-4, higher than those 

expected on an altitudinal basis, have already been attributed to 

the probable effect of slope (2.2.3). Temperature inversions must 

also partly account for the lower lapse rate. 	In addition, the 

area is characterised by the lowest lapse rate in Scotland as 

demonstrated by Hunt (1973)  based on data from Eskdalerauir. 

4.2.2 Solar radiation 

Total solar radiation at stations is shown in Appendix 4.6 and 

graphically shown for the 1972 (Fig-4.28) and  1973 (Fig.4.29) summers. 

The winter data were omitted because most of them are missing. 

Solar radiation shows a rapid rise about the middle of May and fills 

off gradually in autumn. The 1973 data indicate that the highest 

values.were generally recorded at St.1, followed by St.2, St-5 and 

St.4. Differences between the last 2 stations were small except at 

the beginning of summer. The lowest values were generally recorded 

at St.3. 
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4.2.5 	S'turation vapour deficit 

Saturation vapour deficit is given in Appendix 4.2 and 

graphically presented for St.1, St-3 and St.5 in Fig-4-30. The 

mean weekly saturation vapour deficit during the first 30 weeks 

of the study (Table 4.10' shows that it decreases with increasing 

elevation at the rate of 0.16 mb/lOOn. 

Table 4.10 Mean weekly saturation vapour deficit and no. of 
occasions SYD 	11 mb at each station. 

St.1. St.2 St-3 St-4 St-5 

SYD - first 30 weeks 	 2.20 2.01 1.69 1.85 1.80 

SVD - last 25 weeks 	 2.37 2.22 2.18 1.49 1.59 

0 eleven - first 30 weelm 	59 49 46 39 47 

Thi3 is mainly a temperature effect as noted by Tranquilhini (19 64a. 

The data presented include values for night and day and are thus 

less valuable in relation to plant growth. In Table 4.10, the number 

of occasions that the saturation vapour deficit is equal to or greater 

than 11 mb (Oeleven) are also included. Based on this, the greatest 

stress was at St.1 followed by St.2, St-3, St-5 and the lowest, 

interestingly, was at St-4. This is not evident from the mean 

weekly saturation vapour deficit. During the same period, there 

was no occasion when the mean saturation vapour deficit was zero. 

Data coverage between stations was very variable (ranging from 14-23 

weeks) during the last 25 weeks but the mean weekly saturation vapour 

deficit follows the sane pattern as the first 30 weeks with the lowest 

value at St-4  as shown in Table 4.10. 



4.2.4 EvaTorajon 

Rainfall and leachate volume data enable the computation of 

weekly apparent evaporation values and these have been Dlot ted for 

the 1972 and 1973 summers in Pig.4.31. When leachate was not 

available, evaporation was calculated from the first available 

leachate volume and together with any rainfall collected, averaged 

over the weeks of dry spell. These values are indicated by broken 

lines in the graph mentioned. Such averages do not indicate the 

actual moisture stress in the compost. The general pattern of 

evaporation is parallel in all stations. The high evaporation in 

week 4 for example, is identifiable in all stations. 

40.5 Rainfall 

Total relative rainfall during the 80-week study is shown in 

Fig-4-32. Rainfall is positively correlated with altitude and 

this relationship is consistent as shown by weekly rainfall at St.1 

and St-5 (Fie-4-33). There is however a slight inversion between 

St.3 and St-4. Difference between St.l and St-5 shows that rainfall 

increases at the rate of 210 mm/iOO m. In Scotland, Gloyne (1968a) 

reports rainfall increases of 83 mm - 253 mm/100  m. Weekly rainfall 

at stations is included in Appendix 4,7. 
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A.2.6 Wind run  

Wind run data is given as Aiendix 4.8 n ,-J showfl in Fig-4.34. 

Wind run is highest at St-5 and lowest at St.1. 	The second highest 

wind run was recorded at St.2. St-3 is intermediate (Fig-4.32). 

The topographic location of St.2 exposes it to strong winds whilst 

St.4 is relatively sheltered. 

4.2.7 	cposure 

Exposure as measured by tatter flags follows a similar pattern to 

wind run but differences are exaggerated (Pig.4.32). Plotting rate 

of tatter against the mean square of wind speed produces a wide scatter 

and does not provide the good approximation reported by Rutter (1966). 

4.3 ITU7rRIENT BALANCE 

In this section the total amount of nutrients added, leached, 

taken up by seedlings and recovered in the residual compost, is 

presented to enable computation and discussion of the nutrient 

budget in the system. 



4.3.1 	Leachate 

The compost proved to be satisfactory both for water retention 

and drainage. Harvest 5 was taken during a 2-week dry spell but 

the comnost was found to be still moist. No leachate was obtained 

on 13 occasions at St.1 and in one instance this occurred for 3 

consecutive weeks. The drainage system also Worked well, a is 

illustrated by the close relationship between rainfall and its 

recovery as leachate (Fig-4-35). 

On a few occasions in winter, volume of leachate recovered 

exceeded rainfall input due to melting, ice. Rarely, the capacity 

of the collection bin was insufficient to trap leachate. 	In such 

cases leachate volumes were estimated for Dur'oses of calculating 

the quantities of nutrients leached. 

Weekly cumulative ammonium N, P rind K recovered in leachates 

are illustrated in Pig. 4.36, Fig.4.37 and Fig.4.38 respectively. 

The total recovered are shown in Table 4.11. 

Table 4.11 Total emounts of nutrients recovered in leachate 
during 80-week study - mg/bucket 

St.l St.2 St-3 	St-4 St-5 
Nutrient 

-p 	+p -p 	+p -p 	+p 	-p 	+p -p 	+p 

N 	55 	121 51 	145 45 	128 	55 	133 54 	94 

P 	- 	1486 - 	1746 - 	1629 	- 	1649 - 	1601 

K 	1067 	1310 1178 	1481 	1280 	1373 	1353 	1440 .1441 	1493 
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N recovered fro'n +P co:npost is about 3 times greater than 

-P compost. 	It was leached rapidly during the first 16 ueRks when 

big differences bet,een treatments were observed. 	Becaiue of th e  

small amounts in total of N recoirred in leachate it 	decided not 

to reapply N at the end of 1972. 	This proved to be a mistake. At 

the end of July 1973, some seed1inrs had developed a i,ale green colour 

and this was later confirmed to be due to a mild deficiency of N. 

As seen in 'Fig-4-36, P treatment significantly increased leaching 

of N (p > 0.01) but no differences were detected between stations. 

Increased mineralisation of N due to P fertilization has been renorted 

(Kaila, 1958; Parker, 1962b; Dickson, 1972) and lately by Ritchie 

(1974) who investigated this with dummy composts in a similar 

arrangement to this study. 

Traces of P were detected in leachates from the first few 

collections of the -P compost. Most probably this originated from 

the sall quantities (estiiated at 20 mg  P/bucket) of P supplied in 

the formalised casein. Benzian (1965) reported that this P is 

available. The rate of loss of fertilizer P is remarkable. By 

the 50th week about 90 per cent of the applied P was leached and at 

this stage P was reapplied. 

Leaching of K is remarkable in rapidity especially during the 

initial period and the influence of P fertilization in enhancing 

leaching of K from composts. Peat soils are known to have low 

capacity to fix this nutrient (Shickluna et al, 1972) and hence it 

is easily leached (itartti, 1972; Penningsfeld, 1972). 	It was 

found necessary to reapply IC at the 16th and 52nd weeks. 



100. 

Surnmarisin, the amounts of nutrients added are sho'm in Table 

4.12. 	It can be seen that about 20 mg of P had been added in the 

-P compost in the formalised casein and that the +P compost contained 

almost 40 per cent more Ca contained in the G.T. 

Tble 4,12 	Amounts of nutrients added to comDost 
- mg nutrient/bucket 

-P comnost +P compost 

N P 	K Ca Mg 	N P 	K 	Ca 	Mg 

on preparation 963 20 	1017 9372 4405 	963 1543 	1017 	12647 	440 

9/8/72 - - 	 507 - - 	 - 
- 	 501 	- 	 - 

9/4/73 - - 	 - - - 	 - 1190 	- 	 2559 	- 

15/4/73 - - 	 1017 - 	 - 
- 	 1017 	- 	 - 

TOT&L 963 20 	2541 9372 4405 	963  2733 	2541 	15206 	440' 

4.3.2 Residual nutrients in compost 

The compost was also found to have a favourable pI (Fig.4.39) for 

raising Sitka spruce, being within the range 4.5 - 5.5 for most of the 

experiment. Strong acidification due to the use of formalised casein 

on mineral soils (Benzian et al, 1971)  was not found. 

Earlier estimates showed that each bucket contained an average of 

1024 g of oven-dried compost. This value was used to calculate at the 

final harvest the total amount of nutrients in the residual compost 

(Table 4.13). 



LW.. 

Table 4.13 	tiutrient content of residual compost - m 	nutrient/bucket 

Station/Treatment N P K 

6913 262 906 
2-p 8670 242 765 
3-p 9374 226 649 
4-p 8403 222 609 
5-p 9728 228 685 

8088 892 447 

7190 699 479 

3+p 7505 726 430 

4+p 8301 905 389 

5+p 7875 845 457 

The mean residual N in the -f-P compost is significantly (p > 0.05) 

lower than the -P compost. The total N reserves in the untreated peat 

originally amounted to about 10400 mg/bucket. An average of 7792 mg and 

9078 mg of N were recovered in the residual +P and -P corriposts respectively. 

Thus more N mineralisation occurred in +P compost (2600 mg) compared to 

-P compost (1400 m. 

The only possible sources of P in the -P compost include 20 mg from 

the formalised casein and 266 mg from the peat making a total of 286 mg 

present/bucket. Only 236 mg P was recovered in the residual compost and 

thus 50 mg had to be accounted for. P in the peat is unavailable or 

lar,ely so (Diest, 1968; Meshechok, 1963). 

The average residual K in the control compost (723 mg :/bucket) is 

greater than in the -i-P compost (440  mg K/bucket). This is possibly due 

to increased leaching and uptake of K, in the -i-P compost, 

4.3.3 Nutrients in seedlings 

Analytical data detailing N, P and K concentrations of plant 

components are shown in Appendix 4.9. Ca and Mg concentrations for 

the last harvest are also included. From these data nutrient concentrations 

for the whole plant were calculated to find the total nutrient contents 

in seo1ic.s at each harvest (Apnend±x 410.). 



J4Jc•  

The J concentration of plant cowoients at stations and due to p 

fertilization are shown in Pi.4.40 and Fi.4.4l. 	Concentration of N 

in the whole seedling could not be separated by station or treat:ent at 

the end of both growing seasons. 	Comparison with data presented by 

Benzian and Smith (1973) for healthy nursery grown Sitka spruce 

transplants (Table 4.14) showed that plants in this study were below 

optimal in 111 concentration at the end of the second suarner. 

Table 4.14 Mean N, P, K, Ca and Hg concentrations of whole 
seedlings compared with data of healthy Sitka 
spruce transplants - mg nutrient/5 plant sample 

- N P K Ca Mg 

-p +p 	-p +p -p 	_Fi -p 	+p -p 

Current study 
means of St. 

end of 1st 17.17 16.92 	1.19 4.05 13.10 	13.45 - 	- - 	- 
season 

end of 2nd 
season 9.50 9.12 	0.63 1.56 9.92 	9.22 2.50 	2.37 0.96 	l.0 

Ben zian and 
Smith's (1973) 
data 

Wareham 12-14 1.6-2.2 3-10 5-6 0.9-1. 

Kennington 12- 15 	1.8- 2.4 8- 11 5 0.9-1. 

Woburn 11 1.4 8 6 0.8 

P concentrations of seedling components at stations and due to 

treatrrnt are shown in Fig-4.42 and 4.43. No significant differences 

could be found between stations for P concentrations of whole seedlings 

at the end of 1972  or 1973. As exoected p fertilization increased P 

concentrations enormously especially at the end of 1972 summer. The 

control plants were almost deficient in P at the end of the first 

season. Their P concentration was less than half of healthy plants 

reported by Benzian and Smith (1973) by the end of the experiment. 
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K concentration of seedling components are shorn in Fig.4.!L4 

and Fig.4.45. 	Simific7nt differences were not found either between 

station or treatment for both growing seasons. The level of K in 

seedlings are comparable with those obtained for healthy plants. 

Jhi1st Mg levels are comparable with Benzian and Smith's (1973) 

data, plants in this experiment had a much lower level of Ca. 

However, it is higher than the Ca concentration in Sitka spruce 

seedlins (2 mg ca/g) reported by Van den Driessche (19 69c). Ca 

levels in whole seedlings were not significantly affected by either 

station or treatment but Mg concentration was significantly (p > 0.01) 

increased by P fertilization. 

Based on total dry weight of seedlings and their nutrient 

concentrations, the total amount of N, P and K of seedlings at each 

harvest are calculated (Appendix 4.11). 	amination of this data 

show that the total nutrients in seedlings for N, P and K remained 

constant during the last 3 harvests. These values are averaged to 

obtain the total nutrient to be accounted for by seedlings during the 

study period (Table 4.15). 

Table 4.15 Total nutrient uptake by seedling - mg nutrient/ 
bucket of 5 seedlings. 

St.1 St.2 St-3 St-4 St.5 
Nutrient  

-p +p -p 	+p -p 	+p -p +p -p +p 

N 	491 642 505 	592 525 	740 523 702 482 577 

P 	33 128 32 	109 33 	134 34 130 30 99 
K 	512 691 541 	681 583 	832 572 777 453 604 



104. 

The relative distribution of IT, P and K in tops (current 

shoots + old foli.ae + stems) and roots of seedlings is examined 

in Table 4.16, at the end of the 1972 and  1973 growing seasons. 

In all cases tops contained more IT, P and IC. 	Significant 

differences were not found between treatments and stations for the 

relative distribution of I'T and K. P fertilization however, tended 

to lower the percentage content of P in tops and increased it in roots 

and this reached significance (p > 0.05) in tops at the end of the 

1972 summer, 

Table 4.16 % Nutrients in tops (current shoots + old foliage) and 
roots of seedlings at the end of the 1972  and 1973 
growing seasons. 

St.1 St.2 St-3 St-4 St-5 St.1 s -t.2 St-3 St-4 St-5 

Nitrogen 
Shoots - 1972 

Shoots - 1973 

Roots - 1972 

Roots - 1973 

Phosnhorus 
Shoots - 1972 

Shoots - 1973 

Roots 	- 1972 

Roots 	- 1973 

69 65 70 68 67 

62 61 65 62 63 

31 35 30 32 33 

38 39 35 38  37 

62 61 64 60 64 

63 60 63 63 61 

38 39  36 40 36 

37 40 37 37 39 

66 65 66 64 65 

65 62 65 64 61 

34 35 33 36 35 

35 38 35 36 39 

59 53 61 49 52 

59 61 62 60 61 

41 47 39 51 48 

41 39 38 40 39 

Potassium 
Shoots - 1972 

Shoots - 1973 

Roots - 1972 

Roots - 1973 

69 64 67 62 64 

69 66 75 73 65 

31 36 33 38 36 

31 34 25 27 35 

70 65 69 6]. 61 

70 71 75 73 71 

30 35 31 39 39 

30 29 25 27 29 



105. 

C}L&P?ER 5 DISCUSSION 

The discussion of the results in this chapter is divided into 

sections which relate to the original objectives. Firstly climate 

and the nutrient balance and then the influence of P fertilization 

and- climate on plent growth are discussed. 

5.1 CLIMATE 

The Eskd.alemuir (242 in) meteorological station is in the same 

geographical region as the experimental site and thus provides a 

useful comparison with St.l sited at a similar altitude (229 in). 

The lapse rate for air temperature obtained in this study is 

0.34°C/100 in and is lower than the value generally accepted. 

Possible causes for this variation have been discussed (p.93). 

The importance of local factors such as micro-relief is seen and 

clearly, a distinction has to be made between meaned values over a 

wide area and long periods and conditions over a slope as 

determined in this experiment. Regional differences have been 

discussed by Hunt (1973).  The lapse rate based on accumulated air 

temperature above 5.6°C for Eskdaleinuir is 100.8 day 0C/100 m (Birse, 

1971) compared to 83.6  found in this study. This value is an over-

estimation as a threshold temperature of 5°C has been used in view -  of 

its importance to photosynthesis in Sitka spruce (Neilson et a]., 1972). 

Nevertheless, these lapse rates are not dissimilar and therefore a more 

useful basis for comparison. 
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Gloyne (1968a, 1973) examined the variations in the length of 

the growing season in relation to its commencement and cessation at 

Eskdalemuir. His latest data for the years 1914-1940 and  1941-1970 

are sum rised in Table 5.1 By drawing free hand curves over mean 

weekly air temperature, the dates when temperature exceed 5.60C are 

derived (Gloyne, 1973)  and included in the same table. Variations 

Table 5.1 Growing season at Eskdalemuir and Rivox 

Commencement 	 Cessation 	Length-days 

Mean 	Range 	Mean Range 	Mean Range 

1914-1940 	17 April 3 March - 	2 Nov 17 Oct - 199 173-264 
4 ray 	 22 Nov 

1941-1970 	8 April 1 March - 	6 Nov 19 Oct - 212 184-250 
30 April 	 19 Nov 

Rivox (st.1) 

1972 	 1 May 	- 	6 Nov 	- 	185 	- 

1973 	23 April 	- 	29 Oct 	- 	186 	- 

in the length of the growing season are mainly due to date of 

commencement rather than cessation (Gloyne, 1973).  King  (1973) has 

discussed the wider implications of these variations in relation to 

solar radiation changes. Both commencement and cessation of the 

growing season at Rivox in 1973  were displaced earlier by one week 

when compared with 1972.  Thus the length of the growing season 

(185 days) was the same in both years. Dates of commencement, 

cessation and length of the growing season for both years at Rivox 

fall within the range at Eskdalemuir 
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Bucket medium and soil temperature correlations with air 

temperature have been briefly discussed (p.91). With some 

exceptions of B20 temperatures, all bucket temperatures are highly 

(mainly p = 0.001) and better correlated with air temperature when 

compared with soil temperature. This is true for both years. 

The grass vegetation of the soil is probably the main reason of the 

reduced influence of air temperature on the soil. St-3, St-4 and 

St-5 have been ploughed resulting in reduced vegetation cover and 

some soil exposure. At these stations, S5 are better correlated 

with air temperature than B20 in 1972. This trend is also seen in 

1973 at  St-4 and St-5. Bucket medium temperature is obviously of 

greater significance in this experiment than soil temperature. 

The lowest air velocity was recorded at St.1 during week 14,  when 

it averaged 0.8 rn/sec. Thus the use of the psychrometric constant 

of 0.799 for computation of saturation vapour pressure is justified 

(Long, 1968). 

Windiness is greatly influenced by topography. Though the 

highest wind run was always recorded at St-5, the second most 

windy, was St.2. This is undoubtedly due to its location on the 

crest of a steep slope before the gradient eases off. St-4 is as 

sheltered as St.1 due to its position. Thus on a local scale wind 

run may not be directly related to elevation. Exposure follows a 

similar pattern but differences become exaggerated. No relationship, 

however was found with mean wind speed. This is possibly because, 

tatter was averaged from 4-weekly data. Differences in rainfall is 

another possible cause (Rutter, 1966). 

In view of the importance of the water balance to plant growth 

(ronteith, 1971), potential evaporation was calculated from the 
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climatic data. 	The computer program developed for this purpose 

used. the following equation. based on Monteithts ( 1 9G5..:- 

A E = Li R + Ea 	 (Eqn. A) 

Li-- 	(l+rS) 

where E = evaporation 

A = latent heat of vaporization of water 

Li = rate of change of SVP with temperature 

R n  =net radiation 

psychrometric constant 

Ea = aerodynamic term 

stomatal resistance 

ra = aerodynamic resistance 

The values calculated using this equation (Appendix 5.1) however, 

gave higher estimates than those obtained by the Meteorological 

Office for Eskda1eiir by a factor of about 2 as shown in Table 5.2. 

Small differences are expected as the Eskdalemuir values are computed 

from a different formula for an open water surface. On advice from 

Table 5.2 Computed potential evaporation by Eqnz. A and B and 
Eskdalemuir values. 

Time Eskdalemuir Computed Computed from Eqn.A:B 
MM/month from Eqn.A Eqn. B 

mm mm 

Aug. 72 
Week 1 

- 27.6 14.9 1.85 
Week 2 

- 48.7 31.8 1.53 
Week 3 - 29.4 16.9 1.74 
Week 4 - 23.2 14.5 1.60 
month 59.3 128.9 78.1 1.65 

July 	73 
Week 1 

- 36.2 20.9 1.75 
Week 2 

- 35.2 20.4 1.73 
Week 3 - 15.7 6.0 2.62 
Week 4 

- 20.9 9.9 2.11 
Week 5 - 36.6 22.3 1.64 
month 70,7 144.6 79.5 1.31 
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the I.eteoro1or Department (Thom, pars. comm.), it is believed that 

Din. A overestimates R. To check this, the R term in Eqn. A was 

manually calculated as follows:- 

R = R (1 - &) - L (1 - 0.10 n 	S 

(1+2) 

where R. = total radiation 

= albedo = 0.15 

heating coefficient = 0.2 

L = net long wave radiation when R = 0 shown 
to be equal to -5.9 ca1/sq.cm/r under clear 
skies 

C 	cloud cover in eighths; cloud cover at 
Eskdaleniuir is 0.7 thus C = 5.6 

The values for 0< , /3 and L0  are based on the findings of Monteith 

(1961) and Monteith and Szeicz (1961). The equation is thus 

simplified to:- 

= 0.71 Rs  - 30.36 (Eqn. B) 

The new values using the same equation but with the R term derived 

from Eqn. B, for the weeks in Aug-1972  and July 1973 are included 

in Table 5.2. The monthly values are comparable with the Eskdalerrruir 

data. The original potential evaporation values are highly 

correlated (r = 0.99) with the recalculated values and as their use 

would not affect the analyses already made, it was decided not to 

undertake a new set of analyses with the recalculated values. 

Consideration of computed weekly potential evaporation values 

and storage capacity of the buckets (Fig-4-31), showed that soil 
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moisture was always adequate so that actual evaporation could be 

equated with potential. In this estimation the threshold of 

available moisture of 50 mm was used (Smith, 19 60). 

The actual evaporation as estimated from rainfall and leachate 

data are consistently lower than the potential evaporation. Various 

reasons could account for this. The most important factor is perhaps 

due to the layer of coarse grit used to cap the compost surface. This 

can be expected to greatly increase the boundary layer resistance and thus 

act as an 'insulator' to water loss. As the compost is not filled 

right to the very top of the bucket, the 'evaporating' surface is 

about 8 per cent less than the bucket area which trap rainfall. 

Other sources of errors include differences in rainfall input 

between bucket and rain guage (the guage stood well above ground 

level), rainfall interception by shoots especially in the second year 

and changes in the water holding properties of the compost with time. 

Generally the climate at the 5 stations are separable. The 

temperature data, length of growing season, date of commencement and 

cessation of growing season observed are comparable with reports 

published for Eskdalernuir. Generally, temperature (p.93)  and 

saturation vapour deficit (p.95)  are found to be negatively 

correlated with altitude whilst rainfall (p.96) is positively 

correlated. However, microrelief significantly modifies temperature 

regimes. The influence of topography on both windrun and exposure 

is overriding and thus can not be related to elevation on a local scale. 
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5,2 	UTRITT BALA'TCE 

5.2.1 	Compost 

The physical characteristics of the compost; water retention, 

drainage and pH, proved to be satisfactory for raising seedlings of 

Sitka spruce. Towards the end of the experiment rooting was 

intensive especially in the +P compost (Plate 4.3). Thus rooting 

space may have become restricted. Whilst 5 seedlings per container 

for the first year was satisfactory, 3 seedlings in the second year 

would have reduced possible competition in the rooting space, 

Mineralisation of peat N occurred in both +1' and -P treatments. 

This is generally accepted with applications of P (Kaila, 1958; 

Niller and Williams, 1970) but surprisingly, the addition of small 

amounts of p (from formalised casein) was sufficient to stimulate 

microbial activity for N mineralisation. However, N mineralisation 

was about 10 per cent lower in the -P compost. The greater amounts 

of N recovered, in leachate from +P compost is attributable to the 

enhanced mineralisation. Almost the same quantities of N were 

recovered from the 5 stations for the -P compost but the i-P compost 

at St.5 yielded the least, almost 25 per cent below the i-P compost 

mean. The suggestion is that, in the -P compost peat N mineralisation 

was restricted by lack of P (for stimulation of microbial activity) 

and at St-5  reduced mineralisation in the -i-P compost was due to 

climatic conditions. Ritchie (1974)  reported the absence of N 

mineralisation at 5°C. Peat N mineralisation, however, was not 

sustained in the i-P compost even with the reapplication of P. 

This is in agreement with a recent report (Dickson and Savill, 

1974) that a finite fraction of total N content of oligotrophic 

peat becomes available to plants following P fertilization. After 
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this initial release there appears to be only very slow minera1iation 

of N and result in N deficiency of planted 3itia spruce. 

As discussed later, large quantities of N were however 'lost' 

from the system. This was not realised till almost at the end of 

the second growing season when seedlings, especially the larger ones, 

began to develop a pale green colour. Conditions in this experiment 

appear to have given strong denitrification - a loss that was not 

monitored by leachate analysis. Thus, during the second season, 

the compost did not contain adequate levels of N. In a recent 

paper, Terman (1974) pointed out that a common error in pot 

experiments is the use of low levels of N for agricultural plants. 

It was suggested that the expected crop yield should be used to 

compute the total amount of N that should be applied based on a 

75 per cent recovery. The evidence from this experiment clearly 

shows that denitrification is another factor that must be taken 

into account. 

Leaching of P was surprisingly rapid. But unlike N, leachate 

analysis provided an accurate assessment of the prevailing P content 

in compost and hence it could be reapplied as necessary. The pH 

of the compost, the fineness of the ground mineral phosphate 

(:zehetrnayr, 1954)  and free drainage were the physical conditions of 

the compost which promoted GNP dissolution and hence P leaching. 

The high cation exchange capacity (GEC) of peat as reviewed in 

3.3.3, enabled large amounts of Ca to be immobilized. The chelation 

of Ca is an important process controlling dissolution of GNP. The 

concentration of P in the soil solution is greatly increased if the 

Ca activity in the system is reduced (Drake, 1964).  Apart from 
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absorption of Ca on exchange sites, Ca was continually lost by 

leaching. 

On reapplication of GIT, leaching of P was considerably less 

than  the initial application. This was mainly because it was 

placed on top of the compost rather than intimately mixed. In a 

similar setup with the GMP applied on the compost, Ritchie (1974) 

recovered considerable amounts of P within the top 5 cm of the 

compost. 

There was only a slight lowering of the P level in peat used 

at the conclusion of the experiment. This is in accordance with 

the findings of other workers (Meshechok, 1963) that the P in peat 

is unavailable. In this respect peat proved to be a satisfactory 

medium for use in the control to investigate the effects of P 

fertilizers, It would be difficult to obtain loam with suitable 

physical characteristics low in P status. 

Leaching of K was remarkable both in rapidity and the difference 

between +P and -P composts. Analysis of leachate proved a 

satisfactory method of assessing the need and timing of reapplying 

fertilizer K. It was necessary to reapply K on 2 occasions after 

the initial one during compost preparation. On both these occasions, 

they were not leached as rapidly as the initial application. This is 

similar to the behaviour of GNP and can be attributed to the 

placement of the fertilizer on the top of the compost. 	Utchie's 

(1974). findings are in agreement with this. 

Greater quantities of K were recovered from the +P compost 

leachate initially. By the 16th week about 50 per cent more K 

was leached from the +P compost but after this, differences between 

the 2 treatments were not clear. The -i-P compost contained some 40 
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per cent more Ca resulting in greater Ca saturation of the exchange 

sites conared to the -P treatrient. The absorption of divalent in 

preference to monovalent cations is well known (Wikiander, 1964). 

Thus less K was absorbed and was leached in the +P compost. This 

explains the enhanced leaching with P fertilization. These results 

are consistent with the need to apply high rates of K fertilizer in 

soils with high Ca and Mg (Lucas and Sarseth, 1947). 

The experience gained in this experiment has shown the need to 

determine the nutrient status of the compost frequently. For P and 

K, leachate analysis provide a satisfactory method but for N this is 

not effective under the conditions of this experiment where 

denitrification occurred. Sampling for periodic analysis of compost 

can prove difficult. Firstly, there is the N in the peat and 

secondly, the formalised casein was applied as particles (2.5 - 5 mm). 

A possible solution would be to supply small quantities of soluble 

N frequently throughout the growing season. 

5.2.2 Plants 

Nutrient concentrations of whole seedlings are su.unarised in 

Table 5.3 to enable comparison with published data for healthy Sitka 

spruce transplants (Benzian and Smith, 1973). It can be seen that N 

level at the end of the second year is much lower than the first 

confirming N deficiency in the compost. In both years N concentration 

was higher in the -P treatment due to reduced growth. During the 

second year the N level was about 25 per cent lower than that reported 
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Table 5.3 Nutrient concentration/balance in whole seedlings 

rg/g 	 Ratio 

N 	P 	K 	N:P:K 

Healthy plants; mean of 3 nurseries 
(Benzian and Smith, 1973) 	 12.5 	1.7 	8.8 	7-4:1:5.2 

Present study at end of growing 
seasons 

1972 	-i-P 	16.9 4.1 13.5 4.1:1:3.3 

-P 	17.2 1.2 13.10 14.3:1:10.9 

1973 	-i-P 	9.1 1.6 9.2 5.7:1:5.8 

-P 	9.5 0.6 9.9 15.8:1:16.5 

for healthy plants. The pale green colour observed at the end of 

July 1973 was thus due to N deficiency. Symptoms coincided with 

he 10th harvest when IT levels were about 11-12 mg/g. This lies 

above the level of foliar N ( < 10 g1g) associated with poor 

growth reported by Everard (1973) for young Sitka spruce trees. 

It is possible that the N deficiency may have decreased the effect 

of P fertilization on growth in this experiment but the reduction 

most probably affected both treatments similarly as both had about 

the same N concentration at the conclusion of the experiment. 

P concentrations between treatments began to diverge early and 

were evident in all plant components by the second harvest. At the 

end of the 1972 growing season P treated seedlings showed a 

concentration of 4 mg/g, about 3 times higher than the level 

reported for healthy transplants. P concentration of seedlings 

in the -P compost, was some 24 per cent lower at the end of the 1972 

season compared to the -i-P seedlings. 
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By the end of 1973  the P level in the +P treated seedlings 

was only 1.6  mg/g and this is comparable with healthy seedlings. 

This low value, compared to the 1972, level, may be due to N 

deficiency (Simpson, 1962;  Drake, 19 64; Powell and Webb, 1974). 

Farrel and NcAleese (1972)  reported enhanced P uptake due to 

fertilizer.N in Sitka spruce trees if the dilution effect was removed. 

Another possible explanation for the lower levels of P found in this 

experiment, is the reduced solubility of GMP during the second year 

as can be seen from the rate of P recovered in leachates (Fig.4.37). 

At the end of the 1972  season K levels in both -P and +P 

seedlings were similar and about twice that reported for healthy 

plants. At the end of 1973  both treatments had similar values to 

those reported by Benzian and Smith (1973).  It is evident that K 

level in seedlings of Sitia spruce were not affected by P. The 

lower value during the second year may also have been due to N 

deficiency in the compost (Simpson, 1962; Sutcliffe, 1962). 

Shoots had higher concentrations of all nutrients when compared 

to roots except for Mg in accordance with Benzian and Smith's (1973) 

data. 

In Table 5.3 the ratios of N:P:K show nutrient imbalance in the 

-P treatment, as expected, due to the low concentration of P which 

increased the relative level of N and K by a factor of 2 and 3 

respectively. Healthy plants were found to have an N:P:K ratio of 

7.4:1:5.2. 	Seedlings fertilized with P had a ratio of 4.1:1:3.3  at 

the end of 1972 and  5.7:1:5.8 at the end of 1973. The  1972 data 

was distorted by supraoptinal levels of P and K. The 1973  ratio 

approached the balance for healthy seedlings except for the slightly 

lower value for N. The importance of nutrient balance has been 
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demonstrated by In:;estad (1970, 1971) with birch seedlings to 

obtain optimum 6rowth. He suggested that nutrients be supplied 

in the seine ratio as those in optin1 seedling growth. Manipulation 

of nutrient balance in a peat medium, unlike solution culture, can 

be difficult. However as suggested earlier for N, better control 

can be achieved by applications of small quantities of nutrients at 

frequent intervals rather than heavy infrequent applications. Leyton 

(1967) demonstrated with Pinus radiata seedlings that frequent 

irrigation with dilute nutrient solutions was as effective as treatment 

with concentrated solutions infrequently. 

Total nutrient uptake between successive harvests per unit plant 

and root weights are shown in Pig.5.1.  Both growth attributes gave 

the same pattern. In Fig-5-2  rate of nutrient uptake is shown to 

facilitate comparison of nutrient uptake between different periods. 

Generally the harvests were not frequent enough to bring out the 

detailed pattern of nutrient uptake. During the first year for 

example, uptake did not show the second peak in late summer. It 

may be inferred that nutrient uptake showed 2 peaks; one in July 

and a secondary one in August. This is clearly seen for N and P 

but the secondary peak was not apparent for K. Lyr and Hoffmann 

(1967) reported 2 growth peaks for roots and several authors 1tve 

reported these peaks to be associated with seasonal nutrient uptake 

trends. Armson (1966)  for example, showed this trend for N and P 

with seedlings of white spruce. 
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5.2.3 	!Iutrient budget 

In this section the nutrient budget of the experiment is discussed 

based on the nutrient reserves in the compost (fertilizer + peat 

nu-tirients), uptake, residual amounts in compost and nutrients recovered 

in leachate as reported earlier. In this computation, nutrient input 

from rainfall has been ignored. P from rainfall is generally of minor 

liaportance (Er/ickn, 1952) in agreement with studies in the Lake 

District (Carlisle et al, 1967)  and in the south of England (Madgwick and 

Ovington, 1959). C'Carrol and McCarthy (1973)  reported values of 1.6 - 

11.7 kg of K/ha/yr in Ireland but even the highest value is insignificant 

for this experiment (0.01 nig/bucket/yr). 

The nutrient budget of the experiment is detailed in Table 5.4 for 

N, Table 5.5 for P and Table 5.6 for K. In all cases the quantities 

unaccounted for are negative indicating a loss of nutrients from the 

Table 5.4 N budget of experiment - mg/bucket 

Treatment 	St. N reserves Leached Residual Plant Unaccot 
Added In peat 	Seedlings 	Total in up- ted 

used compost take 

1 55 8900 490 -1955 
2 51 8700 510 -2139 

-p 	3 45 9400 530 -1425 

4 55 8400 520 -2425 

5 963 	10400 	23 	11400 54 9700 490 1156 
(11386 ) 

121 8100 640 -2539 

2 145 7200 590 -3465 

3 128 7500 740 -3032 

4 133 8300 700 -2267 

5 94 7900 580 -2326 
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system. Certain errors are common to the 3 nutrientc. As 

mentioned earlier, on a few occasions the leachate collection 

bins overflowed. Leachate samnies then would give an under- 

estimate of the nutrient concentration. Before analysis, leachate 

samples had to be filtered to remove colloidal particles etc. 

This could also possibly remove nutrients complexed within these 

particles. The loss of small particles of GNP in the drainage 

water could not be entirely ruled out. This can be discounted 

for K due to the high solubility of K2SO4  and possibly account for 

the least deficit for this nutrient. These factors may account for 

the general nutrient deficit in the budget. The large deficit for 

N is discussed in the following paragraph. 

Almost 25 per cent of the total N was 'lost' from the system in 

the +P compost. This was some 3 times the applied N. It may be 

argued that this could be partly due to the fact that ammonium N was 

determined instead of total N in leachate. This may be largely 

discounted because under the conditions of the experiment with a 

rather low pH and the compost at field capacity for most of the 

experimental period, 	nitrate reduction is expected (Campbell and 

Lees, 1967).  N deficit in a budget of plant/soil system is of 

general occurrence (Alexander, 1961). In peat culture this results 

mainly from denitrification, a microbiological process of nitrate 

reduction resulting in the liberation of nitrous oxide and elemental 

N (Puustjarvi, 1970). The pathways and biochemistry of these 

processes have been reviewed by Campbell and Lees (1967).  Evidently 

the conditions in this experiment, low pH and moist compost favour 

microbial denitrification ('!aksman, 1952; Alexander, 1961; Campbell 

and Lees, 1967; Puustjarvi, 1970). 
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Table 5.5 P budget of experiint - mg/bucket 

Treatment 	St. P re3er'Ies 	Leached Rcsidual Plant UnaccountE 
Added In peat 	Seedlings Total in uptake. 

used compost 

1 262 33 +5 
2 242 32 -16 

-p 	3 20 	 290 Traces 226 33 -31 

4 221 34 -35 
5 266 	4 228 30 -32 

1 1486 692 128 -497 
2 1746 699 109 -449 
3 2733 	 3005 	1629 726 134 -514 

4 1649 905 130 -319 
5 1601 845 99 -458 

An average of 22 mg of P was unaccounted for in the -P compost. 

This is due to the traces of P detected in leachates but too low for 

quantitative estimation. About 15 per cent of applied P was 

unaccounted for and this is possibly due to the errors discussed 

earlier. The uneven distribution of the GMP when reapplied on the 

top of the compost must also introduce sampling errors. This is 

clearly seen from the variability of the quantities of P recovered 

in the residual compost. 
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Table 5.6 K budget of experiment 

Treatment 	St. 	 K reserves Leached Residual Plant Unaccount€ 
Added In peat Seed1irs Total in up- 

used compost take 

1 1067 906 512 -197 
2 1178  765 541 -198 

-P 	3 1280 649 583 -170 
4 1353 609 572 -148 
5 	2 543 	12316 	2682 1441 685 453 -103 

1 1310 447 691 -234 
2 1481 479 681 -41 

-'-P 	3 1373 430 832 -47 
4 1440 389 717 -76 
5 1493 457 604 -128 

The K budget gave the most satisfactory result. Some of the 

reasons for this have been discussed earlier. 	Its solubility meant 

that it was uniformly distributed throughout the compost and thus 

reduced sampling error in the determination of IC concentration in the 

residual compost. 

Table 5.7 	Summary of nutrient budget - 	of added and peat nutrients 

-P compost +P compost 

P K N 	P K 

Recovered in plants 4.4 11.2 19.8 5.7 	4,0 26,7 

Recovered in :residual compost 79.1 81.3 27.0 68.3 	27.1 16.4 

Leached 0.5 Thaces 47.1 1.1 	54.0 52.9 

Unaccounted -16.0 -7.5 -6.1 -24.9 	-14.9 -3,9 
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The nutrient budget in the experiment is swanarised in Table 5.7. 

Only about 5 per cent of N was recovered in plants in both treatnents. 

Greater N uptake by the bigger plants in the +P compost was prevented 

due to N iaavailability. Viro (1965)  reported that 20 per cent of 

applied N was taken up by trees in 3 years in a fertilizer trial with 

Norway spruce. Recovery in plants can be expected to be higher by 

tree stands compared to seedlings. 	In addition his rate of 

application(85kg/ha) is about 40 per cent of that used in this study. 

More K (26.7 per cent) was absorbed in the -i-P seedlings as compared to 

the -P seedlings (20 per cent) as expected. Only 4 per cent of applied 

P was utilized by seedlings. The very low P reserves in the -P compost 

resulted in higher P utilization (II per cent). Under the conditions 

of this experiment the loss of applied P (54 per cent) and K (about 50 

per cent for both treatments) was remarkable and in a fertilization 

programme would represent a serious loss. Clearly, this is a subject 

that needs considerable research effort to determine what economies 

can be obtained by lower applications. Undoubtedly, a compromise 

has to be struck with cost of applications as lower rates may -man 

more frequent aplications. Another important problem is the 

environmental hazard of pollution in which large quantities of 

nutrients are washed into streams and lakes. Eutrophication could 

be a real problem. 



5.3 CTAL P 	 OF PLJTS 

5.5.1 Fro s  damage 

Although the autumn frost in 1972  affected and evidently 

distorted plant growth at St.,1 and St,2 from an overall rattern, 

it provided useful infornation on the behaviour of Sitka spruce 

seedlings under such conditions. 

In spite of the low temperatures reached at St-3  there was no 

seedling damage as discussed earlier. Other possible reasons 

include, the side shelter provided by the surrounding trees, 

reduced ground vegetation and a certain amount of soil exposure 

due to ploughing (Low and Greig, 1974). Pig.4.1 shows that the 

minimum B5 temperature was higher at St-3 compared to St.2. 

Another factor could be that seedlings at St-3  were nearer grow-th 

cessation compared to St.2. To illustrate this point mean weekly 

height increments at the 5 stations are shown in Table 5.8 for the 

few weeks before the occurrence of the frost. The frost occurred 

on the 4th day of week 20 and the severe reduction in growth in week 

Table 5.8 Mean weekly height increment - cm 

St.l St.2 St-3 St-4 St-5 
+P 1.28 1.00 1.02 0.73 0.72 

Week 18 
-P 0.69 0.66 0.63 0.51 0.58 

1eek 19 +P 0.85 1.04 1.37 0.82 0.77 

-P 0.79 0.63 0.63 0.55 0.66 

Week 20 +P 0.88 0.40 0 1 36 0.33 0.37 

(frost) -P 0.24 0,23 0.24 0.28 0.30 

1 41eek 21 +13  0.01 0.10 0.30 0.38 0.36 

-P 0.05 0.03 0.13 0.22 0.26 



21 for St.1 and St.2, suggest that the increments nude at these 2 

stations in week 20, represented 3-4 days growth. These incre;ents 

are higher than the increment at St-3  for the whole week's growth. 

It is believed that this was an important factor for the absence of 

damage at St.3. 

At both st.l and St.2, P fertilization increased frost damage. 

This damage could also be related to the fact that the +P seedlings 

were growing more actively than -P seedlings (Table 5.8) 

In order to assess frost damage, the loss in seedling height 

as a ier centage dieback between the average height of seedlings 

Table 5.9 Per centage dieback of seedlings 

St.l 

-P 

St.2 

-p 

Average ht. of seedlings (cm) 

end of 1972 	beginning of 1973 

	

18.14 
	

9.14 

	

15.75 
	

10 e 65 

	

16.82 
	

14.81 

	

14.51 
	

12.43 

dieback 

49.6 

32.4 

11.9 

14.3 

at the end of the first and beginning of the second growing seasons, 

is shown in Table 5.9. The dieback at St.1 is much greater for the 

P treatment but it is not clear for St.2. This is because most of 

the damage at St.2 was in the form of tip-damage (Table 4.1) aM thus 

not reflected in stem dieback. 



Table 5.10 Growth reduction at St.l and St.2 at the conclusion 
of the experiment compared to St.3 

St-3 
St.l St,2 

Growth reduction Growth reduction 

Mean total ht. 	+P 	32.00 22.54 29.5 28.46 11.0 
C111 	 -p 	21.66 19.71 9.0 20.72  4.3 

Mean total dry 	+P 	85. 21 6 5.38 23.2 64.19 24.6 
wt. 	g 	 -p 	58.66 49.07 16.3 46.49 20.7 

To obtain a conservative estimate of the loss in plant Ercwth 

due to frost damage, the per centage reduction in both height and 

dry weiit at St.1 and St.2 are compared with the middle station 

(Table 5.10). The estimate for St.l is most likely an under-

estimation. Table 5.10 shows a striking reduction in height growth 

at St.1 compared to St.2. This is anticipated due to the 

considerable dieback and hence loss of stored carbohydrates on which 

height growth for the following year is dependent (Kozlowski, 1964). 

Kozlowski and Winget (1964)  demonstrated that old foliage account for 

some 80 per cent of current shoot growth. Allen (1964) reported a 

value of 40 per cent for 6-year old Pinus palustris. In this study 

'defoliation' was not complete and possibly explains the reduced 

level of retardation. Damage at St.2 was mainly in the form of 

tip-damage with little or no appreciable loss of foliage. 

Reduction in total dry weight differs from height growth and 

does not appear to vary between St.1 and St.2. Dry weight increase 

Is believed to originate from current photosynthesis. Stem dieback 

means a loss of or damage of the term. inal bud. The damage results 

in reduced new growth and hence reduced photosynthesis. old needles 

are inmortant only at the beginning of summer for photosynthesis in 
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various conifers (Freeld, 1952; Ursino et al, 19 63). Apart 

from this ageing effect, the reversible relationship between photo-

synthesis and growth may also be important. Sweet and Wareing 

(196 6b) defoliated needles which id not been fully formed in 16- 

month old Pinus radiata seedlins and showed that the rate of photo-

synthesis fell when compared to the control. After a while, (hence 

with new growth) the rate increased thou it was still lower than 

the maximum. This may explain the small difference in dry weight 

between St.l and St.2 unlike height growth. 

5.5.2 Flushing and growth cessation 

An endogenous growth rhythm in seedlings together with therno-

periodisrn and photoperiodism control budbreak and the onset of 

dormancy (Vaartaja, 1962). The relative importance of these factors 

varies but temperature is considered important for flushing (Kozlowski, 

1971). As some seedlings were showing signs of budbreak on planting 

at Rivox in the spring of 1972, data then are not realistic. 

Transplanting is known to affect flushing of Sitka spruce seedlings 

(Aidhous, 1962). Observations made in the spring of 1972 showed 

that flushing was almost completed by 8th May, 1972, but the first 

obvious signs were seen about 2 weeks earlier. Temperature data 

then was incomplete but extrapolation revealed that flushing started 

when the mean weekly air temperature was about 6°C. In the second 

spring flushing started about the 7th May, 1975  when the mean weekly 

air temperature was also about 6°c. In a series of nursery trials 

with Sitha spruce seedlings, Queen Charlotte Island provenance was 

reported to flush in early April at Kinloss, Newton, when the mean 
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iont:iy (:arc'1 ::.nd April air temperature was 7°C (Lines and Iitche11, 

1965). 	The evidence fro ,2 this studr indicatthe importance of 

ternoerature for flushing. P fertilization did not appear to have a 

definite effect on bidbreak in 1973. 

To facilitate comparison of cessation of height growth between 

treatment and stations, cessation is arbitrarily taken when mean 

weekly height increment fell below 1 mm (Table 5.11). 

Table 5.11 Dates when.mean weekly height increment 4 1 imm. 

St.l 	St.2 	St .3 	St-4 	St.5 

4/9 1972 11/9 18/9 18/9 18/9 
-P 	 4/9 4/9 11/9 18/9 18/9 

1973 	+P 	 3/9 3/9 3/9 20/3 10/9 
-P 	 3/9 27/8 13/8 13/8 13/8 

Height growth ceased about 18th September in 1972  and about 3 weeks 

earlier in 1973  when the mean weekly air temperatures were 8.5 °C and 

140C respectively. Thus temperature can not be said to be limiting. 

Evidently photoperiodisra is a dominant factor controlling growth in 

agreement with the observations reported b Lines and Mitchell (19 6 5). 

In their exoeriment growth cessation occurred on a date when the 

mean photoperiod was about 12 hours at Bush. This is comparable 

with the observations at 21vox in 1973  (12.5 hours) but not in 1972 

(14 hours). As discussed later, height growth was strongly 

correlated with photoperiod in 1973. 



I L ,norin,)  t,l and St. 2, the 1972 data indicate that P 

fertilization slightly (by one week) but consistently lengthened 

the growing period. This effect 1.ras more marked in 1973 though 

no difference wa3 found at St.l. The growth period was longer 

by one week at St.2 and St- -4, by  3 weeks at St.3 and by 4 weeks at 

St-5. High mineral avail-ability is mo.m to lengthen the growing 

season in woody plants (Kozlowski, 1964). However, P fertilization 

did not affect the growth pattern of either dry weight or diameter 

growth of seedlings. 

5.4 PLT GRVJTH-CLD'-MP REITIOSHIPS 

Plant growth-climate relationships can only be examined in 

detail for height increments (Fig-5-3) as dry weight data are 

insufficient. The techniques used to examine this relationship 

include correlation, stepwise and full multiple regression and 

principal component analyses. All climatic variables were used 

initially, but soil temperature variables were omitted for the Lull 

multiple regression and principal component analyses. However, 

evaporation was included in the latter 2 analyses. All analyses 

were done on standardised data. 
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Celatio mnalysi 

Te more important coe1ation between mean weekly height 

1creent said climatic variables are shown in Table 5.12 extracted 

fro Appendix 4.5. The most remarkable feature of the overall 

pattern is the greater influence of climatic factors in 1972 

compared to 1973 and the greater dependence of seedlings not 

fertilized with P on climate. 

Of the temperature variables 35 and accumulated air temperature 

50C are important. In 1972  all temperature variables are 

positively correlated with height increment of -P seedlings 

(mainly at p = 0.001). Not all such relationships are significant 

for +P seedlings and generally, correlations are at a lower level 

when compared with -P seedlings. In 1973  Amax was significant 

at st.5. Ma:dmum air temperature has frequently been found to be 

important for height increment in young stands of Sitka spruce 

(Fraser, 1970), Norway spruce (Mork, 96O) and birch trees at high 

elevations (Millar, 1964). 

SVD was significantly (at least at p = 0.01) correlated with 

height growth at all stations for -P seedlings in 1972  but significant 

only at 3 stations for -i-P seedlings. SVD did not appear to be 

important in 1973. Similarly, potential evaporation was more 

important in 1972 for -P seedlings when compared with -i-P seedlings. 

In 1973,  however correlations reached significance at 3 stations 

for +P seedlings but only at one station for -P seedlings. The 

overall picture indicates the greater importance of atmospheric 

humidity for -? seedlings compared to -i-P seedlings.. Reinken (1965) 

and Atkinson and Davison (1973)  have shown reduced water use by plants 

with adequate nutrition. With transplants of Norway spruce Glatzel 
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Table 5.12 So:: correlations betwon mean weekly heit 
iricreraent and climatic variables. 

+P 	 -P 

St.1 St.2 St-3 St-4 St-5 	St.1 St.2 St-3 St-4 St-5 

1972 

B5 + +i-+ + xis + -4-++ +++ -4-4-i- ++ +++ 

A + +-i-+ + + + +-++ +++ +++ ++ ++ 

A max ns -4--I--f- -H- +1- + i-i--I- +++ i--I-i- ++ i-i-- 

Accum. + -I--H- + + + i--H- -H-+ -I--H- ++ i--f- 

SVD xis +++ + i-i-+ xis ++ -,--i-+ i-i- i-i-i- -I-I- 

Evap. i-i- -H- ++ ns xis +-i-+ -f--I-+ i-++ ns xis 

Rain ns xis xis xis xis xis ns xis ns ns 

Windrun xis xis xis xis xis xis ns xis xis ns 

Solar rad. -H- ++ fls i-i- xis -i-++ ++ flS +4+ flS 

Photoperiod ++ ns ns xis ns +++ +++ -H- + ± 

1973 

B5 ns xis xis + xis xis xis xis xis xis 

A xis ns ns xis xis xis xis ns ns ns 

A max xis ns ns xis + xis xis xis na + 

Accura. xis ns ns xis xis xis xis xis xis xis 

SV1) xis xis xis xis xis ns xis xis ns xis 

E=P. ns ++ + + xis ns +-i--- xis xis xis 

Rain xis xis xis xis xis ns xis xis xis xis 

Windrun xis + ns xis ns xis + xis ns xis 

Solar rad. ns + xis + xis xis i-i- xis xis xis 

Photoperiod ++ -H--f- +4+ -f-f- + i-I- +1-i- -H- -H- -H- 

+ 	sig. atp=0.05 

-I--f- = 0.01 

+++ (j.0Ol 
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(1971) demonstrated that ndeauate f3rtilization reduced 'ater 

cnsuation by 53 per cent. 

Surprisingly, wind did not appear to be significant in either 

year except for St.2, the second most windy site in 1973. 	Though 

insignificant, correlations were generally higher in 1973 than  1972 

with windrun. This could be due to increased effect of wind as the 

seedlings became taller. 

Solar radiation was significant at St.l, 3t.2 and St-3  in  1972 

and like temperature, higher correlations were found with -P seedlings. 

One of the most striking features of the correlations in Table 

5.12 is the influence of photoperiod in 1973  which reached 

significance at all stations and both treatments appear to be 

equally affected. The importance of photoperiod to growth cessation 

had been mentioned earlier. 

The overall pattern that emerges from the correlation matrix 

is the increased dependence of grorth on climate for seedlings with 

inadequate P nutrition. Hunter and Grant (1971) reported that growth 

reduction with altitude was less when rye grass was grown in a fertile 

soil as compared to growth in an infertile soil. 

However, only tentative conclusions can be drawn from correlation 

analysis. The main defect is that the correlation coefficient 

estimates the degree of association of linear relationship between 

2 variables and their correlation may be due to their mutual correlation 

with a third variable. 
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5.4,2 	St;;ie multiDle regression 

In this analysis the variable that makes the greatest reduction 

in the variance of the dependent variable is fitted first and 

subsequently the progran examines the residual variation and selects 

the variable that makes the next greatest reduction in variance. 

This process is repeated till none of the remaining variables irakes 

any siificant (5 per cent) reduction of the residual variance. 

Data available were exained by station for each treatment 

(Appendix 5.2) and with the stations combined (Appendix 5.3). The 

second analyses had more degrees of freedom and the general trends 

obtained are more important than the analyses at each station. A 

summary of the analyses for the combined data is shown in Table 5.13. 

These results are similar to the correlation analyses. Climatic 

factors account for about 80 per cent of the growth variability for 

-P seedlings in 1972  compared to about 57 per cent for -i-P seedlings 

Table 5.13 	Slum-nary of stepwise multiple regression equations 
(All regressions have mean weekly height increment 
as the dependent variable. Data combined for all 
stations). 

-P 
Year 

Variable 2 
R - significance 

. 
Variable R - significance 

A max 39.8 B5 67.0 + 

0 eleven 45.0 +-i-+ Photoperiod 76.0 

1972 	SVD 49.6 -i--i--i- A max 78.9 -i--i-i- 
Solar m.d 51.6 +--+ A min 79.9 
B20 53.7 Wind 80.9 

A min 55.1 
Wind 57.2 

Photoperiod 61.1 +-i--,- Photoperiod 58.2 

A 65.3 +---- Aain 61.1 +-i-+ 

1973 	Wind 71.7 +-i--i- B20 65.6 

B20 76.0 ---i--,- BlO 67.9 Hi 

SVD 77.5 SVD 71.2 -i--i-i- 
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tho'1L in this case i:iore variables were involved. 	In 1973 however, 

seedlin of both trs. tserits seem to be equally affected by clinate. 

In 1972, the important c1itic factors for -P seedlings included 

3 temperature variables, but for +P seedlings only one temperature 

variable (A max) appeared to be important accounting for almost 40 per 

cent of the growth variability. On the other hand, B5 accounted for 

67 per cent of the growth of -P seedlings. Though SVD was positively 

correlated with height growth of +P seedlings, extremes of SVD (0 eleven) 

was deleterious in 1972. These factors were not significant for -P 

seedlings. 

In 1975 photoperiod affected growth of both +P and -P seedlings to 

the same extent (about 60 per cent). Like the 1972  data, -P seedlings 

were affected more by temperature variables (A mm, B20, BlO) compared 

to +P seedlings (.. and B20). Wind was shown to be important for +P 

seedlings in 1973. This possibly reflects the greater influence of 

wind on taller plants as the windrun was similar in both growing 

seasons. 

Examination of the analyses for stations, show that temperature 

variables (especially B5) are generally important for seedlings not 

fertilized with P for both years, 

.4.3 Full multiple regression 

The important features of the full multiple regression aialses are 

sumrised in Table 5.14. Stations are combined for these analyses and 

potential evaporation is included as one of the climatic variables, 
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The results in Table 5.14 conform to those obtained by 

correlation anJ stepwise multiple reression analyses. Climatic 

facturc account for a greater variability (85 per cent) for seedlings 

deficient in P as compared to seedlings supplied with P (64 per cent). 

In 1973, however, climatic factors appear to affect both +P and -P 

seedlings to the same extent (80 per cent). 

Evaporation appears to dominate the plant growth-climate 

relationships, accounting for the greatest per centage variability 

for both treatments in 1972  and for +P seedlings in 1973  and was still 

a major factor for -P seedlings in 1973.  It is interesting to note 

that the sense of the regression coefficients are different in 1972 

and 1973.  The reasons for this are not immediately clear. 

In the 1972  growing season Evaporation, B5 and 0 eleven are 

important (49.0  per cent) for +P seedlings but only the first 2 account 

for almost 73 per cent of the variability for the -P seedlings. The 

1972 data indicate the overall importance of temperature and water 

balance and the greater dependence of -P seedlings on these 2 factors 

as compared to +P seedlings. 

Evaporation and BlO are equally important (41.8  per cent) for +P 

seedlings in 1973.  These factors, including solar radiation and B20 

are the dominant climatic factors for P deficient seedlings and account 

for 58 per cent of the variability. 

Snedecor and Cochran (1967) have discussed the difficulties of 

determining the relative importance of the X variables in multiple 

regression analysis. No fully satisfactory answer is available. 

Mutual correlations between the variables is the main reason. The 
cE 

order in which the X variables w brought into the regression also 

introduce differences. 



Table 5.14 Sury of multiple reression (full procedure). 
Stations combined, 

Dependent 
variable 

1972 

Details of 
equation 

R2  =63.&$ 

p 	0.l 

SD = 0.2185 

constant=-'-3740 

n = 73  

Variable 

Evap. 

B5 

0 eleven 

A nx 

Wind 

SVD 

Reg.coeff. 
(p) 

-0.8582 (10) 

-0.3948 

-0.0362 (10) 

0.0624 

0.0010 (5) 

0.3653 (5) 

Partial 
corr, 
coeff. 

-0.2219 

-0.2175 

-0.2590 

0.0905 

0.2754 

0.3092 

variance 
accounted 

19.8 

18.6 

10.6 

4.8 

1.5 

0.3 

= 85.3 Evap. -0.4677 (5) -0.2624 37.6 
p = B5 	- -0.0799 -0.0985 35.0 

-p SD = 0.09937 Wind -0 0 0005 (2) 0.3205 0.9 

1972 constant=-2.1348 Solar rad. 0.0104 (5) 0.2732 0.4 
SVD 0.0688 (10) 0.2372 0.2 

Photoperiod 0.0003 (i) 0 .3 668 0.2 

n = 73 

R2  = 79. eT,  1.0264 0.1182 22.2 

p 0.1 BlO 0.9409 0.1840 19.6 

SD = 0,5276 B20 -0.7247 (10) -0.2718 9.8 

1973 constant=-1.9514 35 -0.5025 -0 .1402 6.8 

Solar rad, -0,0216 -0.1165 6.5 

A max -0.0404 -0 .0515 4.3 
A 0.4029 0.146 3.7 

= 62 Photoperiod 0.0036 (10) 0.2879 1.8 

10 0.6961 0 .1798 16.3 

795 Solar rad. -0.0499 (5) -0.3368 15.1 

-p p = 0.1 Evap. 2.3024 (5) 0.3318 14.5 

1973 SD = 0.2486 B20 -0.5521 (10)  -0.2733 12.1 

constant= 4.5849 A -0.0048 -0.0022 5.3 
A nax 0.0006 o,0006 4.9 
SVD -0.6770 (0.2) -0.4363 4.0 

n = 62 Wind -0.0020 (10) -0.2850 1.1 
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5.4.4 	incipal component analysis 

In the BDM 0214 Program (Dixon, 1967) for this analysis a 

correlation matrix is calculated from standardised data and the 

eigenvalues and eigenvectors are extracted. The vectors form 

components which have the useful property of being uncorrelated 

with one another. The variability of the data can often be 

largely accounted for by the first few components. By examining 

the'loadings' of vectors on the components the main sources of 

variation may be interpreted. Conventionally, components with 

eigenvalues of less than 1.00 are ignored. Similarly, to 

facilitate interpretation the largest vector is scaled to a value 

of 1.00 and all those vectors with values less than ± 0.7 are 

rejected. Finally, the components may be used as regressor 

variables and regressed against a growth parameter such as weekly 

height growth of seedlings. 

To examine the variation in climate, data from the 5 stations 

were combined and subjected to principal component analysis for 

each year. 	This is summarised in Table 5.15.  It can be seen 

that the first 4 components account for almost 90 and 85 per cent 

of the variability in 1972 and  1973 respectively. Most of the 

variability (61 per cent) in 1972 climate is accounted for by 

component 1 which is clearly an expression of temperature and 

atmospheric humidity. Component 2 Vper cent) is a contrast 

between rain and photoperiod/wind and implies rain and windiness 

were less during the middle of the growing season. Conmonents 3 

(8 per cent) and 4 (6 per cent) relate to solar radiation/ 

evaporation and the number of hours when temperature exceeds 5 
0
C. 

The first 2 components in 1973  account for 64 per cent of the variability 

of clirtic data. Component 1 again expresses temperature whilst 
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Table 5.15 Suiair of principal cormonents of climatic data. 

Component Vectors (scaled values) 

1972 

C ,  

variability 
accounted for 

SVD 	 Acc 
1 A 	Ace 	B5 Amax 	BlO max 	B20 	SVD Amin Oeiev SlID 61 

1.00 	0.99 0.98 	0.97 	0.96 0.90 0.90 0.89 0.89 0.85 0.82 

2 Rain 	Pho. Wind 
1.00 	-0.89 -0.80 14 

3 Sol. 	Evap 
rad. 

-1.00 	-0.81 8 

4 Ofive 
1.00 - 

89 

(7) Wind 	SVD SVD 	Rain 
max (3) 

-1.00 	-0.69 -0.63 0.63 

1973 

1 A Ace B5 BlO 	Amax 	Amin 
-1.00 -0.99 -0.95 -0.93 	-0.91 	-0.71 

2 SVD SlID Evap Sol. 	Pho. 
max z'ad. 
-1.00 -0.95 -0.94 -0.88 	-0.74 

3 Rain Ace Evap. Sol. 	Pho 
SVD rad. 

-1.00 0.99 -0.95 -0.93 	-0.85 

4 Rain Wind 
-1.00 -0.91 

5 	Rain Ofive Plio. 
(5%) 

-1.00 -0.99 0.84 

42 

22 

14 

2 
85 



Coponent 2 is essentii1y an expression of the evaporative power 

of the air (SVD max, SVD and evaporation), solar radiation a. 

hotoperiod. Component 3 is similar but with the addition of rain 

and can be taken as representing the water balance. Rain and wind 

are heavily loaded on component 4. 

Regression of weekly height growth against the components, shows 

their relative importance in accounting for variations in growth 

(Table 5.16). This regression included growth data from all 

stations. The greater importance of climatic factors for -P 

seedlings in 1972, compared to +P seedlings, sho.m by simple 

correlation and multiple regression analyses, is also apparent Ire. 

Table 5.16 Percentage variation in height growth accounted for by 
components. 

-'-P 

1972 	 1973 

Comp.l 	34.8 Comp.2 	24.7 

Comp-7 	8.5 Comp-5 	21.4 

Comp-3 	13.7 

	

Comp-4 	8.9 

TOTAL 43.3 	 68.7  

1972 	 1973 

Comp.l 	64.1 Comp.5 	23.9 

Comp.2 	6.9 Comp.2 	14.9 

Comp.3 	12.5 

	

Comp.4 	9.7 

71.0 	 61.0 

In 1973  the variability accounted for in the +P treatment (68.7 per 

cent) is slightly higher than in the control (61.0 per cent). 

Component 1, a measure of temperature, accounts for about 35 per 

cent of height growth of -i-P seedlings in 1972. Coiponent 7, heavily 

loaded for wind and saturation vapour deficit accounts for 8.5 per 

cent of height growth variation. The total variation accounted for 

in 1973  amounted to 69 per cent for -i-P seedlings and is thus much 
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1uLner than in the 1972  (43 per cent' data. 	Exa:.iinaion of the 

vectors of the 4 components strongly related to +P height growth 

in 1973 shows the importance of water balance but no direct 

temperature variable appears to be of consequence. This can be 

attributed to the higher temperature levels in the summer of 1973. 

Pig.4.23 shows that in the 1972 growing season the mean weekly air 

temoeratare reached 10°C and over, for only 10 weeks at the middle 

station as comared to 16 weeks in 1973. 

Component 1 is the most important component for -P seedlings in 

1972 and it accounts for 30 per cent more variation than it does in 

the +P treatment. Rain, photoperiod and wind are the vectors in 

component 2 but the reduced loading for wind suggests less sensitivity 

of -P seedlings to this climatic  variable in 1972. The sane 4 

components significant for ±P seedlings in 1973  also appear for -P 

seedlings but differ in that component 5 is of greater snificance 

than component 2, i.e. their order is reversed. 

Generally, it is seen that temperature conditions and water 

balance are both important in 1972 but that they account for a 

greater variation in the height growth of -P seedlings. In 1975 

the sane components were important for both treatments but the 

general level of temperature (measured as Of lye) appeared to be of 

greater consequence for -P seedlings. 

To facilitate closer examination of the relationships between 

plant growth and climate, a further 2 principal component analyses 

were computed. In these analyses height growth data of +1' and -P 

seedlings were both included. 	A surnrrary of the analysis is shown 

in Appendix 5.4. In Fig.5.4-5.7, coraoonent 1 is plotted against 

component 3 for  1972 and 1973  data. 
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Fig- 5-4 shows that height growth of +P seedlings is clustered 

with evaporation, solar radiation and Ofive and they are heavily 

loaded on component 3. Rain and wind, as expected, are closely 

associated and are opposed to height growth. Cluster 2, corapiising 

mainly temperature and some measures of water vapour pres3ure is 

heavily loaded on component 1 and not closely related to height 

growth. Cluster 3 comprises extreme vapour pressure deficits 

which are clearly deleterious for growth and this effect is also 

found in the 1973  data  (Fig-5-5). 

In 1973  height growth for +P seedlings is clustered with 

evaporation, rainfall and solar radiation. Air temperature 

variables, heavily loaded on Component 1, do not appear to be 

generally important although bucket temperatures are more closely 

related. Unlike 1972 however wind was less strongly opposed to 

growth. 

Cluster 1 in Fig-5.6 shows the close re1ationshi between 

growth of -P seedling with bucket and air temperature variables 

generally. Cluster 2 comprising measures of water balance are 

equally loaded on Component 1 and are negatively related to 

growth. In 1973  the growth of -P seedlings is clustered with 

evaporation, rain and solar radiation (Cluster 1). This contrasts 

with clusters 2 and 3 and implies strong negative relationships of 

growth with saturation vapour deficit. 

The general pattern that emerges from the principal component 

analyses is that there is a strong dependence of height growth on 

temperature and saturation vapour deficit variables. This 

relationship is more marked for P deficient seedlings. 	Studies 

with pasture species have also shown the importance soil temperature 

and solar radiation on growth (Alcock et al, 1968) and the increased 

effect of c1i:.tic stress when rye grass was grown in an infertile 
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soil (crant and Hunter, 1971).  The threshold value of limb was 

used in this study to collect data on the more extreme occurrences 

of high levels of saturation vapour deficit as this had been shown 

(Ludlow and Jarvis, 1971)  to be the value at which larger changes 

in leaf diffusive resistance could be expected. It is interesting 

that these variables are consistently opposed to height growth in 

this data suggesting that this species is sensitive to atmospheric 

humidity. This hypothesis has recently been supported by a study 

(Grace et al, 1974)  with seedlings of Sitka spruce under controlled 

conditions in which it was shown that when humidity was reduced from 

85 per cent to 55 per cent (both at 200C), leaf diffusive resistance 

more than doubled and mean daily height growth of 2.05 mm decreased 

to 1.5 mm. The relative insignificance of wind is surprising in 

view of the general belief of the harnful effects of windiness. 

The study under controlled conditions mentioned earlier also 

demonstrated this for a range of wind speeds similar to those 

encountered in this study and is attributed to the small changes 

in total leaf diffusive resistance. 



Total plant dry weight was not influenced either by treatment 

or station after the first year but both factors were significant 

(p = 0.001) at the end of the second year. Total dry weight at 

s -Li and St.2 were similar for both treatments and was slightly 

higher than the growth at St-5. Undoubtedly the frost damage 

severely depressed growth at the 2 lowest stations. Since the 

elevation-productivity relationship is so overriding, it can be 

inferred that the harmful effects of frost damage are not 

permanent. It would be interesting to determine how long this 

effect lasts. As far as afforestation is concerned this can be 

a real problem in the short tern. It may mean a longer establishment 

period (weeding etc.) and hence increased cost. 

The second year dry weight showed that St-4  was the most 

productive, certainly more productive than St.3. It is believed 

that this is due to better microcliniatic conditions resu1tin from 

microrelief. 	t.4 is the second warmest for all the measured 

temperature variables (Table 4.8). Saturation vapour deficit, 

shown to be an important climatic factor affecting growth, is most 

favourable at St-4  (Table 4.10). 	In addition the site is the most 

sheltered in tem of windrun but the second least in 'exposure' 

(Fig-4-32). Discussing hill-land productivity, Crompton (1958) 

suggested that with fertilizer application higher yields of grass 

y be expected because better moisture conditions in uplands can 

more than off-set the effects of low temperature. 

The common plant growth analysis functions, such as relative 

growth rate (Ru), leaf weight ratio (L/.1) and net assimilation rate 

(E) were calculated over the 2-year experimental period using the 

program described by Hunt and Parsons (1974). The values obtained 
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Table 5.17 Values of grorth-functions 

1 
L/W 

Station - 

+p -p 

1 0.0435 0.0401 4.8826 4.3668 

2 0.0422 0.0395 4.6639 4.5440 

3 0.0484 0.0416 4.9116 4.6781 

4 0.0493 0.0419 4.7322 

5 0.0487 0.0418 4.7888 4.7099 

Ea 
gx10/kg]w3ek 

-p 

	

0 .8903 	0.9178 

	

0.9487 	0.8703 

	

0.9848 	0.8897 

	

0.9782 	0.8846 

	

1.0159 	0.8875 

The 	relates to the whole period including the winter months of 

1972/1973 whilst the L/u and" are  
T P- 

 calculated at the final harvest. 

As expected from total dry weight data the RW  was maximal at 

St-4 which was siiificantly different from St.l and St.2. This 

is obably due to the frost damage. No differences were detected 

in 	between any -P treatments but at all stations it was significantly 

lower than the -i-P treatment. 

The L/, an expression of the leaf area carried by the plant, 

showed no difference between stations in i-p treatments but once 

again St.1 is distinct from St.3, St-4 and St.5 in the -P treatments 

suesting that although the P treatment at St.l was more severely 

frosted it has recovered rather better than the -P seedlings. 

Pinally, the 	which relates to the photosynthetic efficiency of 

the leaves shored almost no differences between stations or treatments 

except that St-5  had a high value for the i-P treatment which was 

separable from both Station 1 (-*-p) ind its control. This would seem 

to be fortuitous. 
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The results Given in Table 5.17 are of course calculated on 

rather small sap1e sizes especially in 1972 and so should be 

treated with caution. 

5.4.6 Relationship between growth and altitude 

The relationship between altitude and height growth of seedlings 

was examined in Fig-4-4- In 1972  response to P decreased with 

increasing altitude so that at the highest station, no benefit was 

evident from P fertilization. The 1973 data, however, showed large 

responses to P even at St-5  where treated seedlings were more than 

double the height of the control. This response was also shown in 

total plant dry weight where even at St-5  a 20 per cent increase L 

resulted from P fertilization (Table 5.18). 

Table 5.18 Per centage increase in total dry weight of 
seedlings fertilized with P. 

St.l 	St.2 	St-3 	St-4 	St-5 

33.2 	38.1 	45.3 	58.1 	19.8 

It is inferred that the most severe climate encountered in this 

experiment was not overriding in the growth-environment relationship. 

tey (1959)  studied grass production at altitudes up to 490  m and 

found no evidence that climatic conditions severely limit grass 

output when adequate fertilizers were applied. 
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cLu>r2 6 GENJ1L CONCLUSIO173  

In this experiment an attempt has been made to evaluate the 

effects of climatic factors and phosphorus fertilization on the 

growth of Sitka spruce seedlings. The experimental approach 

adopted generally proved satisfactory for the attainrzient of the 

objectives of the study. 

Initial fears that altitudir.1 intervals between stations were 

not large enough to give measurable differences in climatic factors 

and plant growth, proved unfounded. The exclusion of St.2 and St-4 

for example, would have shown a dine in climate with altitude. 

This study has demonstrated that the climate-altitude and plant 

growth-altitude relationships are not clear cut and revealed the 

influence of topography. 

The 2-year period available for field experimentation is a major 

drawback. This is especially so as the effect of P fertilization 

was apparent only during the second year. A longer study (by 1-2 

years) would enable the extent of response in dry weight, and the 

duration of the harmful effects of frost damage, to be determined 

with confidence. 

The container and its compost was capable of both satisfactory 

drainage in wet conditions and adequate retention In dry periods. 

The container used provided adequate rooting space for 5 seedlings 

but for a longer study, the number would have to be reduced to 3 or 

even one per container. Leachate analysis was found to be an 

efficient method for determining the P and K status of the compost. 

The N status, however, has to be assessed by periodic analyses of 

compost and plant samples. Even with a slow release N fertilizer, 

like formalised casein, annual applications appear necessary. 
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Mineralisation of peat N occurred in both treatments but after an 

initial release, mineralisation appeared to cease and reanolication 

of P did not restimulate the proce-. 

The instruments used were found sufficiently accurate and 

reliable to characterise the clirnte along the slope except for the 

solarimeters. They were unsatisfactory for prolonged use under 

field conditions. It is suggested that they be replaced at about 

2-monthly intervals. A large amount of temperature data was 

collected. Container temperatures at 5 cm or 10 cm, air and wet 

bulb temperatures would have been sufficient. 

No significant differences in dry weight were found during the 

first year, so that one or 2 destructive samplings would have been 

adequate. This would have enabled more intensive sampling in the 

second year. The final harvest shows that the effects of station, 

phosphorus fertilization and their interaction on dry weight, can 

be examined fully with a sample of 5 units or 25 seedlings. 

The results of the experiment were examined by correlation, 

stepwise and full multiple regression analyses and finally, by 

principal component analysis. Whilst no one technique was 

completely satisfactory, all of them reveal a similar pattern. 

Principal component analysis proved the most effective. In all 

these analyses height growth increment throughout the growing 

season were examined. It has not been possible to study the 

climate-growth relationships at various growth phases which might 

result in closer relationships being established. 

Among the primary objectives of the experiment, the study has 

identified the important climatic factors influencing height growth 

of Sitka spruce seedlings. Rooting medium temperature and 

saturation vapour deficit variables dominate the growth-climate 
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relationship, The importance of atmospheric hirnidity has also 

been demonstrated in recent studies ui -icier controlled conditions 

and this effect is consistent with the natural distribution of 

this oceanic species. St-4 with relatively high temperatures 

and least saturation vapour deficit was found to be the most 

productive. 

The minimum growth response to P was obtained at 3t.5 with a 

20 per cent increase in dry weight at the conclusion of the 

exoeriment. 	cimum response occurred at St-4 with an increase 

of about 60 per cent in dry weight. It is concluded that even 

the most severe climate imposed did not seriously limit growth 

with adequate phosphorus fertilization. 

Generally, the overall decrease with altitude in temperature 

and saturation vapour deficit was at the rate of 0.34°C/100 in and 

0.16 ml00 m respectively. Rainfall was positively correlated 

with altitude and was estiited at 210 mm/100 rn/year. However, 

the climate-altitude relationship is not clear cut and the data 

collected highlighted the role of topography in particular with 

regard to windrun and Texpo sure'. 

The rapidity of ground mineral phosphate dissolution is 

surprising. 54 per cent of P and 47 per cent of K were recovered 

in leachates respectively. Only small quantities of P (4 per cent) 

and IT (4-6 per cent) were recovered in plants. Recovery of K in 

seed1in,s was higher (20-27 per cent). Nutrient budgets of N, P 

and K show negative balances and for i: amounted to about 25 per 

cent. 	This is attributed to denitrification. As expected P 

fertilization resulted in mineralisation of peat N. However, 

after an initial rapid release, N mineralisation either ceased or 



1 A c f U. 

slowed down resulting in a S'3r10u2 lack of available N. Further 

application of P did not restimulate N mineralisation from the 

peat. 

An important fii.in' in this experiment is the decreased 

siificance of climatic factors for the growth of seedlings 

adequately supplied with P. This was not evident in 1973 and it 

is possible that the imbalance in N supply in that year may have 

removed this effect. Further research is needed to clarify this 

question. 

Growth at both St.1 and St.2 were depressed by frost damage. 

Since the altitude-growth relationship- has been widely reported it 

would be interesting to determine the duration of the harmful 

effects of a frost. The damage also meant that the full potential 

at St.l and St.2 is largely unknown. Although St-4  had the maximal 

growth which was attributed to low saturation vapour deficit and 

generally warmer temperatures it would be valuable to assess the 

growth at St.l which had the hi-hest values of both temperature 

and saturation vapour deficit. 

The detrimental effect of P fertilization where topographic 

conditions cause temperature inversion and unseasonable frost is 

important and worth further investigation. 

Afforestation is being continually extended to higher ground. 

It is generally believed that application of phosphatic fertilizers 

can aid establishment and enhance growth. Results of this 

experiment show that this is still true at the highest altitude 

on this site (480 in). 	Obviously, this response can be expected 

to decrease with elevation and the altitude or climatic conditions 

at which fertilization gives no worthwhile response, is a question 

that needs further work. Results of such studies would be of 
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dir2 and acti cal value to forestry. 

This experiment has also shown tbat large quantities of 

fertilizers can be leached rapidly from peats of the type used 

as rooting mdiuni in this experiment and could eventually cause 

pollution of lakes and inland waters. This my be serious in 

hilly topography under extensive use, These questions represent 

another important field of long-teen research. 

The conditions in this experiment differ in so many ways 

from those in practical afforestation that direct extrapolation is 

unsound. The experiment has demonstrated that growth my not be 

related to altitude directly on a local scale. Climatic limitations, 

represented by altitude can only be used as a general guide for 

delimiting planting. Under the conditions of this experiment 

worthwhile responses (20 per cent) were obtained following P 

fertilization even at the highest station (480 m). 

The inability of repeated P applications to further stimulate 

N ruineralisation from peat has direct implications for the 

fertilization of young forest crops. 
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Cl±natic Instruments 

Temperature 

The 2 buckets at each station for measuring temperature had 

holes bored on their wall at depths of 5, 10 and 20 cm and plastic 

connectors fixed into each hole so that part of it protruded inside 

and the other part protruded outside the bucket (Plate 3.3). Whilst 

this bucket was filled with compost, thermistor probes were inserted 

through the apertures so that they were in the centre of the bucket. 

ComDost was filled carefully- so that the probes remained horizontal. 

Soil temperature was measured at 2 locations. At each spot a 

small hole was dug by making clean cuts so that the turf and soil 

came out in one piece. At appropriate depths horizontal holes were 

made with a wire, the probes inserted and the block of turf replaced. 

Open ended boxes, 13 cm by 13 cm in cross section and 38 cm long 

fixed such that the long axes were oriented east-west, were used as 

radiation shields. 

Before use, the temperature recorders were checked to determine 

their performance. They were found to agree to within 0.5 °C. In the 

field the recorders were calibrated at least once in every 3 weeks 

using their internal calibrations at 15 °C and  350C. 

Temperature readings from chart rolls (Plate A.l) are extracted 

into forms designed to take a day's readings from one station (Table 

A.l) and subsequently put on cards to be summarised by computer on a 

weekly basis. 336 readings were recorded on one day at each 

station. They are recorded to British Summer Time. 
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Plate A.1 Temperature chart for 14th. - 17th. hours on 18th. July, 1973 

for St. 2. (Actual size.) 



Table A.1 One days temperature data for one station as 
extracted from temperature chart. 
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Solar radiation 

Prior to installation in the field, solarimeters were 

calibrated against a Kipp solarimeter. A movement of about 

1 mm of the bubble was found to be equivalent to about 35 watts/sq.m 

The distance moved by the bubble was determined using a modified 

caliper with vernier attachment. The solarimeter needed little 

attention. When the bubble was nearing one end of the coulometer, 

polarity was reversed so that it moved in the opposite direction. 



Appendix 3.2 

Analytical methods for leachate analysis 



201. 

Analytical methods for leachate sarnDles 

Titrogen 

This method detexines arnmonium-nitrogen within the range of 

0.05 - 1.0 ppm (Crooke and Simpson, 1971). 

Reagents: a) 85 g sodium salicylate and 0.6 g sodium nitro-

prusside are dissolved in deionised water and made up to 

1 Litre. 

b) 0.625 g sodium dichioroisocyanurate and 3 g 

sodium hydroxide are dissolved in deionised water and made 

up to 250 ml. 

Standards: 0.4715 g 	s 4  in deionised water and made 

up to 1 litre (lao ppm NH4 ) and from this stock solution 

dilutions made to obtain standards from 0.05 - 1.0 ppm. 

To standards and samples in 10 ml volumetric flasks, 2 ml each 

of reagents (a) and (b) are added, shaken and placed in a water 

bath at 37°C for about 10 minutes to develop the emerald green 

colour. When cooled to room temperature, the solutions are 

diluted to the mark with delonised water. 

Absorbance of samples, against a b1ak, are read at 667 mu  in a 

Beckman Spectrophotometer and compared with standards. 

Phosphorus and Potassium 

Aliquots of leachate samples are treated in the same way as 

digested plant/compost samples for phosphorus and potassium samples. 
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Analytical methods for plant and compost samples 

Nitrogen 

The method described is based on that given by Jackson (1958). 

Reagents: Conc. suluhuric acid - S.G.1.84. 

0.1N hydrochloric acid - standardised 

Sodium hydroxide - 4O w/v 

Bromocresol green/methyired mixed indicator - pH 4.5 

Catalyst - Kjeltab - K2SO4 , CuSO4 , Se 

About 1.0 g sample is accurately weighed out on a filter paper, 

formed into a pellet and dropped into a 300 in]. Kjeldahl flask 

with 2 catalyst tablets. Samples are then moistened with 

distilled water before the addition of 20 ml conc. H 2SO4 . 

Heating on the digestion rack is slow until the digest 'clears' 

whereupon full heat is applied for one hour. After partial 

cooling and the addition of 100 inl distilled water the flask 

is transferred to a distillation apparatus. About 65 ml of 

40 NaOH is added and distillation carried through for 10 minutes 

from boiling until the solution 'salts out'. 

The distillate is collected in a 250  ml Erlerunayr flask, in 

25 ml boric acid with mixed indicator. Upon completion the boric 

acid is titrated with standardised 0.1N HC1 to the end point. 

The nitrogen content of the sample is computed from:- 

mg N/g sample 	= 	(T.,B) x N x 0.14 x 100 
S 

	

where T 	 = vol. of acid used in titration 

	

B 	 = vol. of acid used in titration of blank 

	

N 	 = normality of acid used 

	

S 	 = wt. of sample 
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Digestion of samples for other determinations 

Reagents: Conc. hydrochloric acid - S.G. 1.18 

Di?. hydrochloric acid - 

About 0.5 g of sample is accurately weighed out into a silica 

crucible and ignited at 470°C overnight in a muffle oven. 

To the partially cooled sample, 10 ml conc. HC1 is added and 

heated in a water bath till all the HO1 has evaporated. 6-7 ml 

of dii. UC]. is added whilst still in the water bath and filtered 

hot through Whitman's 42 filter paper into a 50 ml volumetric 

flask. 

Aliquots of above samples are used for P, K. Ca and Mg determinations. 

Phosphorus determination 

The method is as described by Hanson (1950). 

Composite reagent - 140 ml conc. HT03  + 1.0 g ammonium vanadate 

+ 20 g ammonium molybdate made up to 1 litre 

with distilled water 

Standards - a little ICH2P0 is placed in a porcelain basin and 

allowed to dry overnight at 105 °C. 0.4393 g 

is then dissolved in distilled water and 

made up to 1 litre to give a stock solution 

containing 100 ppm P. Aliquots of diluted 

stock solution used to obtain standards from 

1-7 ppm. 

To standards and aliquots of samples in 50 ml flasks, 5 ml of 

comno3ite reagent is added and nude up to the mark with distilled 

water. 
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4. The yellow colour which develops is read on the EEL Spectrometer 

at 400 mu. Sample readings are then compared with curve 

obtained from standards. 

Potassium, calcium and magnesium determinations 

These nutrients are determined from the sample digests suitably 

diluted using the Unicam S.P. 90 atomic absorption spectro-

photometer; K by flame emission and the others by absorption. 

Standards: K - 0.1548 g of Arialar potassium chloride is 

dissolved in and made up to 1 litre with distilled 

water (100 ppm) and standards containing 10-50  ppm K 

are prepared. 

Ca - 0.2497 of dry Analar CaCO3  is dissolved in the 

minimum quantity of Analar HC1 and diluted to 1 litre 

with distilled water (100 ppm) and solutions 

containing 5-20 ppm Ca prepared. 

Mg - 0.1000 g of oxide free magnesium ribbon is 

dissolved in the minimum quantity of Analar hydro-

chloric acid and made up to 1 litre with distilled 

water (100 pnm). Standards containing 0.5 - 2.0 

ppm Mg are prepared. 

. Standards and samples also contain SrC13  solution in the ratio 

1:10. SrCl is prepared by dissolving 46.1 g SrC1 3  in a 

mixture of 100 ml conc. HCl and 800 ml distilled water and 

diluting it to 1 litre. 

4. K, Ca and Mg are determined at wavelengths of 760, 422 and 285 mu 

respectively and readings from samples are compared with standards. 



Appendix 4.1 

Analysis of variance 



20:5. 

Table of analysis of variance 

Test 	 Variation df 	SS 	MS 	F 

Hoot collar at end of 
growing seasons 

1972 	T 	1 	0.0292 	0.0292 	0.9153 	ns 

St 4 0.6714 0.1674 5.25 ns 

R 4 0.1278 0.0319 - 

1973 T 1 2.2658 2.2658 23.63 

St 4 0.8353 0.2088 2.18 ns 

R 4 0.3839 0.0959 - 

5S Dry wt, of components 
from total wt, at end of 
growing seasons 

Current shoots - 1972 T 1 11.45 11.45 1.78 ns 

St 4 63.53 15.90 2.47 ns 

R 4 25.77 6.44 - 

Current shoots - 1973 T 1 23.71 23.71 9.60 + 

St 4 12.27 3.07 1.24 ns 

R 4 9.86 2.47 - 

Roots - 1972 T 1 3.72 3.72 0.54 ns 

St 4 12.94 3.24 0.47 ns 

R 4 27.37 6,84 - 

Roots- 1973 T 1 - - - xis 

St 4 3.59 0.90 1.06 i-is 

R 4 3.38 0.85 - 

Old foliage - 1972 T 1 0.06 0.06 .02 xis 

St 4 0.93 0.23 0.08 xis 

R 4 11.29 2.82 - 



Test Variation df SS F 

Old foliage - 	1973 T 1 0.20 0.20 0.25 ns 

St 4 8,67 2.17 2 .71 ns 

R 4 3.21 0.80 - 

Stems - 	1972 P 1 0,58 0.58 0.72 xis 

St 4 0.97 0,24 0 .30 xiS 

R 4 3.21 0.80 - 

Stems - 	 1973 P 1 3.25 3.25 2.88 ns 

St 4 11.50 2.86 2.55 ne 

R 4 4.52 1.13 - 

Wt./100 needles at end 
of growing seasons 

1972 P 1 774.4 774.4 19.4 + 

St 4 4251.6 1063.0 26.6 ++ 

R 4 159.6 39.9 - 

1973 T 1 2.5 2.5 0.04 xis 

St 4 3466.4 866.6 13.3 + 

R 4 260.0 65.0 - 

No. of growing points! P 1 0.680 0.680 11.52 + 
seedling at beginning of 

1973 season for St-3-5 St 2 3.808 1.904 32.27 +i- 

R 3 0 ,178 0.059 - 

For all stations T 1 - - - ns 

St 4 35.31 8.82 11.91 + 

R 4 2.97 0.74 - 
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Ts t 
	

Variation 	df 	 F 

5. Cwnulative nutrients 
recovered in leachates 

IT 

K 

T 1 13032 1303 2  61 

St 4 669 167 0.78 	ns 

R 4 850 213 - 

T i 60528 60528 9.9 	+ 

St 4 85106  21277 3,5 	xis 

R 4 24362 6091 - 

6. Residual N recovered 	T 	 1 3756464 3756464 	13.1 	+ 
in conmos t 

St 	4 791913 	197978 	0.69 xis 

R 	 4 1147635 286909 	- 

7. Nutrient conc. of whole 
seedling at end of 
growing seasons 

N- 	1972 

N - 	1973 

F- 	1972 

T 1 0.17 0.17 0.05 ns 

St 4 5.95 1.48 0.44 nz 

R 4 13.22 3.30 - 

T 1 0.35 0.35 1.09 xis 

St 4 0.66 0.16 0.50 ns 

H 4 1.29 0.32 - 

T 1 18.57 18.57 168 +++ 

St 4 0.16 0.04 0.36 xis 

H 4 0.45 0.11 - 



'Tariatjon 

'P 

St 

R 

P 

T 

St 

R 

T 

St 

R 

T 

St 

R 

df .SS 1 IS F 

1 2.17 2.17 868 +± 

4 0.01 1/400 1 ns 

4 0.01 1/400 - 

1 0.51 0 .51 0.43 ns 

4 6.55 1.65 1.41 ns 

4 4.65 1.16 - 

1 1.20 1.20 2.79 ns 

4 1.16 0.29 0.67 ns 

4 1.72 0.43 - 

1 0,34 0.34 4.85 ns 

4 0.06 0.01 0.14 ns 

4 0.28 0.07 - 

1 0.0281 0.0261 21.62 ++ 

4 0.0035 0.0008 0.6155 ns 

4 0.0053 0.0013 - 

Te3 t 

P - 1 4 73 

K - 1972 

K - 1973 

Ca - 1973 

Mg - 1973 

20 

8. P recovered in seedling 
tops and roots at end of 
growing seasons 

Tops - 1972 

Tops - 1973 

T 1 155.3 155.3 17.0 	+ 

St 4 75,5 18.9 2,1 	xis 

R 4 36.5 9.1 - 

T 1 5.1 5.1 2.6 	ns 

St 4 7.4 1.9 0.95 	ns 

R 4 7.9 2.0 
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Test 	 Variation df SS NS F 

Roots - 1972 	 T 1 353.5 353.5 4.9 	ns 

St 4 250.3 62.6 0.86 	ns 

R 4 288.8 72.2 - 

Roots - 1973 	 T 1 5.1 5.1 2.6 	n 

St 4 7.4 1.9 0.95 	ns 

R 4 7.9 2.0 - 

T = treatment 

St = Station 

Int= Interaction 

R = residual 
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Analy3i3 of variance of shoot dry weiht of harvested seed1ins. 

Harvest No. 

2 

3 

4 

5 

b 

7 

8 

9 

10 

1]. 

12 

13 

Variation d,f. SS 

P 1 0.1084 
St 4 0.2770 
R 4 0.0544 

T 1 0.0265 
St 4 0.9670 
R 4 0.4670 

T 1 0.6385 
St 4 0.7164 

4 1.4816 

T 1 0.0141 
St 4 7.5886 
R 4 2.1668 

T 1 1 .3522 
St 4 12.6115 
R 4 1.6554 

P 1 2 .1542 
St 4 13.8718 
R 4 3.8532 

P 1 40.9821 
St 4 82.3632 
mt 4 18.481 8  
R 10 59.1791 

T 1 186.2059 
St 4 278.1188 
mt 4 81.2875 
R 10 72.4062 

T 1 542.6702 
St 4 297.3547 
mt 4 116.4216 
R 10 147.9871 

P 1 453.6245 
St 4 145.926 2 
mt 4 168 .8419 
R 10 124.4673 

1 629.4351 
St. 4 117.0855 
mt 4 11.3422 

10 77.0984 

T 1 1235. 246  
St 4 937.5642 
mt 4 194.4618 
R 40 196.6780 

F 

0.1084 7.9706 
0.0692 5.0i32 
0.0136 - 

0.0265 0.2271 
0.2418 2.0720 
0.1167 - 

0.6385 1.7238 
0.1791 0.4835 
0.3704 - 

0.0141 0.0260 
1.8971 3.5021 
0.5417 - 

1.3522 3.2678 
3.1529 7.6194 
0.4138 - 

2.1542 2.2363 
3.4679 3.6000 
0.9633 - 

40.9821 6.9251 
20.5908 5.4794 
4.6204 0.7807 
5.9179 - 

186.2059 25.7169 
69.5297 9.6028 
20.3219 2.8067 
7.2406 - 

542.6702 36.6701 
74.3336 5.0230 
29.1054 1.9668 
14.7987 - 

455.6245 36.4454 
36.4816 2.9310 
42.2104 3.3913 
12.4467 - 

629.4351 81.6409 
29.2714 3.7966 
2.8356 0.3678 
7.7098 - 

1 235. 246  251.2246 
234.3910 47.6705 
48.6154 9.8874 
4.9169 - 



211. 

Arlaly3is of variance of root dry weight of harvested seedlin.gs. 

IIaiest No. Variation d.f. SS 14S p 

2 p 1 0.0042 0.0042 0.2283 r 
St 4 0.0138 0.0034 0.1848 ns 
II 4 0,0739 0.0184 - 

T 1 0.0030 0.0030 0.0824 ns 
St 4 0.2631 0.0658 1,8077 ns 
R 4 0.1457 0.0364 - 

4 T 1 0.0234 0.0234 0.2415 ns 
St 4 0.5982 0.1496 1.5439 ns 
R 4 0.3875 0.0969 - 

5 T 1 0.0342 0.0342 0.3266 ns 
St 4 2.8723 0.7181 6.8586 + 
R 4 0.4189 0.1047 - 

6 T 1 0.0901 0.0901 0.1245 ns 
St 4 5.6939 1.4235 1.9675 nz 
R 4 2.8940 0.7235 - 

7 T 1 0.8899 0.8899 8.8990 + 
St 4 11.4125 2.8551 28.5310 ++ 
R 4 0.4000 0.1000 - 

8 T 1 3.9377 3.9377 5.2238 + 
St 4 12.8305 3.2076 4.2552 + 
mt 4 3.3588 0.8397 1.1140 ns 

10 7.5381 0.7538 - 

9 T 1 0.0350 0.0350 0.0560 ns 
St 4 56.1827 14.0457 22.4839 H+ 
mt 4 6.9988 1.7497 2.8009 ns 
R 10 6.2474 0.6247 - 

10 T 1 43.5716 43.5716 12.9770 ++ 
St 4 54.1565 13.5391 4.0324 + 
mt 4 6.7538 1.6884 0.5029 ns 
R 10 33.5757 3.3576 - 

11 P 1 93.3553 93.3553 9.7495 + 
St 4 62.1799 15.5450 1.6234 ns 
mt 4 54.8868 13,7217 1.4330 ns 
H 10 95.7565 9.5756 - 

12 p 1 172.4606 172.4606 39.4656 i+i 
St 4 83.7769 20.9442 4.7928 + 
mt 4 32.0838 8.0210 1.8355 ns 
R 10 45.6990 4.3699 - 

13 T 1 708.3823 708.3823 113.0193 ++-j- 
St 4 383.4556 95.8639 15.2947 +++ 
mt 4 103.9017 25.9754 4.1443 ++ 
H 40 250.7112 6.2678 - 
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St.1 - Ilean weekly height increment (cm), bucket and soil tereratures (°c) 

Week 	Inc i-p 	Inc -p 	B5 	BlO 	B20 	35 	S10 	320 

1 
- - - - - - - - 

2 0.0200 0.1219 - - - - - - 

3 ().1600 0.3067 - - - - - - 

4 0.8300 0.6324 10.7 10.0 9.0 8.9 8.7 8.2 

5 0.2600 0.2990 10.0 10.0 9.7 9.6 9.5 9.1 

6 0.6000 0.426  9.5 9.5 9.4 9.4 9.5 9.1 

7 0.6800 0.6370 - - - - - - 

8 0.6700 0.6080 13.5 12.7 11.4 11.4 11.0 11.2 

9 0.5300 0.4250 10.7 10.6 10.4 10.5 10.4 10.1 

10 0.6543 0.6734 15.8 12.7 11.7 11.7 11.4 10.7 

1 0.2657 0.5273 11.9 11.7 11.3 11.5 11.4 11.0 

2 1.0306 0 .7558 15.5 14.4 13.0 12.8 12.4 11.4 

3 1.0552 1.0084 19.5 18.7 16.9 16.1 15.5 14.2 

4 t..,7901 0.7167 16.1 15.9 15.1 15.1 14.8 14.1 

5 1.0808 0.0800 14.0 14.0 13.7 14.0 13.9 13.5 

6 0.2433 0.5033 13.4 13.3 13.0 13.3 13.2 12.9 

7 1.5011 0.6767 13.1 13.1 12.8 13.0 12.9 12.6 

8 1.2856 0.6900 14.6 14,3 13.5 13.2 13.1 12.6 

9 0.8586  0 .7968 14.0 13,7 13.0 12.9 12.8 12.5 

20 0.8894 0.2494 10.3 11.0 11.5 11.8 11.9 12.0 
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Week Inc +p 	Inc -p 	B5 310 320 S5 sio 820 

21 0.0141 	0.0282 	9.4 9.6 9.7 10.2 10,3 10.5 

2 0.0247 	0.0552 	10,8 11 1 0 10.7 10.8 10.7 10.5 

3 - 	 - 	 8.6 8.9 9.3 9.7 9.9 10.1 

4 - 	 - 	 9.2 9.2 9.2 9.3 9.4 9.7 

5 - 	 9.2 9.4 9.5 9.7 9.7 9.7 

6 - 	 - 	 6.6 7,0 7.6 8.1 8.4 8.9 

7 - 	 - 	 8.1 8.1 8.2 8.4 8.4 8.5 

8 - 	 - 	 6.6 6.9 7.2 7.5 7.7 8.0 

9 - 	 - 	 4.8 5.4 6.1 6.5 6.8 7.4 

30 - 	 - 	 0.7 1.5 2.8 3.5 3.9 5.2 

1 - 	 - 	 - - - - - - 

2 - 	 - 	 - - - - - - 

3 - 	 - 	 - - - - - - 

4 - 	 - 	 5.6 3.3 3.0 3.3 3.3 3.5 

5 - 	 - 	 2.1 2.5 3.1 3.3 3.5 4.0 

6 - 	 - 	 3.6 3.5 3.6 3.8 3.9 4.1 

7 - 	 - 	 5.0 3.6 4.2 4.4 45 4.9 

8 - 	 - 	 1.0 1,5 2.3 2.9 3.1 3.8 

9 - 	 - 	 0.4 0.8 1,5 1.9 2.2 3.1 

40 - 	 - 	 1.2 1.3 1.5 2.0 2.0 2.6 
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T!eek Inc +p Inc -p EP  5 BlO B20 S5 Sb S20 

41 - - 4.7 4.5 4,2 4.1 4.0 3.9 

2 - - 3.2 3.4 3.8 4.0 4.2 4.5 

3 - - 0.6 1.2 2.1 2.5 2.8 3.4 

4 - - 2.1 2.2 2.4 2.9 3.0 3 , 3 

5 - - 1.7 1.9 2.1 2.4 2.5 2.9 

6 - - 2.3 2,5 2.8 3.0 3.1 3.4 

7 - - 3.3 3.1 3.0 3.2 3.3 3.4 

8 - - 5.1 5.0 4.8 4.7 4.6 4.4 

9 - - 4.1 4.2 4.2 4.4 4.4 4.5 

50 - 2.8 3.1 3.5 3.7 3.9 4.2 

1 - - 4.7 4.3 3,9 4.2 4.2 4.1 

2 - - 5.8 6.0 5.8 5,8  5.6 54 

3 - - 5.9 6.0 5.7 5.9 5.8 5.6 

4 - - 6.o 5.9 5,7 5.9 5.8 5.6 

5 - - 6.6 6.7 6.5 6.6 6.5 6.3 

6 - - 8.0 7.7 7.2 7.2 7.0 6.6 

7 - - 11.5 10.6 9. 9.3 8.8 7.8 

8 1.2427 0.5293 11.5 11.4 10.9 10.8 10.5 9.7 

9 1 .5520 1,0427 13.6 13.0 11.8 11.4 11 1 0 10.0 

60 1.1466 0.8840 12 .3 12.1 11.5 11.2 11.0 10.3 



215. 

Week Inc +p Inc -p B5 BlO B20 S5 SlO S20 

61 1.4741 1.4078 14.3 13.9 12.9 12.7 12.3 11.3 

2 1.1077 0.9246 15.1 14.8 13.9 13.6 13.3 12.2 

3 0.9369 0.5938 14.0 13,9 13,4 13.5 13.2 12.4 

4 1.4182 1.0795 15.5 15.2 14.3 14.3 13.9 13.0 

5 0.6873 0.4000 13.6 13.8 13.6 13.7 13.6 13.0 

6 1.1272 0.4127 14.6 14.3 13.6 13.6 13.4 12.7 

7 1.0418 0.4636 15.2 15.2 14.8 14.6 14.4 13,6 

8 0.0699 0.1251 13.0 13.1 13.0 13.3 13.1 12.8 

9 0,8956 0.3266 15.5 15.4 14.7 14.6 14.4 13.6 

70 0.4600 0.1556 13.6 13.4 13.1 13.3 13.1 12.7 

1 0.4258 0.3943 13.1 13.4 13.3 13.4 13.3 13.0 

2 3.3885 0.2314 - - - - - - 

3 3,0236 0.0914 - - - - - - 

4 - - - - - - - - 

5 - - - - - - - - 

6 - - 11.0 10.5 10.0 10.2 10.0 9.9 

7 - - 5.9 6.9 8.1 8.6 8.9 9.5 

8 - - 4.0 4.6 5.6 6.3 6.6 7.4 

9 - - 7.0 7.1 7.2 7.4 7.4 7.5 

80 - - 6.9 6.9 7.1 7,4 7.4 7.6 



21 . 

st.1 - Mean weekly air temperature and vapour pressure variabl es+ 

Week A Amax Amin Ofive Accuin SVD SVDrnax 0 e even Accum SVD 

1 - - - - - - - - - 

2 - - - - - - - - - 

3 - - - - - - - - - 

4 9.1 15.7  2.2  136,0 763,0 3.5 8.6 3.0 1.8 

5 9.1 15.1  4.8 159.0  722.5 2.1 5.5 - - 

6 8.9 13.0 5.6 141.8 595.9 2.3 5.3 - - 

7 - - - - - - - - - 

8 11.4 16.0 6.5 154.0 1002.5 3.4 8.1 2.0 1.8 

9 9.5 12,9 6.0 162.0 764.5 2.1 5,0 - - 

10 11,5 16.0 7.2 123.6 796,8 3,7 7.4 - - 

1 10.2 14.1  6.0 163.0 884.0 1.9 4.7 - - 

2 14.1 19.9 7.9 163.0  1541.5 3.6 9.3 6.0 13.6 

3 17.4 23.3 10.7 168.0 2078.5 4.7 12.2 32.0 85.7 

4 13.9 20.1 8.5 167.0 1501.0 2.2 8.0 1.0 21 

5 12.9 16.4 9.8 168.0 13 22 .0 1.8 4.2 - - 

6 11.9 16.8 7.1 159.0  1167.0 1.4 4.9 - - 

7 11.8 16.0 6.2 166.0 1150.5 2.4 5.8 - - 

8 12.8 18.6 7.1 166.0 1306.0 2.7 7.6 1.0 1.8 

9 1.7 20.4 6.7 158.0 1235.0 3.2 9.9 9.0 16.2 

20 8.6 13.7  2.5  137.0 704.5 1.9 5.5 - - 



217. 

Week Amax Amin Ofiiie Accurn SVD SVDmax 	Oeleven 	Accun3VD 

21 9.0 14.4 4.1 151.0  685.0 2.2 6.1 	- 	 - 

2 9.6 14.5 4.9 143.0 772.0 1.6 4.7 	- 	 - 

3 8.2  13.1 3.1 139.0  601.5 1.8 4.9 	- 	 - 

4 9.9 16.5 3.9 139.0 876.5 2.7 7.7 	5.0 	15.0 

5 9.3 15.1 4.6 143.0 776.0 1.4 4.9 	- 	 - 

6 6.8 10.4 2.9 128.0 417.0 1.6 3.7 	- 	 - 

7 8.8 11.6 5.4 163.0 643.5 1.1 2.6 	- 	 - 

8 7.1 10.9 3.0 127.0 476.0 0.9 2.6 	- 	 - 

9 5.1 7.5 2.1 80.0 25.0 0.9 2.1 	- 	 - 

30 -0.2 2.1 -2.8 1.0 1.0 0.2 0.9 	- 	 - 

1 - - - - - - - 	 - 	 - 

2 - - - - - - - 	 - 	 - 

3 - - - - - - - 	 - 	 - 

4 5.4 8.1 2.6 100.0 197.0  0.0 0.3 	- 	 - 

5 2.0  4.5 -0.1 12.0 15.0 0.0 0.3 	- 	 - 

6 5.0 6.8 3.6 119.0 127.5 0.0 0.4 	- 	 - 

7 2,9 5.6 0.4 54.0 124.5 0.0 0.2 	- 	 - 

8 1.5 2.8 -0.4 0.0 0.0 0.0 0.5 	- 	 - 

9 -0.2 1.7 2.5 0.0 0.0 0.0 0.1 	- 	 - 

40 4.2 6.1 1.6 75.0 99.0 0.1 0.5 	- 	 - 



21'. 

Iek A Axriax Amin Ofive Accu.rn $VD SVDinax Celeven 	Awm SYD 

41 5.6 7.4 3.6 117.0  190.5 0.7 1.7 - 	 - 

2 4.0 5.7 1.4 55.0 78.0 1.2 2.2 - 	 - 

3 -0.9  3.4 -4.9 10.0 7,0 0.2 1.0 - 	 - 

4 2.6 5.6 0.3 59.0 114.0 0.8 2.5 - 	 - 

5 2.7 6.6 -1.5 58.0 71.0 0.8 2.5 - 	 - 

6 2.6 9.6 -1.4 39.0 136.0 1.4 5.0 2.0 	1.7 

7 3.7 9.9 -1.1 85.0 201.5 1.6 4.8 - 	 - 

8 5.4 10.2 1.3 107.0  226,5 2.0 5.3 - 	 - 

9 3.9 8.4 -1.2 82.0 121.5 1.8 4.8 - 	 - 

50 2.8 7.3 -1.0 44.0 88.5 1.7 4.1 - 	 - 

1 5.1 9.6 0.6 95.0 283.0 2.2 4.9 - 	 - 

2 5.2 8.5 2.7 56.0 93.1 1.8 3.7 - 	 - 

3 4.6 10.3 -2.0 90.0 262.0 2.7 7.0 - 	 - 

4 5.7 10.5 1.7 110.0 298.5 1.9 4.9 - 	 - 

5 6.4  9.7 1.8 129.0 330.0 1.8 3.9 - 	 - 

6 7.9 13.4 2.3 130.0 61).0 3.8 7.9 1.0 	0.3 

7 11.4 16.5 6.3 164.0 1071.0  2.3 6.9 2.0 	1.7 

8 10.0 15.6 4.6 149.0 872.5  2.6 6.9 - 	 - 

9 12.8 17.8 5.8 154.0 1335.0 3.7 8.0 2.0 	1.1 

60 11.2 15.9 4.9 158.0 1067.0 2.8 6.7 5.0 	3.4 



219. 

Week A Amax Amin Ofive A3CUM, SVD S1flJrax Celeven Acclm S7D 

61 13.6 18.9 8.5 168.0 1437.5  2.6 6.9 1.0 0.4 

2 15.7  18.7 9.7 163.0 1469.5 3.0 9.7 2.0 8.8 

5 12.6 18.0 5.9 160.0 1288.5 2.6 7.0 - - 

4 14.4  17.9  12.1 157.0 1 495.0 1.7 4.4 - - 

5 12.4 15.9 9.1 168.0 1241.5 1.8 4.3 - - 

6 13.7 19.9 6.1 160.0 1483.0 3.4 9.7 4.0 2.7 

7 13.9 18.2 9.3 168.0 1490.0 2.5 6.7 - - 

8 12.5 16.9 7.9 168.0 1258.5 2.7 6.8 4.0 1.2 

9 15.3 20.9 9.9 168.0 1736.0 4.0 10.5 18.0 49.2 

70 13.4 17.3 9.4 168.0 1409.5 2.5 6.3 4.0 3.0 

1 12.6 16.4 9.3 168.0 1275.5 2.0 5.8 - - 

2 - - - - - - - - - 

3 - - - - - - - - - 

4 - - - - - - - - - 

5 - - - - - - - - - 

6 12.2 16.3 8.8 155.0 1093.0 1.5 4.3 - - 

7 5.2  9.4 1.3 101.0 267.5 1.4 3.8 - - 

8 3.9 8.1 -03 73.0 118.5 1.2 3.3 - - 

9 7.4 10.5 4.1 141.0 467.5 0.9 2.7 - - 

80 7.4  10.4 2.7 137.0 482.0 0.8 2,0 - - 

+ units in section 4.2.1 



220. 

St.2 - iean weekly height increment (cm), bucket and soil temperatures ( °c) 

'leek Inc +p Inc -p B5 BlO B20 S5 SlO S20 

1 - - - - - - - - 

2 0.0733 0.0838 - - - - - - 

3 0.3000 0,2638 8.0 7.8 7.3 7.1 7.0 6.7 

4 0.4686 0.5362 10.0 9.1 8.1 7.7 7.5 7.0 

5 0.6438 0.4219 9.8 9.2 8.5 8.5 8.2 7.8 

6 0.0702 0.5073 8.7 8.6 8.6 8.4 8.2 8.0 

7 0.6400 0.5690 10.5 10.1 9.4 9.1 8.8 8.3 

8 0 .5620 0.6480 12,5 11.7 10.6 10.3 9.7 9.2 

9 0.5100 0.4810 10.1 9.9 9.6 9.6 9.4 9.1 

10 0.4487 0.5321 11.7 11.1 10.4 10.4 10.0 9.5 

1 0.4168 0.4737 11.3 11.0 10.6 10.7 10.4 9.9 

2 0.8011 0.7263 15.1 13.6 12.1 12.0 11.2 10.4 

3 0.9842 0.8147 19.0 17.7 15.8 14.5 13.6 12.5 

4 0.6209 0.6376 15.8 15.3 14.4 13.8 13.3 12.6 

5 0.6344 0.6600 13.3 13.1 12.9 12.7 12.4 12.1 

6 0.5611 0.3589 12.9 12.5 12.2 12.2 12.0 11.7 

7 0.7534 0.5789 12.4 12.3 12.0 11.9 11.7 11.5 

8 1.0022 0.6689 13,9 13.3 12.5 12.0 11.8 11.3 

9 1.0463 0.6342 13.5 13.0 12.4 11.8 11.5 11.3 

20 0.4047 0.2388 10,0 10.6 11.1 11.0 11.2 11.2 



Wee: Inc +n Inc -p 5 BiG B20 95 SlO 320 

21 0.1012 0.0388 9.5 9.5 9.5 9.7 9.9 10.1 

2 0.0918 0.0612 10.5 10.4 10.2 10.1 10.0 9.9 

3 0 .053 0.0247 8.5 8.7 9.1 9.1 93 9.5 

4 - - 8.9 8.8 8.8 8.5 8.8 9.0 

5 - - 8.9 9.1 9.2 9.0 9.1 9.1 

6 - - 6.3 6.7 7.3 7.5 7.9 8.3 

7 - - 7.8 7.7 7.7 7.9 7.9 8.1 

8 - - 6.4 6.7 7.1 7.2 7.4 7.7 

9 - - 4.6 5.2 6.0 6.2 6.7 7.2 

30 - - 0.7 1.6 3.0 3.6 4.4 5.5 

1 - - - - - - - - 

2 - - 2,8 3.1 3.5 4.0 4.2 4.5 

3 - - 1.3 1.8 2.6 3.1 3.5 4.2 

4 - - 3.1 3.0 3.0 3.3 3.4 3.5 

5 - - 1.8 2.3 2.8 3.0 3,4 3.7 

6 - - 2.9 2.9 3.1 3.5 3.7 3.8 

7 - - 3.0 3.5 4.1 4.2 4.4 4.6 

8 - - 1.0 1.5 2.4 2.9 3.3 3.7 

9 - - 0.1 0.6 1.4 1.7 2.3 3.0 

40 - - 0.8 0.9 1.3 2.1 2.2 2.4 



222. 

Week Inc +p Inc -p B5 BlO B20 S5 SlO 520 

41 - - 4.2 4.0 3.7 3.8 3,6 3.6 

2 - - 2.4 2.7 3.2 3.3 5.6 3.8 

3 - - 0.5 1.3 2.2 2.4 2.9 3.4 

4 - - 2.3 2.5 2.7 2.6 2.9 3.2 

5 - - 2.0 2.0 2.2 2.4 2.6 2.9 

6 - - 2.1 2.2 2.3 2.3 2.5 2.7 

7 - - 3.2 3.0 2.9 2.8 3.0 3.2 

8 - - 5.1 5.0 4.8 4.7 4.8 4.9 

9 - - 3.6 3.7 3.8 3.7 3.8 3.8 

50 - - 2.2 2.5 2.9 2.9 3.1 3.4 

1 - 
- 4.5 4.0 3.6 3.5 3.4 3.4 

2 - - 5.8 5.6 5.3 4.7 47 45 

3 - 5•7 5.5 5.1 4.7 4.7 4.6 

4 - - 5.7 5.4 5.1 5.0 4.9 4.7 

5 - - 4.9 4.9 4.7 4.6 4.4 4.2 

6 - - 7.0 6.3 5.5 5.2 4.9 4.5 

7 - - 10 1 8 9.6 8.0 7.7 6.9 5.9 

8 0.8773 0.7937 10.9 10.6 9.9 9.4 8.9 811 

9 2.0187 0,9036 13.0 12.1 10.6 10.1 9.4 8.5 

Go 1.)346 1.1505 11,4 10.9 10,1 9.7 9.3 8.7 



22. 

Inc +p Inc -p B BlO 320 S5 SlO S20 

61 1.1167 1,2397 12.2 12,2 11.6 11.1 10.6 9.7 

2 1.8903 0.9015 - - - - - - 

3 1.0277 0.7231 14.1 13.6 12.8 12.5 12.0 11.3 

4 1.7109 0.8619 14.6 14.1 17.2 12.9 12.3 11.5 

5 0.791 0.2854 13.3 13.3 12.9 12.7 12.4 11.9 

6 'D.65u1 0.3528 14.3 13.7 12.9 12.6 12.2 11.6 

7 0.7728 0.2909 14.5 14.4 13.7 13.3 12.9 12.3 

8 0.0979 0.3670 - - - - - - 

9 0.5156 0.1378 15.5 14.8 13.6 12.9 12.4 11.7 

70 0.2778 0,0578 13.0 12.5 12.0 11.9 11.6 11.2 

1 0.4120 0.1584 12.7 12.8 12.6 12.3 12.2 11.8 

2 0.1229 0.0372 14.4 13.9 13.1 12.7 12.4 11.8 

3 0.014 0.0257 11.4 11.4 11.4 11.2 11.2 11.2 

4 11.3 11.6 11.6 11.5 11.5 11.4 

5 7.8 8.3 9.0 9.2 9.4 9.7 

6 10.6 10.2 9.8 9.7 9.6  9.5 

7 5.6 6.6 7.7 8.0 8.5 9.0 

8 3.5 4.2 5.1 5.9 6.3 6.9 

9 6.7 6.9 6.9 7.0 7.1 7.1 

80 6.7 6.7 6.8 7.0 7.1 7.2 



22 4. 

St.2 - Nean weekly air temperature and vapour pressure variabl es+ 

Week A Amax km  n Ofive Accuin SVD SVDraac Oeleven 	Accum SVD 

1 - - - - - - - - 	 - 

2 - - - - - - - - 	 - 

3 7.2 10.8 4.4 132.0 343.0 1.8 4.8 - 	 - 

4 9.1 14.1 3,9 102.9 460.6 3,9 8.4 - 	 - 

5 8.9  13.0 5.7 127.4 510.3 1.9 5.1 - 	 - 

6 8.8 11.8 6.5 149.1 548.1 2.0 4.1 - 	 - 

7 9.1 13.8 4.7 159.6 701.4 2.3 6.5 - 	 - 

6 11.2 15.9 6.9 166.0 1034.5 3.1 8.6 1.0 	2.1 

9 93 13.1 6.4 158.0 704.5 1.9 4.9 - 	 - 

10 10.1 14.4 5.3 163.0 854.5 2.8 6.8 - 	 - 

1 10.1 13.8 6.7 167.0 854.5 1.9 4.9 - 	 - 

2 14.1 19.2 9.1 165.0 1529.5 3.7 9.2 10.0 	30.7 

3 17.4 22.4 11.9 168.0 2089.5 5.2 12.2 35.0 	112.6 

4 13.7 18.9 9.4 168.0 1463.5 2.2 6.9 1.0 	0.1 

5 12.1 15.4 9.1 168.0 1184.5 1.7 4.1 - 	 - 

6 11.6 16.1 7.7 166.0 1115.5  2.4 6.5 - 	 - 

7 11.3  15.7 7.1 168.0 1065.5 2.2 5.1 - 	 - 

8 12.1 17.4 7.7 168.0 1195.5  2.4 6.4 - 	 - 

9 13.0 19.1 7.9 168.0 1344.0 3.0 7.7 2.0 	1.1 

20 8.5 12.9 4.1 139.0 661.0 1.7 4.6 - 	 - 



Week A Ainax Amin Cfive Accum SVD SlTDraax 	Oeleven 	Accimi SVD 

1 9.2 13.3 5.6 168.0 701.5 1.2 3.1 	- 	 - 

2 9.7 13.6 5.9 162.0 608.5 0.4 1.6 	- 	 - 

3 8.2 12.4 4.6 149.0 566.0 1.2 3.3 	- 	 - 

4 10.7 15.2 6.0 165.0 955.5 0.9 3.5 	- 	 - 

5 9.4 13.1 5.9 152.0 768.0 1.7 4.0 	- 	 - 

6 6.5 9.7 3.4 126.0 361.0 1.8 3.8 	- 	 - 

7 8.3 10.9 5.6 164.0 566.5 1.2 2.9 	- 	 - 

8 7.0 9.8 4.0 122.0 405.0 1.1 2.6 	- 	 - 

9 4.7 6.9 2.5 73.0 203.5 0.8 1.9 	- 	 - 

30 -0.1 1.5 1.9 0.0 0.0 0.1 0.3 	- 	 - 

1 - - - - - - - 	 - 	 - 

2 4.0 5.9 2.4 40.0 57.5 0.8 1.6 	- 	 - 

3 1.7 3.7 -0.4 11.0 6.o 0.6 1.4 	- 	 - 

4 4.4 7.3 1.6 85.0 136.5 0.6 1.4 	- 	 - 

5 1.8 3.5 0.0 10.0 6.0 0.5 1.3 	- 	 - 

6 4.3 5,3 3,3 55.0 26.5 0.3 0.9 	- 	 - 

7 3.2 5.3 0.9 28.0 48.5 0.3 1.0. 	- 	 - 

8 1.0 2.4 -0.1 1.0 0.0 0.4 1.0 	- 	 - 

9 -0.4 1.0 -1.8 0 1 0 0.0 0.3 0.8 	- 	 - 

40 3.8 5.6 1.4 34.0 29.0 0.5 1.2 	- 	 - 



22 ';. 

week A Aix Amin Cfive Accu.m SVD SVDmax Oeleveri Accijm SYD 

1 4.7 6.3 3.1 52.0 52.0 0.5 1.2 - - 

2 3.0 4.4 1.3 15.0 19.0 1.0 2.0 - - 

3 - 0.8 1.3 - 3,1 1 1 0 0,0 0,4 1.0 - - 

4 2,3 4.1 -0,2 30.0 49.0 0,4 1.4 - - 

5 2.9 5.6 0.1 27.0 27.5 0.7 1.6 - - 

6 2.8 7.8 -0.4 20.0 51.5 1.6 4.4 - - 

7 4.0 8.2 1.0 43.0 83.0 1.5 4.1 - - 

8 6.3 9.5 3.6 68.0 10.5 1.6 4.4 - - 

9 3,7 7.4 -0.4 60.0 86.8 1.7 4.6 - - 

50 2,0 5.6 -1.1 26,0 58.0 1.3 3.2 - - 

1 4.8 9.1 0,9 82.0 245.0 2.1 4.6 - - 

2 5.4  9.6 2.0 84.0 240.0 2.2 5.1 - - 

3 4.7 9.6 -0,5 36.0 230.0 2,3 5.6 - - 

4 5.4 9.2 2.3 104.0 244.0 1.6 3.9 - - 

5 4.6 7.4 0.9 92.0 132.0 1.5 3.1 - - 

6 6.7 11.6 1.2 112.0 462,0 4.2 8.0 4.0 2.6 

7 10.6 16.8 6.1 164.0 951,0 2,6 8.3 8.0 11.6 

8 9.6 14.5 5.7 146,0 806,0 .2.8 7.0 - - 

9 12.8  17.1 8.1 154.0 1326.0 4.5 6.8 4.0 12 

60 10.5 14.9 6.1 156 .0 964.0 3.0 7.5 6.0 25.4 



f  

leek A Amax Arain Cfive Accum SVD SVDmax (e1even 	Accuiu SITD 

61 11.5 15.2 8.2 142.2 980.0 1.4 3.4 - 	 - 

2 - -- - - - - - 	 - 

3 12.5  17.0 7.1 150.0 1148.0 2.8 6.5 - 	 - 

4 13.7 17.1 11.6 168.0 1463.0  1.6 4.5 - 	 - 

5 12.0 15.2 9.6 168.0 1172.0  1.5 4.0 - 	 - 

6 13.8 19.4 8.1 164.0 1479.0 3.4 8.9 4.0 	5.2 

7 13.4 17.1 10.0 168.0 1419.0  2.4  5.7 - 	 - 

8 - - - - - - - - 	 - 

9 15.3 19.9 11.1 154.0 1531.0 4.5 9.8 22.0 	44.4 

70 12.7 16.4 9.6 168.0 1287.0 2.5 5.9 4.0 	6.2 

1 12.2 15.1 9.4 168.0 1210.0 1.9 4.4 - 	 - 

2 14.3 17.9 11.3 168.0 1557.0  1.4 4.5 - 	 - 

3 11.3  15.5 7.4 160.0 1061.0 2.1 5.7 2.0 	2.8 

4 10.8  14.0 7.8 18.0 967.4 1.6 4.2 - 	 - 

5 7.5 10.9 4.9 130.0 415.0 1.6 3.7 - 	 - 

6 11.4 15.2  8.0 162.0 1095.0 1.3 3.7 - 	 - 

7 5.1 7.9 2.4 99.0 214.0 1.4 3.2 - 	 - 

8 3.3 6.7 0.5 48.0 62.0 1.1 2.6 - 

9 7.1 9.7 4.3 140.0 415.0  0.9 2.4 - 	 - 

80 7.2 9.5 3.7 138.0 403.0 0.5 1.5 - 	 - 

+ units in Section 4.2.1 



226. 

- Mean weekly height irrernent (cm), bucket and soil temperatures (0 
C)  

Week Inc +p Inc - p B5 BlO B20 S5 sio S20 

1 - - - - - - - - 

2 0.0257 0.0457 - - - - - - 

3 0.2276 0.1076 7.2 7.0 6.8 6.7 6.7 6.6 

4 0.5334 0.4715 9.7 9.0 8.1 8.1 7.8 7.5 

5 0.2981 0.3076 8.8 8.9 8.8 8.5 8.4 8.2 

6 0.5573 0.3404 8.5 8.2 7.8 8.0 7.8 7.6 

7 0.4820 0,4120 9.6 9.3 8.8 8.8 8.5 8.3 

8 0.7820 0.7260 12.4 11.8 10.7 10.5 10.2 9.8 

9 0.4170 0.4050 10.5 10.3 10.1 10.1 10.0 9.9 

10 0.6844 0.6332 11.9 11.5 10.8 10.7 10.4 10.1 

1 0.4327 0.4463 11.9 11.7 11.1 11.0 10.8 10.5 

2 0.6610 0.7474 15.0 14.1 12.7 12.4 12.0 11.5 

3 0.7326 0.8179 18.9 17.9 16.3 15.1 14.7 14.1 

4 0.7131 0.6798 15.5 15.4 14.7 14.0 13.7 13.5 

5 0.6122 0.5111 - - - - - - 

6 0.5133 0.4111 13.0 12.8 12.4 12.1 12.1 11.9 

7 0.6889 0.5278 12.4 12.3 12.0 11.8 11.8 11.7 

8 1.0248 0.6344 13.5 13.0 12.2 12.0 11.9 11.8 

9 1.3790 0.6341 13.4 13.0 12.3 12.0 11.9 11.8 

20 0.3642 0.2459 10.3 10.8 11.1 10.8. 11.0 11.2 



229. 

L!eek Inc +p Inc -p B5 BlO B20 35 SlO S20 

21 0.3048 0.1329 9.1 9.3 9.4 9.6 9.8 10.0 

2 0.2500 0.0718 10.3 10.3 10.1 10.1 10.1 10.1 

3 0 .0798 0.0906 8 .3 8.5 8.9 9.1 9.2 9.4 

4 - - 8.8 8.8 8.7 9.0 9.1 9.2 

5 - - 8.8 9.0 9.0 9.1 9.2 9.2 

6 - 
- 6.0 6.5 7.1 7.5 7.8 8.1 

7 - - 6.7 6.8 6.9 7.4 7.5 7,7 

8 - - 6.3 6.6 7.0 7.3 7.5 7.6 

9 - 
- 4.4 5.1 5.9 6.4 6.7 6.9 

30 - 
- 0.6 1,4 2.7 3.7 4.1 4.7 

1 - - 0.1 0.8 1.8 2.6 3.0 3.5 

2 - - 2.5 2.8 3.2 3.8 4.0 4.1 

3 - - 0.9 1.4 2.3 3.0 3.3 3.6 

4 - - - - - - - - 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 - 
- 1.9 2.4 3.1 3.6 3.8 4.1 

9 - - 0.3 0.8 1.5 2.0 2.3 2.7 

40 - - 1.2 1.5 1.9 2.6 2.7 2.8 



250. 

Week Inc +p Inc -p B5 BlO B20 85 sio S20 

41 - - 4.1 4.0 3.9 4.0 4.0 3.9 

2 - - 2.7 3.0 3.5 3.6 3.8 4.0 

3 - - 1.0 1.5 2.2 2.6 2.8 5.1 

4 - - 2.5 2.6 2.8 2.9 3.1 3.3 

5 - - 0.4 0.7 1.4 1.7 2.0 2.4 

6 - - 2.4 2.5 2.8 2.9 3.1 3.3 

7 - - 3.3 3.2 3..1 3.3 3.3 3.4 

8 - - - - - - - - 

9 - - 4.2 4.2 4.2 4..1 4.2 4.3 

50 - - 2.5 2.9 3.2 3.3 3.5 3.7 

1 - - 4.2 3.9 3.5 3.7 3.7 3.7 

2 - 
- 5.5 5.6 5.4 5.1 5.1 5.1 

3 - - 5.5 5.4 5.2 4.9 5.0 5.0 

4 - - 5.7 5.5 5.2 5.0 5.0 4.9 

5 - - 6.4 6.3 6.1 5.7 5.6 5.5 

6 - - 7.8 7.4 6. 6.2 6.0 

7 - - 10.8 10.0 8.8 8.1 7.8 7.3 

8 0.8459 0.5855 11.5 11.3 10.7 9.7 9.5 9.1 

9 1.8932 0.9587 13.2 12.5 11.4 10.6 10.3 9.8 

60 1.8609 1.0107 11.7 11.5 10.8 10.4 10.2 9.9 



231. 

Week Inc Inc -p B5 BlO B20 S5 sio S20 

61 2.8059 1.4418 14.0 13.5 12.4 11.8 11.5 10.9 

2 2.0219 0.9154 14.5 14.3 13.4 12.1 12.4 11.9 

3 1.0547 0.6923 13.7 13.5 13.0 12.3 12.1 11.7 

4 1.6056 1.9185 14.3 14.0 13.3 12.7 12.4 11.9 

5 0.5352 0.2581 12.8 12.9 12.6 12.2 12.1 11.8 

6 0.7686 0.3309 13.7 13.4 12.7 12.2 12.0 11.6 

7 0.7388 0.2219 14.4 14.3 13.9 13.1 12.9 12.5 

8 0.5748 0,0535 12.2 12.2 12.1 11.8 11.7 11.5 

9 0.4727 0.1467 14.7 14.5 13.8 13.2 13.0 12.6 

70 0.2591 0.0955 12.8 12.6 12.2 12.1 11.9 11.7 

1 0.0516 0.0105 12.6 12.7 12.5 12.2 12.2 11.9 

2 0.1853 0.0371 13,9 13.5 12.9 12.7 12.4 12.0 

3 0.0735 0.0286 11.1 11.3 11.4 11.3 11.3 11.3 

4 - - 10.2 10.5 10.8 10.8 10.9 10.9 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 - - 3.8 4.5 5.4 6.3 6.6 7.0 

9 - - - - - - - - 

80 - - - - - - - - 



2)2. 

St-3 - IIean weekly air ternnera -tiire and vapour pressure variables + 

Week A 3unax Amin Ofive Accum SVD SYDinax Oel even 	Accurn SlID 

1 - - - - - - - - 	 - 

2 - - - - - - - - 	 - 

3 6.2 9.8 3,7 91.0 235.0 1.5 4.1 - 	 - 

4 8.5 14.0 3.3 135.0 640.5 3.1 7.3 - 	 - 

5 7.7 12.1 4.1 137.2 441,4 1.3 4.2 - 

6 7.1 10.5 3.8 99.0 257.5 1.4 3,2 - 	 - 

7 8.1 12.6 4.4 157.0 547.5 1.8 4.9 - 	 - 

8 10.3 15.0 6.0 163.0 895.5 2.4 6.8 - 	 - 

9 8.8 12.4 6.0 166.0 647.0 1.4 4.0 - 	 - 

10 9.6 14.3 5.4 162.0 785.0 2.2 6.1 - 	 - 

1 9.7 13.6 6.3 167.0 781,5 1.4 3.9 - 	 - 

2 13.7  18.1 8.9 167.0 1460.5 3.4 8.0 11.0 	11.4 

3 17.1 22.2 10.6 166.0 2028.0 4.9 10.7 28.0 	75,3 

4 13.1 17.9 9,4 147.8 1261.4 2.1 5.9 - 	 - 

5 - - - - - - - - 	 - 

6 11.0 15.3 7.3 150.0 915.0 2.0 5.3 - 	 - 

7 10.9 15.6 6.3 165.0 988.5 1.6 4.6 - 	 - 

8 12.3 18.1 7.8 168.0 1232.0 2.3 6.4 - 	 - 

9 13.1 18.6 8.4 157.0 1268.0 3.2 7.9 2.0 	2.9 

20 8.1 12.3 3.5 133.0 592.5 1.4 4.1 - 	 - 



Week A Amax Amin Ofive Accum SlID SVThiax 	Celeven 	Accurn 31fl) 

21 8.6 13.8 5.0 159.0 615.5 1.9 5.6 	- 	- 

2 9.3 13.9 5.6 154.0 736.0 1.3 4.2 	- 	 - 

3 7.8 12.2 4.2 145,0 507.5  1.6 4.2 	- 	 - 

4 10.4 15.1 5.7 167.0 906.5 3.0 7.1 	5.0 	10.1 

5 8.9  13.4 5.5 151.0 691.0 1.4 4.3 	- 	 - 

6 5.9 9.1 2.6 115.0 294.5 1.5 3.7 	- 	 - 

7 7.4 10.7 5.3 142.1 332.5 1.3 3.5 	- 	 - 

8 6.5 10.1 3.6 106.0 354.0  0.8 2.7 	- 	 - 

9 4.0 6.3 1.8 59.0 169.0 0.5 1.3 	- 	 - 

30 -0.6 1,9 -2.2 0.0 0.0 0.2 1.3 	- 	 - 

1 1.2 3.9 -0.9 5.0 2.5 0.4 1.5 	- 	 - 

2 3.0 5.8 1.1 36.0 32.0 0.5 1.6 	- 	 - 

3 0.9  3.4 -1.2 4.0 0.5 0.4 1.7 	- 	 - 

4 - - - - - - - 	 - 	 - 

5 - - - - - - - 	 - 	 - 

6 - - - - - - - 	 - 	 - 

7 - - - - - - - 	 - 	 - 

8 1.4 2.4 0.3 0.0 0.0 0.3 0.8 	- 	 - 

9 -0.5 1.2 -2.1 0.0 0.0 0.2 0.9 	- 	 - 

40 3.9 5.8 1.9 36.0 25.0 0.3 0.9 	- 	 - 



23:. 

'leek 	A 	Aiinx 	in Ofive 	ccurn 	SVD 	S\'Thx 	Oeieven !,coin SVD 

41 4.6 6.4 3.0 50.0 46.5 0.3 1.4 	- 	 - 

2 .0 4.7 1.3 17.0 17.5 0.7 1.5 	- 	 - 

3 -0.6 3.6 - 3,7 3,0 2,0 0,4 1.9 	- 	 - 

4 2.0  4.4 0.1 29.0 38.5 0.4 1.6 	- 	 - 

5 0.7  4.3 -2,3 7.0 10,5 0.8 2.7 	- 	 - 

6 3.0 7.6 _0.3 22.0 67.0 1.4 3.9 	1.0 	0.6 

7 3.5 8.4 0.2 30.0 68.0 1.4 4.1 	- 	 - 

8 - - - - - - - 	 - 	 - 

9 3,6  7.4 0.7 46.0 70.0 1.5 4.1 	- 	 - 

50 2.0 6.0 -0.6 28.0 59.0 1.0 3.3 	- 	 - 

1 4.4 8.4 1.1 74.0 206.0 1.9 4.6 	- 	 - 

2 5.2 9.0 1.9 84.0 215.0 1.9 4.5 	- 	 - 

3 4.4 9.2 -0.3 74.0 199.0 2.3 5.8 	- 	 - 

4 5.1 8.6 2.5 92.0 202.0 1.4 3.8 	- 	 - 

5 5.6 8.1 2.5 108.0 182,0 1.2 2.9 	- 	 - 

6 7.2 12.0 2.1 126.0 502.0 3.4 6.8 	- 	 - 

7 10.8 15.9 6.9 168.0 977.0 1.9 6.1 	- 	 - 

8 9.8 14.7 6.0 140.0 747.0 2.2 6.1 	- 	 - 

9 12.9  17.0 8.1 158.0 1332.0 3.8 7.9 	2.0 	1.2 

60 11.0 14.6 6.9 152.0 977.0 2.6 6.9 	6.0 	12.6 



233. 

Je: A Amax Amin Olive Accura Sl/D  SVDmax Oeleven Accum SlID 

61 13.6 17.9 9.9 156 .0 1337.0 2.4 6.0 - - 

2 13.3 17.9 9.4 168.0  1392.0  2.5 6.5 4.0 1.4 

3 12.4 16.6 7.5 166.0 1242.0  2,3 6.0 - - 

4 13.3 16.1 11.4 168.0 1393.0 1.1 3.1 - 

5 11.3  13.9 9.1 168.0 1063.0 1.2 2.9 - - 

6 13.3 19.0 7.5 162.0 1410.0 3.3 9.2 4.0 3.0 

7 13.0 17.4 9.1 168.0 1350.0  2.1 6.0 2.0 1.4 

8 11.5 15.4 8.1 168.0 1099.0  2.1 5.2 - 

9 14.9  19.7  10.8 168.0 1668.0 4.0 10.2 14.0 45.0 

70 12.6 16.3 9.4 15 6 .0 1241.0 2.3 5.6 2.0 1.6 

1 11.7 14.9 8.6 168.0 1124.0 1.3 3.9 - - 

2 13.8 17.0 11.1 168.0 1486.0  1.1 3.5 - - 

3 10.7  14.8 6.8 162.0 964.0 1.7 4.7 - - 

4 9.13 12.9 6.6 166,0 720.0 1.5 4.2 - - 

5 - - - - - - - - - 

6 - - - - - - - - - 

7 - - - - - - - - - 

8 3.1 6.3 0.7 40.0 40.0 0.8 2.1 - - 

9 - - - - - - - - - 

80 - - - - - - - - - 

units in section 4.2.1 



236. 

St .4 - Mean weedy height increment (cm) bucket and soil temperatures ( ° C) 

Week Inc +p Inc -p B5 310 B20 S5 510 S20 

1 - - - - - - - - 

2 0.0505 0.0714 - - - - - - 

3 0.2561 0.196 2 7,1 6.8 6.5 7.0 6.8 6.6 

4 0.5142 0.4247 9.7 9.2 8.3 8.9 8.2 7.4 

5 0.3981 0.3790 8.6 8.5 8.3 8.7 8.5 8.1 

6 0.4055 0.3670 8.6 8.3 7.9 8.7 8.3 7.7 

7 0.5500 0.4760 10.0 9.6 9.0 9.9 9.4 8.6 

8 0.6140 0 .5940 12.0 11.4 10.8 11.9 11.2 10.2 

9 0.4770 0.3990 9.7 9.5 9.3 10.1 9.9 9.5 

10 0.6281 0.5986 11.6 11.2 10.7 11.6 11.2 10.4 

1 0.4263 0.3947 11.7 11.5 11.1 12.0 11.6 10.8 

2 0.5737 0.5916 14.5 13.7 12.6 14.1 13.2 11.9 

3 0.7842 0.7000 18.0 17.3 16.2 17.4 16.5 15.1 

4 0.4760 0.4988 15.1 14.8 14.6 15.2 14.8 14.0 

5 0.4289 0.3967 12.5 12.6 12.4 13.0 12.9 12.6 

6 0.422 0.3378 12.3 12.2 12.0 12.7 12.5 12.0 

7 0.4744 0.3911 11.4 11.4 11.3 11.9 11.8 11.5 

8 0.7378 0.5133 12.4 12.1 11.7 12.6 12.2 11.6 

9 0.8291 0.5539 12.6 12.2 11.8 12.4 12.1 11.5 

20 0.3330 0.2847 11.6 12.0 12.2 12.2 12.4 12.2 



237. 

1 !eek Inc +p Inc -p BlO B20 S5 1310 S20 

21 0.3870 0.222 1. 9.1 8.8 8.9 9.5 9.4 9.4 

2 0.2424 0.1694 - - - - - 

3 0.1106 0.0506 - - - - - - 

4 - - - - - - - 

5 - - 8.7 8.8 8.9 8.9 9.0 9.0 

6 - 
- 5.5 5.8 6.4 6.1 6.5 7.2 

7 - - 7.1 7.0 7.0 7.1 7.1 7.1 

8 - - - - - - - - 

9 - - 1.5 2.6 3.7 2.7 3.7 4.9 

30 - - - - - - - - 

1 - - 0.5 0.9 1.6 1.1 1.7 2.6 

2 - - 2.2 2.5 3.0 2.9 3.0 3.4 

3 - - 1.1 1.6 2.3 1.7 2.2 2.9 

4 - - - - - - - - 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 - - 1.0 1.3 1.8 1.4 1.8 2.5 

9 - - 0.1 0.4 0.9 0.5 0.9 1.6 

40 - - 0,7 0,9 1,3 1,6 1.6 1.8 



2 33. 

Week Inc +p Inc -o B5 BlO B20 95 sio S20 

41 - 
- 3.7 3.6 3.5 3.6 5.5 3.3 

2 - - 2.1 2.4 2.9 2,7 2.9 3.4 

3 - - 0.5 0.9 1.5 1.3 1.6 2.2 

4 - - 1.9 2.0 2.2 2.3 2.4 2.5 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 - - - - - - - - 

9 - - 3.7 3.6 3.8 3.8 3.9 4.0 

50 - - - - - - - - 

1 - - - - - - - - 

2 - - - - - - - - 

3 - - - - - - - - 

4 - - - - - - - - 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 1.1267 0.7173 - - - - - - 

9 2.1840 1.1133 - - - - - - 

60 1.7907 1.0267 - - - - - - 



Week Inc +1? Inc -p 35 310 320 85 810 S20 

61 2.5544 1.2174 - - - - - - 

2 2 .1708 1.1262 - - - - - - 

3 1.2984 0.8661 - - - - - - 

4 1.0178 0.5060 - - - - - - 

5 0.5582 0.3110 12.7 17,0 17,0 13.5 13.3 12.7 

6 3.6673 0.2618 14.0 13.9 13.5 14.3 13.9 12.9 

7 0.6945 0.2927 14.0 14.3 14.3 14.8 14.6 13.8 

8 3.1123 0.0366 12.0 12.0 12.0 12.,6 12.4 11.9 

9 0.5134 0.2089 14.7 14.6 14.1 14.6 14.2 13.3 

70 0.1733 0.0644 12.4 12.7 12.1 12.5 12.4 11.9 

1 0.0727 0.1041 12.1 12.4 12.5 12.6 12.6 12.2 

2 0.1943 0.0857 14.2 14.1 13.5 13.9 13.6 12.8 

3 0.0285 0.0229 11.2 11,4 11.6 11.6 11.6 11.6 

4 10.1 10.4 10.9 10.8 11.0 11.0 

5 7.5 8.0 8.7 8.4 8.8 9.2 

6 10.2 9.9 90 6 9.9 9.7 9.3 

7 5.8 6,7 7.8 7.0 7.6 8.4 

8 3.0 3.4 4.3 4.0 4.5 5.3 

9 6.1 6.1 6.1 6.2 6.2 6.2 

80 6.0 6.1 6.2 6.2 6.2 6.3 



240. 

St-4 - Ian weekly air temperature and vapour pressure variables + 

Week A Amax Amin Ofive Accum Sin) Sin)max Oeleven 	Accuni Sill) 

1 - - - - - - - - 	 - 

2 - - - - - - - - 	 - 

3 6.2 9.8 3.9 105.0  238.0 1.3 4.1 - 	 - 

4 8.3 13.2 3.9 141.0  594.5 2.8 6.6 - 	 - 

5 7.6 11.5 4.1 151.0  452.0 1.3 4.4 - 	 - 

6 6.6 10.4 3.2 110.6 266.0 1.2 3.2 - 	 - 

7 8.1 11.8 5.1 127.4 371.0 1.7 5.1 - 	 - 

8 10.4 15.4 6.4 164.0 908.0 2.4 7.0 - 	 - 

9 8.5 12.0 5.7 162.0  591.0 1.4 3.8 - 	 - 

10 9.6 14.4 5.4 162.0 776.0 2.3 6.2 - 	 - 

1 9.7 14.1 6.4 168.0 790.5 1.6 4.6 - 	 - 

2 13.4  18.1 8.9 167.0 1413.5 3.5 8.3 9.0 	24.5 

3 17.0 21.6 12.1 168.0 2012.0 4.8 10.7 28.0 	48.3 

4 13.2 18.1 9.6 168.0 1376.0 2.1 6.1 - 	 - 

5 11.1 14.5 8.1 167.0 1026.0 1.2 3.6 - 	 - 

6 10.8 15.3 7.3 166.0  971.5 2.1 5.6 - 	 - 

7 10.4  14.7 5.7 163.0 905.5 1.7 4.8 - 	 - 

8 11.3 16.1 7.4 166.0  1057.5 2.3 6.1 - 	 - 

9 12.5  17.5 8.1 166.0 1256 .0 3.3 7.6 2.0 	0.9 

20 10.0 12.5 7.5 137.6 492.5 0.7 2.0 - 	 - 



24. 

Week A Amax Ain Ofive Accum SVD SVDmax 	Celeven 	Accurn SVD 

21 8.7 12.8 5.2 150.0 594.5 1.1 3.3 	- 	 - 

2 - - - - - - - 	 - 	 - 

7 - - - - - - - 	 - 	 - 

4 - - - - - - - 	 - 	 - 

5 8,6 12.7 5.1 139.0 596 .0 1.4 4.1 	- 	 - 

6 5.4 8.4 1.4 112.0 241.0 1.2 3.1 	- 	- 

7 7. 10.1 5.1 159.0  398.0 0.7 2.4 	- 	 - 

8 - - - - - - - 	 - 	 - 

9 1.0 2.5 0.2 0.0 0.0 0.4 1.1 	- 	 - 

30 - - - - - - - 	 - 	 - 

1 1.5 3.2 -0.2 3.0 1.0 0.4 1.4 	- 	 - 

2 3.4 5.1 1.9 38.0 36.0 03 1.0 	- 	 - 

3 1.4  3.3  -0.7 7.0 1.5 0.3 1.6 	- 	 - 

4 - - - - - - - 	 - 	 - 

5 - - - - - - - 	 - 	 - 

6 - - - - - - - 	 - 	 - 

7 - - - - - - - 	 - 	 - 

a 0.6 1.6 -0.4 0.0 0.0 0.3 0.6 	- 	 - 

9 -0.8 0.9 -0.2 0.0 0.0 0.2 1.1 	- 	- 

40 3.5 4.9 1.8 44.0 20.0 0.2 0.9 	- 	- 



242. 

Week A Amax Amin Olive Accurn SVD S\TDmax 	Qeleven 	Accun S'TD 

41 4.0 5.6 2.5 64.0 38.5 0.2 1.1 	- 	 - 

2 2.7 4.2 1.1 21.0 23.0 0.5 1.5 	- 	 - 

3 -0.6 2.4 - 3.1 0.0 0.0 0.1 0.9 	- 	 - 

4 1.9 3.8 0.2 56.0 40.0 0.3 1.3 	- 	 - 

5 - - - - - - - 	 - 	 - 

6 - - - - - - - 	 - 	 - 

7 - - - - - - - 	 - 	 - 

8 - - - - - - - 	 - 	 - 

9 3.2 6.9 -0.1 43.0 53.5 1.4 3.6 	- 	 - 

50 - - - - - - - 	 - 	 - 

1 - - - - - - - 	 - 	 - 

2 - - - - - - - 	 - 	 - 

3 - - - - - - - 	 - 	 - 

4 - - - - - - - 	 - 	 - 

5 - - - - - - - 	 - 	 - 

6 - - - - - - - 	 - 	 - 

7 - - - -. - - - 	 - 	 - 

8 - - - - - - - 	 - 	 - 

9 - - - - - - - 	 - 	 - 

60 - - - - - - - 	 - - 	 - 



243. 

Week A -'in ax Amin Of iv Accuin SVD S7",.. ax 	Celeven 	Accum SVD 

61 - - - - - - - 	- 	 - 

2 - - - - - - - 	 - 

3 - - - - - - - 	- 	 - 

4 - -. - - - - - 	- 	 - 

5 11.1 14.6 8.4 155.0  925.0 1.2 3.6 	- 	 - 

6 13.2 18.7 7.5 163.0 1392.0 2.9 8.1 	1.0 	0.1 

7 12.5 16.8 8.6 168.0 1190.0 1.7 5.1 	- 	 - 

8 11.2 14.9 7.6 158.0 998.0 2.1 4.8 	- 	 - 

9 14.4 18.5 10.8 168.0 1586.5  3.8 8.7 	8.0 	15.9 

70 12.2 15.4 9.4 168.0 1216.0 2.0 4.8 	- 	 - 

1 11.2 14.9 8.3 168.0 1045.0  1.4 4.3 	- 	 - 

2 13.7 17.2 10.9 168.0 1464.5 1.0 3.5 	- 	 - 

3 10.3  14.4 7.2 166.0 969.0 1.5 4.0 	- 	 - 

4 9.1 12.5 6.4 168.0 682.5 1.5 4.2 	- 	 - 

5 6.8 10.1 4.1 134.0 343.5 1.2 3.1 	- 	 - 

6 10.9 14.4 7.6 162.0 997.5 0,9 2.9 	- 	 - 

7 4.6  7.9 2.2 84.0 161.5 1.1 3.0 	- 	 - 

8 2.6 6.0 -0.4 31.0 38.5 0.7 2.5 	- 	 - 

9 6.2 8.9 3.9 128.0 272.0 0.6 2.3 	- 	 - 

80 6.3 8.6 3.4 134.0 267.0 0.3 1.3 	- 	 - 

+ 
wilts in 4.2.1 



2 44. 

St-.5 - Mean weekly height increment (cm), bucket and soil temoeratures ( °c) 

1Teek Inc +p Inc -p B5 BlO B20 S5 SlO S20 

I -  - - - - - - - 

2 0.0124 0.0095 - - - - - - 

3 0.1600 0.0420 5.1 5.0 5.2 4.9 5.3 5.7 

4 0.2600 0.2638 9.9 8.6  7.3 7.3 6.9 6.5 

5 0.3171 0.3171 8.5 8.4 8.2 7.9 7.9 7.7 

6 0.1129 0.1694 8.0 8.2 8.0 7.6 7.6 7. 

7 0.4440 0.4880 9.4 8.9 8.4 8.3 8.1 7.7 

8 0.5660 0.6280 12. 11.4 10.2 10.4 9.9 9.1 

9 0.3680 0.2910 8.5 8.9 9.3 8.9 9.1 9.2 

10 0.4709 0.6015 - - - - - - 

1 0.4043 0.4490 13.5 12.4 11.0 11.1 10.7 10.1 

2 U, A268 0.5564 15.0 13.5 12.4 12.6 11.9 11.0 

3 0.7079 0.776 5 18.6 17.6  16.,1 16.3 15.5 14.1 

4 0.7521 0.4308 15.1 15.2 15.0 15.1 14.8 14.0 

5 0.1278 0.4022 13.2 13.2 13.1 13.2 13.2 12.8 

6 0.2822 0.2933 12.7 12.5 12.3 12.3 12.3 12.0 

7 0.3889 0.3146 12.1 12.1 11.8 11.9 11.8 11.4 

8 0.72 11 0.5832 13.8 13.3  12.6 12.7 12.5 11.8 

9 0.7747 0.6637 - - - - 

20 0.3753 0.3046 9.5 10.0 10.7 10.6 10.8 10.9 



4). 

Week Inc +p Inc -r B5 BlO B20 S5 Sb S20 

21 0.3612 0.2643 - - - - - - 

2 0.2741 0.2190 10.2 10.2 9.8 9.9 9.8 9.4 

3 0.1106 0.0917 8.2 8.4 8.7 8.7 8.9 8.9 

4 - - 10.3 9.5 9.0 8.8 8.8 8.7 

5 - - 9.0 9.2 9.3 9.2 9.2 9.0 

6 - - - - - - - - 

7 - 
- 7.4 7.5 7.4 7.5 7.3 7.2 

8 - 
- 6.4 6.7 7.0 6.8 7.0 7.0 

9 - 
- 4.4 5.2 6.0 5.6 6.0 6.6 

30 - - 1.4 2.1 3,1 2.4 3.0 4.1 

1 - 
- 0.2 0.7 1.6 1.0 1.6 2.4 

2 - - - - - - - - 

3 - - - - - - - 

4 - - 3,0 2.8 2.5 2.6 2.5 2.4 

5 - - - - - - - - 

6 - - - - - - - - 

7 - - - - - - - - 

8 - - - - - - - - 

9 - - - - - - - - 

40 - - - - - - - - 



246. 

Week Inc +p Inc -u B5 B10 B20 S5 Sb 520 

41 - - - - - - - - 

2 - - - - - - - - 

5 - - 0.5 1.0 1.7 1.0 1.5 2.2 

4 - - 1.4 1.8 2.2 1.4 1.7 2.1 

5 - - 1.0 1.2 1.7 1.2 1.5 1.9 

6 - - 2.2 2.2 2,3 2.0 2.2 2.3 

7 - - 3.0 2.7 2.5 2.4 2.4 2.4 

8 - 
- 4.3 4.2 4.0 3.9 3.9 3.6 

9 - - - - - - - - 

50 - - - - - - - - 

1 - - - - - - - - 

2 - - 
. 	 4.9 4.7 4.6 4.5 4.5 4.3 

3 - - 4.8 4.6 4.4 4.4 4.4 4.3 

4 - - 3.1 3.2 3.5 3.4 3.6  3.9 

5 - - 5.4 5.3 5.2 5.2 5.2 5.0 

6 - - 6.8 6.4 6.0 6.o 6.0 5.5 

7 - - - - - - - - 

8 0.9453 0.6094 10.5 10.5 10.2 10.3 10.1 .9.5 

9 1.5240 1.1365 13.,1 12,5 11.4 11.9 11.4 10.1 

60 1.4427 1.0068 - - - - - - 



2 4 7. 

Week Inc +p Inc -p 135 BlO B20 S5 sio 520 

61 2 .0501 1.4997 13.8 13.4 12.4 13.3 12.7 11.5 

2 .1.5077 1.2484 14.1 14.0 13.5 14.3 13.9 12.9 

3 :1.2169 1.0391 - - - - - - 

4 1.2693 0.8232 13.9 13.7 13.3 14.0 13.5 12.5 

5 0.4654 0.2981 11.8 12.0 12.1 12.6 12.4 11.9 

6 0.7436 0.3185 - - - - - - 

7 0,7655 0.1649 14.0 14.1 13.7 14.4 14.0 13.1 

8 0.4521 0.0591 11.3 11.3 11.2 11.6 11.5 11.1 

9 0.6245 0.1387 - - - -. - - 

70 0.3844 0.0591 - - - - - - 

1 0.5959 0.0323 11.8 12.1 12.2 12.2 12.1 11.8 

2 0.2028 0.0236 - - - - - - 

3 0.1172 0.0353 - - - - - - 

4 - - - - - - - - 

5 - - - - - - - - 

6 - - - - - - - 

7 4.6 5.5 6.7 6.0 6.6 7.4 

8 2.8 3.2 4.0 3.6 4.0 4.9 

9 6.2 6.1 5.9 6,0 5.9 5.8 

80 6.3 6.2 6.2 6.2 6.2 6.2 



24 3. 

St-5 - Itean weekly air temperature and vapour pressure variables + 

Week A Arnax Amin Ofive Accam 91TD SVDrnax 	Geleven 	Accurn SlID 

1 - - - - - - - 	 - 	 - 

2 - - - - - - - 	 - 	 - 

3 4.6 7.7 2.7 38.5 54.2 1.9 3.3 	- 	 - 

4 8.6  13. 6  4.2 101.0 460.0 3.6 7.4 	- 	 - 

5 7.6 11.4 4.4 153.0 449.0 1.0 3.8 	- 	 - 

6 6.7 10.7 4.2 127.4 300.3 0.8 3.2 	 - 

7 8.1 11.9 4.7 117.8 396.1 l.ti 5.1 	- 	 - 

8 10.1 14.8 6.3 155.0  780.0 2.6 6.9 	- 	 - 

9 7,5 10.7 4.2 133.0  368.4 1.2 4.4 	- 	 - 

10 - - - - - - - 	 - 	 - 

1 10.1 15.2 6.5 129.5  654.5 2.7 6.8 	- 	 - 

2 13.7 17.9 9.4 168.0 1461.0 3.5 8.5 	9.0 	29.8 

3 17.2 22.0 12.9 168.0 2057.5 5.4 11.6 	34.0 	108.5 

4 13.5 18.3 10.2 149.8  1276.1 2.0 6.5 	- 	 - 

5 11.9 15.4 9.1 158.0  1067.0 1.2 4.0 	- 	 - 

6 11.4 15.6 8.2 168.0 1083.0 2.1 5.8 	- 	 - 

7 10.8 15.2 6.4 167.0 980.0 1.7 4.8 	- 	 - 

8 12.4 16.4 9.0 166.8 1227.3 2.1 5.7 	- 	 - 

9 - - - - - - - 	 - 	 - 

20 8.9 11.8 4.1 117.0 514.0 1.4 3.6 	- 	 - 



249. 

Week A Amax Amin Ofive Accwn SVD SVTimax 	C eleven 	Accum SITD 

21 - - - - - - - 	 - 	 - 

2 9.0 12.3 5.9 143.0 635.5 1.2 3.1 	- 	 - 

3 8.0 11.8 5.1 146.0 522.0 1.6 3.7 	- 	 - 

4 11.0 14.6 7.5 168.0 1001.0 2.1 5.4 	4.0 	5.2 

5 9.1 12.5 6.4 157.0 706.0 1.4 3.5 	- 	 - 

6 - - - - - - 	 - 	 - 

7 7.6  9.9 5,4 168.0 441.5 0.7 2.0 	- 	 - 

8 6.5 9.1 3.9 122.0 328.5 0.7 2.1 	- 	 - 

9 4.2 6.3 2.1 60.0 163.5 0.4 1.3 	- 	 - 

30 -0.6 1.1 -2.3 0.0 0.0 0.2 0.9 	- 	 - 

1 0.9 2.7 -0.9 3.0 1.0 0.4 1.0 	- 	 - 

2 - - - - - - - 	 - 	 - 

3 - - - - - - - 	 - 	 - 

4 4.1 6.9 1.9 59.0 90.5 0.4 1.3 	- 	 - 

5 - - - - - - - 	 - 	 - 

6 - - - - - - - 	 - 	 - 

7 - - - - - - - 	 - 	 - 

8 - - - - - - - 	 - 	 - 

9 - - - - - - - 	 - 	 - 

40 - - - - - - - 	 - 	 - 



20. 

Week A Am x A.min Ot'ive Accum 91TJ) SrDmax 	Oeleven 	Acciza STD 

41 - - - - - - - 	 - 	 - 

2 - - - - - - - 	 - 	 - 

3 -1.5 0.7 - 4.0 0.0 0.0 0.3 1.0 	- 	 - 

4 1.5 .o -0.5 52.0 53,5 0.3 1.4 	- 	 - 

5 2.3 5.0 _0,3 32.0 23.5 0.6 2.0 	- 	- 

6 2,9 7.4 -0.4 36.0 105.5 1.5 5.0 	1.0 	8.8 

7 2.9 7.3 -0.1 48.0 83.0 1.1 3.5 	- 	 - 

8 4.3 8.1 1.6 58.0 93.0 1.5 4.2 	- 	 - 

9 - - - - - - - 	 - 	 - 

50 - - - - - - - 	 - 	 - 

1 - - - - - - - 	 - 	 - 

2 4.3 8.5 0.4 56.0 144.5 1.9 5.0 	- 	- 

3 3.6 9.0 -1.6 60.0 149.5 2.1 5.8 	- 	- 

4 3.0 7.8 -0.7 20.0 54.0 1.8 5.4 	- 	 - 

5 4.8  7.9 1.6 83.0 115.0 0.9 2.7 	- 	- 

6 6.4 11.5 1.3 103.0 410.5 3.2 7.0 	- 	- 

7 - - - - - - - 	 - 	 - 

8 8.2 13.8 4.0 135.1 598.5 1.8 5.8 	- 	- 

9 11.9 17.1 7.2 155.0 1174.0 3.1 8.1 	2.0 	0.8 

60 - - - - - - - 	 - 	 - 



251. 

'ie: A'x Amin Ofive Accuirt SIT]) SlTDirtax Oele'v-en Ace= SVD 

61 12.9 17. 6  .9.0 154.0 1208.0 2.0 6.2 1.0 0.3 

2 12.7 17.6 8.8 168.0 1293.0 2.3 6.8 5.0 1.9 

3 -  - - - - - - - - 
4 15.0 16,3 11.2 151.2 1197.7 0.8 3.0 - - 
5 10.3 14.1 7.4 165.0 898.5 1.1 3.7 - - 
6 - - - - - - - - - 
7 12.3 16.8 7.9 158.0 119.0 2.2 5.9 - - 
8 10.4 14.8 6.7 168.0 911.5 1.9 5.4 1.0 1.2 

9 - - - - - - - - - 
70 - - - - - - - - - 

1 10.7 14.7 7.4 158.0 877.5 1.3 4.7 - - 
2 - - - - - - - - - 
3 - - - - - - - - - 

- - - - _ - - 
5 - - - - - - - - - 
6 - - - - - - - - - 
7 3.7 6.7 1.2 53.0 77.5 1.0 2.5 - - 
8 2.4 6.1 -0.5 28.0 37.5 0.6 2.4 - - 
9 6.3 9.1 4.1 127.0 281.0 0.6 2.1 - - 

80 6.5 8.5 3.6 134.0 297.5 0.4 1.2 - - 

+ units in 4.2.1 



Appendix 4.3 

Plant dry weight 



252. 

Mean total dry weight of harvested seedlings - g/bucket of 5 seedlings 

Harvest -p -i-p 
No. St.1 St.2 St-3 St-4 St--5 St.l St.2 St-3 St-4 St-5 

1 1.68 1.68 1.68 1.68 1,68 1.68 1.68 1.68 1.68 1.68 

2 2.51 2.91 5.12 2.86 2.75 2.61 2.47  3.02 2.51 1.96 

3 2.86 4.0 4.12 4.01 2.78 4.48  5.96 3.69 3.76 2.38 

4 6.85 4.69 4.65 4.66 5.11 4.67 4.69 4.98 5.33 3.03 

5 3.50 10.02  7.74 9.85 6.88 10.91 9.17 7.86 8.92 4.89 

6 15.58 11.88  15.95  13.65 9.15 15.69  16.13  14.54  14.28 10.69 

7 15.18 13.93 12.76 12.84 8.85 16.44 14.92 17.37 13.24 9.40 

8 20.52 22.21 20.32  22.84 18.58 20.79 27.93 28.81 29.53 19.36  

9 30.2 32.13 33.73 57.50 24.54 54.76 32.58 46.36 50.72 30.31 

10 39.75 34.74 45.52 41.24 35.21 53.19 51.57  65.56 64.64 59.87 

11 47.44 48.60 43.27 47.34 42.77  69.12  48.25 71.72 73.59 51.64 

12 48.77 53.91 52.79  54.66 42.55  61.11 75.98  78.21  74.45  63.59 

13 49.07 46.49 58.66 57.40 50.79 65.38  64.19  05.21 90.87 60.84 



253. 

•oan current shoot dry weight of harvested seed1in - h/bucket of 5 seedlings 

Harvest -p 
No. St.]. St.2 St.3 St.4 St-5 St.]. St.2 St,3 St.4 St.5 

1 0.06 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 

2 0.96 1.03 0.97 U.86 0.70 0.78 0.64 1.06 0.70 0.45 

3 1.27 1.75 1.82 1.55  1.08  1.93 1.67 1.56 1.53 0.95 

4 3.34 2.11 2.33  2.12 2.36 2.20 2.01 2.23 2.27 1.28 

5 4.43 4.71 3.79 4.59 5.27 5.96 4.48 4.11 3.88 2,18 

6 6.74 5.75 7.03 6.07 3.79 8.02 7.72 6.52 6.86 4.34 

7 7.00 5.73 5.67 6.12 4.06 8.26 6,42 8,64 5.87 4.60 

8 3.98 6.16 5.04 7.55 5.75 5.64 9.67 9.69 11.35 5.29 

9 10.13 11.21 11.58 15.54 11.01  14.05  13.52 23.46 25.28 13.23 

10 15.57 14.70 20.41 16.84 16.93 25.22  24.65 32.31 33.76 19.26 

11 19,65 21.69 19.42  19.67 19.36 32.95 23.25 30.82 36.59 23.87 

12 19.80 21.83 22.24 20.90 16.76 30,06 50.53  33.82 32.30 26.84 

13 18.40 17.78 23.13 3.32 19.77  28.87 25.44 36.45 39.5 6  24.41 



Mean root dry weicht of harvested seed1in - 9/bucket of  5  seedlings 

Harvest -p 
No. St,1 St.2 St,3 St .4 St-5 St,1 St.2 St,5 St .4 St-5 

1 0.46 0.46 0.46 0.46 0,46 0.46 0.46 0.46 0.46 0.46 

2 0.51 0.64 0.62 0.63 0.73  0.68 0.60 0.72 0.54 0.40 

3 0.80 0,98 1.09 0,93 0.65 1.17 0.98 0.74 0.94 0.46 

4 2.19 1.48 1.27 1.37 1,35 1.54 1.61 1.53 1.65 0.86 

5 2.85 3.59 2.58 3.48 2.29 3.49 3.24 2.54 3.20 1.74 

6 6.69 4.56 6.85 5.94 3.91 5.82 6.58 5.98 5.78 4.63 

7 6.3 6.32 5.54 4.58  3.37  6.49 6.57 6.46 5.78 3.81 

8 7,98 7.37 6.53 6.90 5.57 7,62 8.29 8.27 8.68 5.92 

9 10.20 10.66 10.42 11.32 5.76 10.05 8.64 10.03 11.90 7.32 

10 11.79 10.55 12.11 13.05 8.76 13. 03 13.72 16.99  15.82  11.46 

11 15.32 15.00 13.75 15.75 13. 20 20.47 14.12 23.04 20.84 16.14 

12 17.75 19.43 17.23 20.96 16.47 19.45 27.85 25.79 25.84 22.27 

13 18.38 17.67 21.47 21.65  19,77 24,79 24.08 30.52 33.81 23.38 



255. 

Itean old foliage dry weight of harvested seed1ins - g/bucket of 5 seedlings 

Harve9t -p i-p 
No. St..1 St.2 St-3 St-4 St-5 St-1 St.2  St-3 St-4 St-5 

1 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

2 0.59 0.74 0.92 0.85 0.83 0.75 0.77 0.75 0.83  0.68 

3 0.43 0.68 0.69 0.85 0.62 0.74 0.71 0.85 0.75 0.57 

4 0.60 0.47 0.56 0.54  0.63 0.43 0.48 0.58 0.64 0.37 

5 0.44 0.68 0.43 0.77 0,39 0.47 0,45 0.38 0.67 0.35 

6 0.59 0.29 0.46 0.36 - 0.45 0.27 0.33 0.42 0.23 0.50 

7 0.31 0.33 0.34 0.62 0.30 0.24 0.32 0.46 0.19 0.13 

8 4.61 4.17 4.90 4.69  3.38 3,31 4.61  5.43 4.91 4.63 

9 4,49 4.82 5.22 4.77 3.41 4.67 4.26 5.50  6.55 4.27 

10 4.63 3.38 4.70 4.35 3,23  4.94 3.85 5.60 4.26 2.98 

11 2.92 3.04 2.40 3,75 2.45 2.95 2.24 3.55 3.09 2.66 

12 2.77 2.03 2.29 3.13 1.71 1.15 3.87 3.60 4.08 3.33 

13 2.22 2.59 3.19 2.83 2,32 1.56  2.09 2.38 2.59 2.12 



25. 

Ile-an stem dry weight of harvested seedlings - g/bucket of 5  seedlings 

Harvest 
No. St.1 St.2 St-3 St-4 St-5 St-1 St.2 St-3 St-4 St-5 

1 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 

2 0.45 0.50 0.61 0.51 0,49 0.41 0.46 0.49 0.45 0.43 

3 0.35 0,66 0.51 0.68 0.43  0.64 0.60 0.54 0.54 0.41 

4 0.72 0.61 0.49 0.62 0.76 0.50 0.59 0.65 0.77 0.52 

5 0.78 1.04 0.94 1.20 0.94 1.00 1.00 0.84 1.18 0.61 

6 1.56 1.28 1.62 1.27 1.01 1.58 1.50 1.62 1.42 1.22 

7 1.55 1.54 1.21 1.52 1.13 1.45 1.61 1.82 1.40 0.87 

8 3.75 4 , 51 3.85 3.70 3.88 4.22 5.36 5.42 4.59 3.52 

9 5.59 5.34 6.51 5.87 4.36 5.99  6.16  7.37 8.99 5.49 

10 7.76 6.15 8.30 7.00 6.29 10.00 9.37 10.66 10.80 6.17 

11 9.55 8.87  7.70 8.17 7.76 12.75 8.64 14.31 12.81 8.97 

12 8.45 10.62 11.03 9.67 7.61 10.45 13.75 15.00 12.25 10.95 

13 10.07 8.45 10.82 9.63 8.93 10.16 12.58 15.86 15.11 10.93 



257. 

Weight of needles from harvested seedlings - rnJ100 needles 

Harvest 	St.1 	St.2 	St.3 	St-4 	St-5 
No. 

-p 	+p 	-p 	+p 	-p 	+p 	-p 	+p -p 	+p 

1 - - - - - - - - - - 

2 80 80 65 60 66 74 72 71 62 58 

3 102 99 96 97 91 104 99 100 85 117 

4 94 97 101 88 84 91 75 99 65 65 

5 95 125 94 102 - 101 110 99 99 75 78 

6 118 146 122 140 120 123 121 121 88 100 

7 154 175 160 187 158 163 110 133 123  135 

8 100 112 120 124 89 112 91 100 76 90 

9 138 165 163 176 132 148 131 144 129 153 

10 - - - - - - - - - - 

11 194 179 175 185 180 174 157 181 152 162 

12 202 200 170 228 166 209 146 174 156 190 

13 228 234 210 200 198 190 188 206 174 173 



Appendix 4.4 

Weekly temperature suxmtry 



Weekly su:':;3ry of temperature and L.ir rroisture data 

.ro 1r 4kntout - St-3, Week 12. 

tEEKLY DATA  

65 810 820 S5 sic S20 

ICTAL 15.0 14.1 12.7 12.4 12.0 11.5 13.7 
EAN 15.0 14.1 12.7 12.4 12.0 11.5 13.7 

lAX 19.1 16,6 13.9 13.3 12.7 12.0 18.1 
uN 11.1 11.7 11.0 11.4 11.4 11.1 8.9 

2.9 1.7 0.8 C.? 0.5 0.3 3.2 
LANGE 8.1 4.9 2.9 1.9 1.3 0.9 9.2 
U80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

)FIVE 0.0 0.0 0.0 C.0 0.0 0.0 167.0 
CCUM 0.0 0.0 0.0 0.0 C.0 0.0 146C.5 

B SVPW SVPD 	APT-TI VP SVD RH 

12.0 14.5 16.5 1.3 13.1 3.4 83.0 
12.0 14.5 16.5 1.3 13.1 3.4 83.0 
14.8 17.2 21.7 3.1 15.3 8.0 98.3 
8.5 11.3 11.7 0.1 10.8 0.2 63.7 
2.2 2.0 3.5 0.0 1.4 3.4 11.2 
6.3 5.9 10.0 3.0 4.5 7.8 34.7 
0.0 0.0 0.0 26.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 11.0 0.0 

0.0 0.0 0.0 0.0 C.0 17.4 0.0 



Appendix 4.5 

Correlation matrix - height 
increment and cliraatic variables 



Ht. incr. 
-F 	B5 	BiG 	B20 	S5 	SlO 	S20 	A 	Amax 

1,u000 	o,759 	0.5530 0.5751 0.6001 0.5860 0,5869 0,5667 0,5496 0,4777 
'9 	1,0000 	0,8931 0,6630 0,8066 0,7768 0.7382 0,6441 0,3709. 0.7342 

'.1 	1,0000 0.9860 0.9287 0,i90Q 0,8433 0,73'41 0.91342 0.9225 
1.6000 0.9750 0.9476 0.9137 0,8257 0,9767 0.9235 

1 1 0000 0.9912 0.9772 0,9168 0.9261 0.8793 
1.0000 0,9949 0,9526 0.8931 0,83e.E 

1.0000 0.9723 0,6521 018061 
1,0000 0.7446 0.7163 

1.0000 0.9422 
••' 	1.0000 

SVD Accum photo 
Amin Of ive ccum SVDmaOeeven_S.YDRain Wind eriad. 

0,4193 0,3605 0,5584 0.4130 0,3927 0.2702 0.2579 -0,2226 0.2427 0.6611 0,2042 
0,L155 0,4794 0.8151 0.6580 0,6704 0.5717 0.5455 0,1279 -0.0781 0.7969 0,6057 
0,8776 0.4 1+36 0.9451 0,6644 0.7636 0.7258 0.7175 0.0078 -0.3494 0,7135 0,4641 
0,8571 0,4940 0.9635 0.5970 0,7201 0.7305 0.7262 -0.0425 -0,3826 0.6700 0.3705 
0,8035 0.5184 0.9401 0,4549 0,6183 0.6808 0,6829. -0,0932 - -0.3927 0.6063 0.2632 
0 .792A 0,5357 0.9141 0.3616 0,5369 0.6100 0,6146 -0,0935 0.3821 f) , 5674 0,2382 
0,7523 0.5429 0.8836 0,2390 0,4817 0.5663 0.5723 -0.1297 -0.3837'0.5243 0.1735 
0,649 3,5403 0,7949 0,1604 0,b46 0,4677 3,4693 -0,1519 -0.3400 0,4080 0,0546 
0,3975 0.5236 0,9760 0,6595 0,7555 0,7484 0.7387 -0,0398 -0,35261 - 0.7033 0,3961 
0,73f2 3,4311 0,9267 0,6751 0,8656 C,7653 0.7370 -0,2704 -0,5373 0.5960 0,181.5 
1,u000 0,5447 0.8453 0,4826 0,4371 0.5582 0.5601 0,2500 -0,1820 0,57c7 0.5627 

7 1,CJUU (1,6376 -0.0113 0.1667 0,281+6 0,2801 0,0529 0,0005 0,3911 0,2275 
6 1,0030 0,5594 0,7084 0.7533 3,7471 -0.0859 -0,3725 	- 0,6615 0.3146 

C4  1.0000 0.8991 0.7364 0.7101 0.0040 -0,1130 	- 0.6149 0.4145 

010/ r'0760 1.000 0.7996 0,7595 0,2234 0,39760,5582 0,2253 

1/r=0.641 
1,0000 0,9952 0,0396 -0.3530 0.4959 0,1761 

1,0000 0.0642 -0,3362 0,49'5 0.1636 
5°/r=0.514 1,0000 0.4552 0.0770 6,9 1 42 

' 1.0000 001998 0,2664 
t.1 -1972 

'  1.0000 0,5306 
JC 1.000') 

lb 



Ht. incr 
-P B5 BlO B20 S5 510 520 A Amax 

1,0000 0,01 0.7882 0.7814 0.71+80 0,7269 0,6691 0,5673 0,7806 0,8203 
''Qfj1 1,0uUO 0,8203 0.791R 0.1178 0.7067 fl59114 0,1+3 145 0,7878 0.77114 

* 	'J3 1.0000 0,9901 0,9397 0.9197 0,8330 0,6953 0,9846 0,9616 
-0i 1.0000 0,9774 0.9595 0,8992 0.7788 0.9668 0.91+27 

77t4 1.0000 0.9911 0,9669 0,5882 0.9097 0,, 8844 
°Q11 1,0000 0.9823 0,9110 0.881+5 0.3505 

3 1.0000 0,9703 0,7996 0.7712 
"L 1.0000 0.6652 0.61+62 

11

2 1,0000 0,9787 
"7 1.0000 

SVD Accurn 
- 

photo 
Arnin 0 five Accum SVD -- max 0 eleven SVD Rain Wind Sal rad period 

0.7171 0,4406 0,7781 0.7512 0,7490 0,4361+ 0,1+120 0,0201 0.0713 0.6795 0.44.33 
0,7670 0.5266 0.7762 0.7880 0,7948 0.41+1+7 0.1+258 0,2827 0,1206 0,7136 0,7430 
0,9402 0,5514 Y,9854 0.8159 0,8325 0.7289 0.7100 0.01+17 -0.3329 0.7056 0,4909 
0,9237 0.5073 0.9712 0,7672 0.731+1 0.7095 0,6909 0.0077 -0,3599 - 0.6489 0.1+327 
0,8856 0.4272 0.9193 0.66,39 0.6785 0,6440 0.6261 -0.0562 -0,1+047 0,5425 0,3201 
0,8741 0.4412 0.8936 0,6216 0.6351 0.531+4 0.5632 -0.0503 -0.3739 095380 0.3385 
0.7971 0,3679 0,3127 0,5044 0.5156 0,5075 .1+92 0.4929- -0,1363 -0.1+21+3 0.1+401 0,2014 
0,8726 0,2905 0 1 6820 0,3342 0.31+11 0,3812 0.3673 -0,2497 -0,4640 0.2720 0,0030 
0,9587 0,5922 0,9988 0,8233 0,8283 0,7465 0.7451 0,0076 -0,3618 0,6827 0.4337 
0,897 0,5q17 0,9800 0,3315 0.8524 0.7154 0,6376 0.1044 0.4342 0.6876 0,3620 
1,0000 0,61477 0,9504 0,7057 0,7082 0.6974 0.6306 0.1281 -0.2512 3,5797 0,1+730 

it77 1.0000 0.5485 0,3373 0.3396 0,1366 0,1729 0.1279 -0,0486 0,3525 0.3976 
's 1,0000 0,8235 0.8287 0.7763 0.7550 -0.0147 -0.381+1+ 0.6774 0,4108 

'5 110000 0.9843 0.7839 0.7689 0.2359 -0.1017 008311 0,59141 
0.1°/r=0.742 110000 0,7309 0.7117 0,2246 -0,1432 0,8042 0,6059 
1°/r0623 1,0000 0.9911.. 0,1029 -0,2975 0.5981 0,2b20 
5 0/r0.497 '6 1,0000 0,1195 -0.2746 005919 0,2602 

1,0000 0.6717 0,1332 0,7190 
St2-1972 -7 100000 -000135 0,1+752 

100000 0,6266 
- 1,0000 

0 



Ht. incr 
-P B5 BlO B20 S5 SlO S20 A - Amax 

1.0001) 	0.7615 0.5951 0.5730 0.5232 0.379 o.5179 0,489 0.6401 0.6930 
-"-1 	1.0000 0.8492 0.31514 0.7374 0.7413 0.6341 0.5970 0,7883 0.7621 

9 1.0000 0,9944 0.9639 0.9634 0.9345 0.8763 0.9653 0.9267 
*rLU 1.0000 0 1 9858 0.9947 0.9639 0.9175 0.9533 0.9150 

110000 0.9983 0.9925 3,9674 0.9210 0,8836 
- 1.0000 0.9945 0.9701 0.9250 018899 

1.0000 0,9894 0.9031 093733 
1.0000 0.8563 0.8379 

1.0000 0.9844 
1.0000 

SVD Accurn photo 
--Amin 	U five Arrurn SVD MAX () Pleven SVD ERain Wind Sal_rad 	period 

N) 
C' 

0.6153 
0.7621 
0.929.3  
0 • 9 1 (,R 

0.8841.  
0 .8971  
U ,8696 
0 .6214 
O .9531 
.9299 

1,0000 

0.3725 
0,5204 
0.3534 
0 • 26 19 
0,1609 
0,1605 
0.1193 
0,0215 
0.3392 
• 3816 

0.4307 
1.0,100  

0.6111 
0 .7829  
0, 9600 
0.9 1155  
0.9098 
0.9110 
0.81179 
0.8391 
0.9946 
0,9792 
o • 9318 
0.4027  
1,0300 

1, 	ri
-t 'J . - 	0

.- 

0.7049 
o .82 09 
O • 788s 
0.7321 
0.7220 
o .b92A 
0.6346 
0.3867 
0, p835 
0.776s 
0,3530 
0.9031 
1.0000 

0.6128 
0.7347 
0.0123 
0.7777 
0,7128 
0,70145 
0,6727 
0.6142 
0.8775 
0.8939 
0.7711 
0,3716 
0,3902 
0,9860 
1.0000 

,  

0.1711 
0. 14933 
0.7425 
0.7231 
o • 1;947 
0.6738 
0.6546 
0 • 603 14 
0.7753 
0 • 7287 
0.6486 
0,2961 
0.8178 
0.8770 
0.3097 
1.0000 

0.1475  
0.4478 
0.7235 
0.7109 
o • 6923 
0.6677 
0.6539 
0.6095 
0.7469 
C) • 7058 
0.6153 
0 • 2704 
0.7884 
0,8450 
0.7790 
0.9800 
1.0000 

-0.1184 
0 • 2024 
0.0296  

-0,0057 
-0.0653 
-0.0844 
-0.1324 
-0.2204 
-0,1328 
-0, 2361 
-0 1 0591 
0, 31n8 

-0.1400 
-0,0827 
-0.1053 
0,0091 
0 • 0444 
1.0000 

- 

-.0.2143 
-0.0335 
-0.3725 
-0.4084 
-0.4475 
-0,4501 
.0 .4771 
-0.5226 
-0.14783 
-0,5356 
-0.4408 
0.3290 

-0.4619 
.4302 

-0.41400 
-0,3314 
-0.3147 

0 • 6839 
1.0000 

- 

-0.06314 
0914,38 

-0.0894 
-0.1455 
-0.2453 
-0.2499 
-0.3003 
-0.3609 
-0.1352 
-0,,1157 
-0. 1843 

0.4095 
0.0700 
0.0518 
0.0863 
0,0634 
0.0315 
0.2197 
0.2856 
1.0000 

0.3091 
0,7531 
0,5473 
0.5080 
0.4212 
0.4199 
0.3449 
0,2309 
0.3353 
0.2859 
0.14477 
0.5b10 
0,3791 
0.3170 
0,3177 
0,2748 
0.2511) 
0.7101 
0,14154 
0.3076 
1.0000 

0.1 010  r=0. 760 
1°/a r= 0.641 
5°10r= 0.514 

St.3 -1972 



Ht. incr 
-P B5 BlO B20 55 510 S20 

0.8295 0,4929 0,4231 0,3359 0.4105 0.3406 0,2371 
1.0000 0,7042 0.6322 0.5271 0.6282 0.5394 3,3885 

1.0000 0.9910 0.9600 0.9918 0.9668 0.8998 
1 1 0000 0,9373 0.9985 0.9912 0,9461 - 1,0000 0.9844 0.9932 0,9823 

qj  1.0000 0.9901 0.9432 
1.0000 0,9796 

''.Z. 	3.,0000 - 

A 	Amax 

0,5836 0.684 
0.6847 0.766 
0.9685 0.9344 
0,9509 0.8930 
0.9162 0.8395 
0.9489 0.8966 
0,9224 0,8481 
0,8650 0.7640 
1 1 0000 0.9663 

-- 1.0000 

3. .0000 

N) 
C-' 
N) 

Amin 

0.4161 
o .5598 
0 .94 5 0  
0,9525 
6.9451  
0 • 9488 
o • 9 L  01 
0.9173 
0,9520 
U .8649 
1.0000 

'74 

0 five 

0,49 33. 
0 • 5941 
U .4620 
0.4069 
0 3293 
0.4323 
0,3639 
0,2662 
0,4390 
0.5732 
0.3276 
1 • O lio 0 

•a1 . 

0.1°/or = 0.780 

1 0/r= 0.661 

5°/r = 0.532 

St. 4 -1972 

SVD Accum photo 
Açcum SVD max _ Oeleven SVD Rain _ Wind Soirad period 

0,6395 0,8197 0.8155 0.4935 0.4492 -0,2710 -0,1075 0.6923 0.1361 
U.7359 0.5569 0.8932 0.5866 0.590]. -0.0453 -0.2199 0.7968 0,5669 
0,9379 0.7916. 0.7044 0.7859 0.7352 0,2714 -0.4959 0.7305 0,3081 
0.9021 0.7188 0.7048 0.7531 0.7455 -0,2784 -0,4819 096585 0,2571 
u.8497 0.6201 0.6025 0.6912 0.6721 -0.3150 0,4729 0,5607 0,3.645 
0,9079 0.7162 0.7078 0.7490 0.7448 -0,2698 -0.4769 0,6653 0,2744 
U,F3639 0,6356 0.6185 0.7050 0.6914 -0.2987 -0,4621 0.832 0,194 
0,7397 0,5072 0,4789 0.6299 0.6035 -0.3524 -0.4114 0.4487 0.0491 
0,9739 0.8496 0,8206 0,8311 0.8240 -0.3932 -0.4544 0.7279 0,1567 
0.9835 0.9100 0.9117 0.7630 0.7576 -0.3914 -0.4.663. 0.8110 0,2192 
0,8914 0,6961 0,6534 0.7737 0,7629 -0,3094 -0.5306 005940 0,1260 
0.6113 0.5551 0.6263 0.2387 0,2454 0,1922 -0,1704 0,5226 0,6017 
1,0000 0,8884 0.8795 0.8c121 0,7969 -0.3220 0.41G5 0.7660 0.2565 - " Q  tj 

 1.0000 0.9848 0.8078 0,8069 -0.2328 -0.3509 0.8566 0,3183 
1,0000 0.7413 0,7437 -0,1908 -0.3383 0.8625 0.3930 " 1.0000 0.9342 -0,1503 -0.2475 096241 0,2218 

1,0000 -0,3.612 -0.2665 0,6738 0,2653 ' 1,0000 0.1941 _0.3375 0.6670 
100000 -0.4545 -0.0876 

110000 0,3512 
-. 1,0000 



Ht. incr 

SVD 	 Accum 	 photo 
0 five 	Accum 	SVD 

-Max Oeleven 	SVD 	Rain 	Wind 	SoJ.rad _period Amin 

0.5345  
0,7080 
0,9404 
0.9557 
0.9278 
0.9381 
0,9090 
0.8395 
0.9615 
(1 U • J_O 

1 .00 0 1) 

0,2459 
0 • 14.3 7 9  
0.5991 
0, 51i66 
0,5327 
0.55311  
0.5268 
0 . 14618  
0.6993 

2. 6606  
L eo971 
1.0000 

-7. 97 

0.5584 
0.7409 
0.9315 
0,9401  
0.9047 
0.9160 
0.8790 
0.8039 
0.9889 
0,9640 
0,9629 
0,7397 
1,0000 

0,7934 
0.8064 
0 •744J 
0.6119 
0,6279 
0.5 1449  
0 .4233  
0 • 789 
o .8233 
0,7140 
0,4389 
0,79i9 
1.0000 

• ' 7  1 6 

0.6405 
0.8491 
0.8633 
0.8080 
0 .6836 
0.6947 
0.6132 
0.4941 
o • 8310 
0.8717 
0.7634 
0.4762 
0, 3185 
0,9716 
1,0000 

' 01 7 

0.3968 
0.6402 
0.6846 
O .6736 
0.6180 
0.6195 
0.5695 
0, 13808 
0 .7356 
0.7166 
0.6814 
0,3648 
0.7713  
0 • 8901 
0 ,8 217 
1.0000 
- 	srflfl 

0.3961 
0.6413 
0.6859 
0.6742 
0.6178 
0.6194 
0.5689 
0,4877 
0.7371 

0.7179 
0.6623 
0.3670 
0,7730 

0.8917 
0.8236 
1.0(100 
1.0000 

'I ) fl 

-0. 1454 

0.1025 
-0. 1356 
-0 • 1 13 
-0,2363 
-0,2557 
-0.2709 
-0.2745 
-0.2659 
-0,2252 
-0 .2451 
-0.2369 
-0,3165  
-0,0687 
0.0298 

-0 • 1 05 
-0,1420 
1,0000  

-0.4559 
-0.3117 
-.0.5587 
-0.585 1+ 
-0.5930 
-0.6165 
-0,5994 
-0,5551 
-0.60G9 
-0.5992 
-0,6037 
-0,2501 
-0.6022 
-0.4296 
0.30L44 

-0.3902 
• 3913 

0.7463  
1.0000 

'I flq 

0.0879 
0.4354  
0.3 1413  
0.2571 
001351 
0,14P8  
0,0665  

-0 • 0169 
0.3228 
0.3370 
0,2533  
0,1031 
0.3571 
0.7183 
0 .6586 
0 ,6377 
0.641 2 
0.2245 

-0.1409 
1,0000 

0,4349 
0,6507 

0,5329 
0,4866 
0.3945 
0.6845  
0,3288 
0.2626 
0,4118 
0,1+650 
0,3743 
0.1870 
0,3460 

0,4571  
0,6210 
0,2667 
0.2687 0 553 

0,2594 

0.355 14  
1,0000 

0.1°/or- 0.801 
10/0 r= 0.684 

5°/r=0.553 

St. 5-1972 

-F B5 BlO B20 55 510 520 A Amax 

0.7554 0.6419 0.6428 0.5970 0,5974 0.5524 0.4694 0.5692 0.6369 
1.0000 0,8353 0.7827 0,6600 0,6747 0,5986 0.4787 0,7684 0.7923 
' 	53 1.0000 0.9661 0,9098 0.9251 0.8727 0,7802 0.9697 0.9645 

CR61 1 1 0000 0,9652 0.9742 0,9397 0.3689 0,9748 0.9793 
52 1.0000 0.9980 0.9948 0.9653 

- 
0.9299 0.9179 

c)c4fin 1.0000 0,9919 0,9551 0.9427 0.9331 
Qq9 1.0000 0,9845 0.9022 0.8851 

- 	8135 1,0000 0,8219 0.7967 
19 1.0000 0.9872 

r\) 
0 

• 
1.0000 

7S54 

cIA 72 	1.0000 
- 



Ht. incr 
-p B5 Blo B20 S5 Sb 520 A Amax 

1.0000 0,6247 0.2278 0.0770 -0.1040 -0.3106 -0.3641 -0.5175 0,0573 092624 
q7 1,OcJOQ 0,1826  0.0493 -0.1917 -0.3005 0.3560 -0,481 0,0571 001153 

1,0000 0.97 0.8835 0.n157 0.7781 0,6574 0.9432 0.8069 
799 1.0000 0,9567 0.9064 0,8797 0,7802 0,9298 0.7459 

110000 0,9860 0.9775 0.9226 0,8580 016130 
- R60 1.0000 0.9969 C.9674 0.8131 0.5481 

- 	 69 1.0000 0.9817 0.7836 0.5139 
QF17 1,0000 0,7020 0.4069 

1.0000 0.8352 
' 	 52 1.0000 

- 

SVD Accum photo 
Amin fve_Accurn SVD .max 	OeLeven _SVD Rain Wind 	IS,  o!.raderiod 

-0.18)5 _0.5745 0.054 8 0,2312 0,1708 -0.1336 -0.0445 -0,1427 0,4239 0.2839 0,7423 
-0.0036 -0.295 0.0304 -0.0100 -0,0391 -0.2788 -0.2010 011019 0.4985 0.2704 0.7249 
U,iO3 0,4219 0,9302 0.1626 0.3013 0.2710 0,4039 0,1866 -0.5263 0,43c?0 -0,0186 
0.7503 0.5231 0,9132 0.0657 0.2312 0.2669 0.4142 0,2508-O,5717 -0.5063 -0.1358 
.761.3 0,64910.8382 -0,0729 0,1152 0.?431 0.3777 0.3134 -0 .6575 -0.5639 -0,3261 
78 15 0.e713 0,7883 -0.1445 0.0445 0.2225 0.3580 0.3333 -0.7180 -0.5830 -0,4062 

0,16b3 0,6939 0,7616 -0,1543 0,0358 0.2324 0,3404 0,3162 -0.7259 -0.5913 -0,4439 
0,734q 0.7231 v.6793 -u,2o9 -fl,0342. 0,2264 0.2984 0.3030 -0.7428 -0,6143 -3,5752 
0,7308 0,5377 0,9934 0,2416 0.3294 0. 1 431 0.5170 0,1196 0,6303 -0.5945 -0.2640 
0 .2-lt3r, 0,2791 0 .8728 0,6212 - 	 0.7211 0.5714 0.6203 .O.0367 -0.5032 -0.2164 -0,096 
1,601JO 0,6132 0.e687 -0.3614 -0.2163 0.1051 0.2464 0.2881 -0,5123 -0.7323 -0,3729 

1U000 0,5469 0,1138 0,0410 0.2235 0,2525 0,3'483 -0.5752 -0.3943 -0.5259 
'- 1,0000 0.3318 0,4172 0.L4923 0,5594 0,0746 -0,6371 0,55R4 -0.2719 

1.0000 0.9053 0,6901 0,6176 -0.3573 -0.0272 0.1053 0,0345 
0.1°/or0,780 - 1.0000 0.(p91 0f6225 -0.2322 -0.1764 0.1642 0,0062 
1°/r0.661 1,0300 0.9415 -0.2196 -0.3353 -0.4781 -0.3464 
5°Ir=0532 1,0000 -0.1707 -0.3365 -095371 -0.2958 

1.0000 0.0661 0.1755 0,0885 
St.1-1973 1.0000 0.4778 0,5108 

1.0000 0.6010 
- 1,0000 

ON 



-0,1732 
-0.4753 
0.7729 
U • 8083 
0.7991 
o .783s 
0,7575 
U .7087 
0,0210 
0.5220 
1.0000 

• 3315 

0,3930 
0 • '1520 
0.5524 
0 .6 124  
0 • 65 '40 
0 .6961 
0,4365 
0, 1964 
O • f'i 22 0 
1,0000 

-' 

Ht. incr 
B5 BlO B20 55 S10 	520 A Amax 

1 1 0000 	0.8241 	-0.0204 -0.1176 -0.3134 -0.3434 -0.4453 -0.5398 -0.1272 -0.0832 
1,0000 	-0.344'+ -0.4056 -0,5375 -0.5690 -0.6128 0.7202 -0.4547 -0.3419 
"4 	1.0000 0,9762 0.8820 0.8460 0.7781 0.6925 0.9457 0.3499 

62.. 1.0000 0.9579 0.9286 0.8767 0.3005 0.9068 0.75P6 
r7q 1.0000 0.9928 D,J745 0,9300 0.8145 0.6213 

Qq28 1()000 0 .990 5 0,9575 0.7777 0.5732 
05 .,0000 0.9871 0.7279 0.5132 

A7.1 1,00(0 0.6652 0.4519 
-- 1.0000 008998 

J.!000Q 

SVD 	 Accum 	 photo 
Amin 0 five 	AccumSVD _max Oeleven SVD 	Rain _Wind _Sol r3d _period 

N) 

'J1 

-0.1076 O.2839 0.1731 -0.0855 -0.0676 002195 0.6279 0.6582 
-0.4905 0,074 0.0142 -0.1779 -0.0558 0.4045 0.6325 0.7981 
0.6996 . 	 0,1671 0.1707 0.3517 0. 22 3 3 . 0.0427-0.4624 -0.3381 
0,8568 0.0089 0.0096 0.610 0.1445 0.1730 -0.4919 -0.4191 
0.7712 -0.1241-0 .1745 . 0.1391 0.0447 0,2282 -0.5845 -0.5590, 

7497 -C.251 -0.2256 0,0703 -0.1J197 0.2012 -0.615'+ -0.5867 
0.7073 -0.3060 -0,2700 0.0434 -0.0345 0.1696 . -0.6398-0,6534 
0.6558 -0.3310 -0.2832 0,0.05 -0.0377 0.1040 -0.6694 -0.7159 
0.9659 0.222 0.2245 0,4524 0,2917 -0.1569 -0.5313 -0.457 8  
0,8532 0, 1495A 0.5551 0.5749 0.4102 -0.2751 -0,5202 -0.1738 
0.8241 -0.2204 -0.2522 0.2028 0,3937 0.0460 -0.4179 -0.6879 
0,600 -0,3173 -0.2586 -0.1637 -0,1 7 44 -0,2335 ..0,2789 -0.6302 
1.0000 0.1736 0.1950 0.6226 0.1725 -0.2428 -0.4570 -0.4513 

1.0000 0.9616 0.7022 0,5892 -0.4106 001098 0.3116 
.1.0000 0.7019 0.6204 -0.4685 0.0335 0.3116 

1.n000 0.9443 -0.2642 -0.2121 -0.1918 
1.0000 -0.1709 -0.0680 -0.1380 

1 6 0000 0.1860 0.1922 
-110000 0,5207 

1.0000 

0.1 0/  r = 0.780 
lob r= 0.661 
5/r= 0.532 

St. 2-1973 

0,8294 
U .8502 

-0,0727 
-0,1347 
-0.2365 
- 0.3140  
-0.4130 
-0,5154 
-0.2842 
-0.1418 
-0.3741 
-0 • 495 
-0.3152 
0.1977 
0.1492 

-0.1219 
-0. 0558 
0.4216 
o .!+99 0  
0.6370 
1.0000 



ON 
a 

0.2178 0.2274 
U,LhdU U,Uhh 

0,9105 0.7922 
0.8653 0.7397 
0.7392 0 9 5840 
0.7280 0,5274 
0 0 6719 0,4747 
0,5893 11,3961 
.0000: 0.8777 

'7 1.0000 

-^ . '. 
0 • 6119 
0.7371 
0,8916 
0.9719 
0.9891 
1.0000 

-S 

Rain Wind 	So! rad 
photo 
period 

Ht. incr 
-P 	B5 	10 	B20 	55 	sio 	S20 

1 . 

Amax 

0,C81 	fl,3032 0.1742 -0.0560 -0.2038 -0.2730 
1.0000 	u.2i1 0,2730 0.0160 -0.152 -0.2204 

1.0000 0.9790 0,3717 11.7767 0.7167 
'() 1,0000 0.9477 0.8694 0.8251 

-77 1.0000 0 . r3r, 25 o,943L 
- 	-5 1.0000 J,9949 

FIU 9

S.-  

1.0000 

SVD 	 Accum 
Ofive 	Accum 	SVD 	max Oeleven 	SVD 

u 0 0 0 

Amin 

o • 0932 
0.1943 
U • 7530 
U ,7551 
0.7147  
0. -1519  
0.7U93  
0.6493 
o .78+7 
0,4405 
1.00 

• 2 6U 
• 2040 

0 • ;)4 34  
U • 6 1+76 
o • 7897 
0. 3520 
0,3693 
0,13735 
1) ,5n85 
0 ,2555  
0,5796 
1 0 0 0 

0,1388 0 0 2754 0.1950 0.0133 -0.0881 0.261.2 0.4790 0.4379 
0.1042 0.0412 -0,0240 -0.0901 -0.1319 0.1995 0.3913 0.1941 
U.9365 0,2117 0.2354 0.3338 0.2757 0.1525 -0.3232 0.1300 
0,F170 0,1182 0.1613 0.3166 0,2762 0.2117 -0,3917 0.0494 
0,7690 -0.0838 -0.0151 0.2043 0.1889 0.2843 -0.4617 -0.1124 
0.7651 -0.144 -0.0733 0.2292 0.2355 0.1954 -0.5572 -0.2446 
,7148 - 0.1747 -0.0985 0.2153 0.2326 0.2034 -0.5688 -0.274 
U.411 -0,2131 -0.1333 0.1994 0.2258 0,1755 -0.5980 -0.3348 
0,9903 0.3547 0,3633 0Lf723 0.4297 -0.0607 -0.4344 0.0740 
0,609 0,6318 0.6333 0,5729 0.4715 -0.0703 -0.4095 0.3993. 
0,7725 -0,1795 -0.2002 0.1881 0,2519 0.0689 -0.3661 -0.3377 
0.5886 -0.2351 -0.2253 0.0707 0.0947 0.1966 -0.3275 -0.302 
1,0000 0,3413 0.3518 0,4503 0,4323 -0,0958 -0.4532 0.0527 

1.0300 0.9647 0.7083 0.5867 -0,2334 -0.0559 0.6843 
' 1.0000 0.75 0,6346 -0,2070 -0.0916 0.7122 

i.n000 0.9431 -0,2337 -0.1501 0.3173 - 
1.0000 -0,132 -0.2063 0.1297 

1.0000 002588 0.1065 
1..p000 0.17ir 

1.0000 _ 	It 

0.10/0 r= 0.742 
10/0 r= 0.623 
50/r= 0.497 

St -1Q72 

0,8007 
U .7308 
0,2359 
0.1417  

-0.0461 
-0.2546 
-0.3111 
- u 1 14109  

0.0010 
0.0926 F • 141 6 

-0,2967 
-u .0460 

U ,3008 
0,2437 
0,0254 

-0.0875 
0 , 3179 
0,4333 
0,6642 
1.0000 



0,U2 L,7132 0.7599 0.8149 0.619 0.8625 0,8529 0,4643 0.629 
1.0000 0.5958 0.6747 0.75Th 0.7793 0.7941 0.3073 0.2928 0.4442 

10000 0 . 9 8 83 0.9401 0.9495 0.931 O • 8785 0.9223 0.9092 
no 83 1.0000 0.9796 0,9742 0.9674 09356 0 1 8633 0.8634 

qr 1.3000 0.9319 0.989 0.9858 0.7595 0,7893 
acklg 1.0000 0.9961 0.9671 0.7643 0.8195 

'i 1.0000 0.9832 0.7312 0,7854 
1.0000 0.6560 0.7063 
'0 110000 0,9282 

1.0000 

SVD Accum 
Ofive Acçum SVDmax Oeleven SVD Rain Wind SoI.rad 

1 • 0030 
()2 

Amin 
photo 
period 

.0.1610 0.3610 
_0.2497 0.1824 
0.2791 0,8613 
0,2631 0.7933 
0.2642 u,677 
0,1166 0.6732 
0.1457 0,6376 
0.1r03 0,5557 
0.4628 0,9879 
0.3515 0.9176 
0,%i43 LJ.7297 
1,0300 05348 

1,0000 

o • 0885 
0,0462 
U ,i580 
0.6200 
U 5209 
U ,4679 
o • ti 579 
(3,4241 
0,7526 
o • 4 E 
I • 0030 

0.10/0 r -  0.898 
10/0 r= 0.796 
5 0/r= 0.666 

St-4 -1973 

Ht. incr 
-P 	B5 	BiG 	B20 	55 	SlO 	S20 

	
A -,Amax 	 N) 

C-' 

0.5375 0.3089 0,2517 0.0651 -0,3041 006910 
0.2212 0.3698 0.2251 0.1816 0,0991 -0.2553 0.5493 
0.4667 0,5863 0.5558 0.5165 -0,1546 -0.6262 - 0,4073 
0.4023 0,5363 0.5220 0.4876 -0.0917 -0.5838 0.4028 
0.3524 0.4951 0.4764 0 .4 1 1 7F,  0,0286 -0.4732 0.4415 
0.4124 0.5501 0,4.569 0.4165 0.0631 -0,5109 0.5578 
0,363 0.5110 0.4254 0.3899 0,0891 -0.4882. 0.5348 
0.2987 0,4394 0.4043 0.3809 0.1353 -0.4014 0.4774 
0.582A 0.6524 0.6627 0,6254 -0.3621 -0,5932 0.2672 
U,666' 3,7944 0,974 0.5259 -0,2988 -0.4232 . 0.5336 
0,171.1 0,1421 0,5265 0,5634. -0.3010 -3.6917-0.2938 
0,12 3,1729 0,2374 0.2507 -0,3794 -0,0391 -0.2710 
0,59s 0.6655 0.6567 0.6157 -0.4378 - -0.5398 .  0.2208 
1,0000 0,9625 0,8305 0.7775 -0,0691 0.1304 0,6625 

1,0000 0.7c84 0,6950 -0,1391 0,0632.=t.728e 
1,0000 0,9929 -0,1357 0.0005_ . O.2882 

1,0000 -0,0958 0,0089 0.2123 
1,0000 0,3527 0.3B2 

- 

-1,0000 0,1392 
i.ocoo 

-C 

0.8039 
0. 8033  
U .3503 
0,3862 
0.4(+68 
0,5653 
0, 5567 
0,5113 
0,0717 
0,2569 

-Ci .2041 
- U , 607 
-0,0350 
0,2948 
0.359? 
0.0714 
0,0220 
0.3912  

-0 • 162 . 
o • 7671 
1 • U 00 0 



0,61443 0.4142 0.4780 
0.6012 0.399A 0.4639 
0,9485 0.2237 0.1751 
0,8995 0.1084 0.0603 
0,7579 -0,1367 -0.1881 
0.82314 -0.06 -0,1267 
U.7114 -0.1239 -0.1815 
0,5940 -0.292 -0.3450 
0,9729 0.1559 0.1040' 
0,9310 0.5279 
0,8213 -0.277A 3.3249 
0,4459 0,061 -0.0076 
-1.0000 0,304: n,2516 

1,0000 0,9753 
1.0003 0.1°I0 r0.898 

1Ir0.798 

5°1r 0.666 

St F-197 

o • 4 12 0 
0.3560 
U.u12 
0.3220 
U .093 
(j • o 33 4 
G • 8(175 
0. 7203  
o • 947 
1 • b 27 t 
1 • 1)000 

1 

-0.2172  
-0. 1e57 
0.2721 
0.3364 
o .4463 
o • 4483 
0.b031 - 
O • 5742 
o . 323 
o • 
0.6551 
1,0 00 

Ht. incr 
N.) 

-P 	B5 	BlO 	B20 	S5 	sio 	S20 	A 	Amax 

0,4941 0,2110 0.3152 0.2114 -0.0356 0.6067 0.7917 

0,4130 0,1417 0.2564 0.156 -0,0852 0,5202 0,7134 

0.9791 0.8568 0,9069 0.8544 06800 0 4 9632 0.9190 

1,0000 0.9413 0.9675 0.9359 0.8071 0.9341 0.8419 
'L13 1 1 0000 0,9862 0.9929 0,9533 0 1 3196 0.626 

2 1.0000 0,992 0,9211 0,3700 0.7045 
-1(28 1.0000 0.9603 0.8219 0.6328 

'fl3 1.0000 0,6642 0.4151 
1.0000 0.8963 
- 	 43 1.0000 

1 U U U U 
- 	. 7 

0,9,b7 	51301 
1.0000 	0,5534 

10000 
1 '1791 

.Am in 	Ofive 
SVD 	 Accum 	 photo 

Accurn 	SVDjtjx Oeleven 	SVD 	Rain 	Wind 	SQl rad 	period 

0.4758 0.2512 -0,2341 -0.2318 0.3828 0.6836 
0.5737 0,3479 -0.3395 -0,2259 0.4013 0,8031 
0.4145 0.2162 -0.0014 -0,1143 0.0'46 0,3653 
0.3639 0.1670 0.0731 -0.0678 -0.0795 0,2424 
0.2526 0.0927 0.1781 0.0431 -0.3187 0,0275 
0.3046 0.1462 0,.1961 -0.0422 -0.2260 0.1598 
0.2865 0.1487 0.2372 0.0133 -0.2771 0,0716 
0.1800 0,0953 0,3452 0.1094 -0.4246 -0.141.1 
O.362 0.2501 0,07413 -0,0748 -000092 0,2557 
0.5852 0 0 4189 -0.0370 -0.0775 	: 0.3902 0,4332 
0.1743 0.0683 0.1027 -0.0182 -0.4015 0,1659 
0,41107 0.5656 0,2934 0,180 0.0108 -0.2547 
0.5589 0.4235 -0.0310 -0,0373 • 0.1505 0,3624 
0.9520 0,5273 -0,2391 -0,0133i.fl9335 0.279 13 
0.5916 0,S3'- -0.2664 0,02500.92c1 U.27113 
1,0000 0.9163-0,2352 0.40280.5420 0.3916 

' 1,0000 -0.0029 0.5112 0.59R 0,2195 
1.0000 -0,0494 -0.0665 -0,3221 

1.0000 -0.0075 -0,3901' 
100000 0,3696 

1  1.0000 



Appendix 4.6 

Solar radiation data 



Weekly total solar radiation - watts/SQ.m 

Week 
No, St.1 St.2 St-3 St-4 St-5 

1 - - - - - 

2 - - - - - 

S - - - 

4 - - - - - 

5 - - - - - 

6 - - - - - 

7 - - - - - 

8 150.56  128.22 - 144.31 - 

9 157.11 158.75 124.17 89.90 

10 193.12 207.59 177.06 191.30 61.51 

11 124.38 128.22 129.56 154.38 111.20 

12 245.49 241.17 164.11 251.57 210.57 

15 284.77 241,17 [90.69] - 222.40 

14 157.11 155.69 [17.25] 177.87 [14.19] 

15 98.19 112.95 [21.59] 117.47 130.751 

16 180.03 149.58 [4.31] 154.38 - 

17 297.86 143.48 [8.63] 130.88 [2.36] 

18 183.30 192.32 - 198.01 [9.46] 

19 153.64 145.46 - 171.16 [9.45] 

20 68.74 125.16 - 114.11 - 



Week 
No. 	 St.1 	 St.2 	 St., 	St-4 ) 

21 42.55 134.32 - 124.17 - 

22 39.27 64.11 - 73.83 - 

23 49.10 64.11 - 70.47 - 

24 58.92 76.2 - 97.32 - 

25 49.10 61.05 74.55 77.19 104.20 

26 36.00 42.73 45.88 43.62 68.27 

27 26.18 30.52 40.14 30.20 43.11 

28 22.91 21.37 34.41 30.20 61.03 

29 13.09 18.31 17.20 10.06 32.33 

30 9.81 13.73 11.47 13.42 35.93 

31 9.81 13.73 14.33 13.42 21.55 

32 4.90 4.57 7.16 15.06 16.16 

33 4.91 4.58 7.17 15.13 16.16 

34 3.26 6.13 2.83 13.40 16.16 

35 3.27 6.14 2.90 13.40 16.16 

36 3.26 4.57 4.29 3.31 16.16 

37 3.27 4.58 4.30 3.38 16.16 

38 4.90 3.05 3.80 - 4.76 

39 4.91 3.05 3.80 - 4.76 

40 6.23 3.05 3.80 - 4.76 



Week 
No, St.1 St.2 St.3 St-4 St-5 

41 4.16 - - - - 

42 4.17 - - - - 

43 14.02 - - - - 

44 14.02 - - - - 

45 16.64 - - - - 

46 31.10 - - - - 

47 31.10 - - - - 

48 49.46 - - - - 

49 25.82 - - - - 

50 65.46 - - - - 

51 55.64 - - - - 

52 55.64 79.37 - - - 

53 58.92 88.53 - - - 

54 39.27 30.54 - - - 

55 45.82 39.27 - - - 

56 85.10 134.32 212.93 142.59 195.82 

57 163.18 97.69 90.08 96.09 132.65 

58 255.42 131.26 200.64 83.69 195.82 

59 180.92 128.22 208.84 117.79 233,73 

60 205.75 122.11 212.93 145.69 224.25 

27 -I 17  



Week 
No. 	St.1 	 St.2 	St .3 	St .4 	St-5 

61 219.95 119.05 200.4 198.38 195.82 

62 212.85 97.69 200.64 195.29 205.30 

63 216.40 100.74 178.08 223,18 208.46 

64 81.59 58.00 94.18 136.38 120.02 

65 124.16 64.11 151.50 142.59 138.97 

66 223.49 119.05 311.21 244.88 268.48 

67 173.83 79.37 167.89 201.48 186.35 

68 191.57 54.94 188.35 198.38 205.30 

69 [39.02] 30.52  171 .98 185.98 208.46 

70 106.42 30.52 114.65 123.99 126.34 

71 113.51 21.37 94.18 120.89 132.67 

72 88.63 30.52 73.70 86.79 88.44 

73 106.42 68.19 102.29 116.86 

74 88.68 21.36  44 , 56 68.19 94.75 

75 106.42 36.62 65,09 71.29 107.38 

76 63.85 33,57 65.09 86.79 72.64 

77 53.21 24.41 37.19 43.39 69.48 

78 56.75 36.62 49.60 60.76 63.17 

79 - - 40.94 21.69 31.58 

80 - 29. 88 19.00 22.10 
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Appendix 4.7 

Rainfall data 



Weekly rainfall - mm 

Week 
No. St.1 St.2 St.3 St-4 St.5 

1 44.3 60.0 61.8 69.0 75.0 

2 18.6 19.1 20.0 21.2 21.7 

3 25.2 27.7 28.2 29.9 29.3 

4 8.3 9.8 9.2 10.2 10.3 

5 97.2 117.2 106.9 109.1 123.5 

6 63.6 70.9 82.2 81.4 87.3 

7 16.1 17.8 18.6 18.8 18.0 

8 35.7 43.4 43.4 43.3 52.1 

9 41.8 48.6 53.0 55.5 63.9 

10 24.5 27.8 28.4 20.8 29,7 

11 32.1 37,6 39.5 41.9 46.8 

12 4.2 5.2 6.5 7.5 9.2 

13 2.1 28.7 23.4 16.5 15.8 

14 4.1 3.9 4.6 5.5 5,8 

15 28.5 31.4 34,6 34.5 38.4 

16 30.9 34.2 35.4 33.7 36.6 

17 5.2 6.0 7.3 7.5 8.7 

18 0 0.15 0.05 0.15 0.2 

19 0 0 0 0 0 

20 7.2 7.9 9.7 9.9 11.2 



Week 
No. St.1 St.2 st.3 St-4 St-5 

21 3.6 4.0 4.3 4.3 4.3 

22 2.5 3.2 3.9 4.3 5.3 

23 0 0 0 0 0 

24 16.1 18.4 18.6 19.5 23.8 

25 6.9 7,4 7.9 7.9 8.7 

26 4.0 3.5 4.9 5.4 5.5 

27 46.8 51.0 50.0 47.4 54.6 

28 7.4 10.2 11.8 11.8 15.0 

29 88.7 97.4 97.1 86.9 100.8 

30 24.4 24.1 46.8 41.7 42.6 

31 24.5 24.1 2.8 3.2 4.1 

32 74.5 80.9 76.9 71.8 84.8 

33 74.6 80.9 76.9 71.8 84.8 

34 31.1 41.0 58.6 40.0 51.3 

35 31.2 41.1 38.7 40.0 51.3 

36 29.3 35.5 37.1 38.0 58.7 

37 29.3 35.5 37.1 38.0 58.7 

38 25.6 23.8 24.5 23.7 27.6 

39 25.7 23.9 24.5 23.7 27.6 

40 26.8 32.2 24.5 23.7 27.6 

C. I . 



Week 
No. St.1 St.2 St.3 St-4 St-5 

41 21.1 25.4 26.8 25.6 300 

42 21.2 25.5 26,9 25.7 30,0 

43 12.1 906 19.4 16,9 13.9 

44 12.2 9.7 19.4 16.9 15.9 

45 22.5 26.1 28.3 27.8 32.6 

46 1,3 1,4 1,5 1,5 18 

47 1.4 1.5 1.6 1.6 1.8 

48 5.2 6.3 8,5 9.2 12.7 

49 41.8 45.2 50.4 40,0 49,5 
50 56.0 57.2 50.4 52.9 56,0 

51 0 0 0,3 1.6 2,0 

52 2.2 1.9 2.6 2.4 2.2 

55 8.3 7.7 7.4 6.2 7.2 

54 48.7 54.7 57.8 58.8 64.9 

55 54.4 38.0 45.3 43.4 46.6 

56 2.5 2.2 2.9 4.4 4.6 

57 17.6 19.1 22.8 30.0 30.9 

58 14.7 17.2 17.5 17.3 19.2 

59 0.1 0.2 0.6 0.9 0.9 

60 10.4 12.4 13.5 12.0 13.3 

275. 



Week 
No. St.1 St.2 St-3 St-4 St-5 

61 31.8 34.4 35.4 35.2 39.2 

62 15.9 18.0 17.7 17.5 20.5 

63 18.1 19.0 24.3 25.0 25.8 

64 22.4 2.4 22.8 22.5 25.8 

65 13.9 16.3 18.3 18.9 21.5 

66 9.1 6.3 6.0 5.7 3.2 

67 30.3 32.2 34.5 34.2 33.9 

68 34.7 39.9 41.4 43.2 49.0 

69 12.0 12.4 12.7 12.7 13.1 

70 3.2 3.6 3.8 4.1 4.4 

71 13.9 17.4 19.0 20.9 23.7 

72 2.4 2.8 3.5 3.4 4.0 

73 5.8 6.1 6.1 5.7 6.4 

74 2.8 1.6 2.1 1.68 2.5 

75 41.4 44.7 46.1 46.7 51.6 

76 1.8 2.6 5.4 4.0 4.2 

77 19.9 20.0 22.5 22.1 22.4 

78 33.6 36.4 39.7 41.8 44.4 

79 5.4 7.0 8.4 8.8 10.2 

80 9.3 9.3 10.0 9.9 10.6 



Appendix 4.8 

Windrun data 



'- N. 

Weekly wind-run - km 

Week 
No. St.1 St.2 St-3 St-4 St-5 

1 - - - - - 

2 

3 - - - - - 

4 - - - - - 

5 2152 3058 2592 1768 3544 

6 1557 2191 1884 1391 2463 

7 955 1403 1290 1068 1584 

8 1578 1888 1550 1312 1964 

9 1684 2469 2025 1555 2886 

10 1116 1514 1478 1163 1962 

11 835 1427 1303 761 1909 

12 809 1116 1015 825 1343 

13 666 780 780 973 1061 

14 479 643 669 707 868 

15 1174 1563 1478 1235 1995 

16 939 1184 1184 1005 1694 

17 1666 1888 1642 1795 2040 

18 991 1079 1050 1362 1377 

19 630 651 696 841 809 

20 989 1219 1111 1089 1448 



, . leek 
o. 	 st.1 	 St.2 	St .3 	 St-4 	St-5 

21 939 1079 1059 1172 1250 

22 661 920 817 786 1324 

25 1488 875 1095 1137 1681 

24 835 876 1082 995 1637 

25 720 714 783 878 1156 

26 1626 1908 1617 1808 2038 

27 1298 1663 1863 1483 2685 

28 754 1182 1073 678 1715 

29 1657 2592 1954 1580 2878 

30 1395 1952  1502 1628 1932 

31 1395 1952  1964 1798 2503 

32 1320 2240 1760 907 2847 

33 1520 2240 1760 907 2849 

34 901 1291 145 2  979 2099 

35 901 1291 1454 961 2099 

36 1040 1255 1496  1171 2045 

37 1040 1255 1497 1171 2046 

38 1386 1695 1631 1518 2165 

39 1386 1695 1631 1518 2165 

40 1562 2223 1631 1518 2165 



We ec 
No. 	St,1 	St,2 	St-3 	St-4 	St.5 

41 1770 2717 1909 1560 2321 

42 1770 2717 1911 1560 2321 

43 2145 2817 1901 1998  2125 

44 2143 2817 1901 1998 2127 

45 1245 1872 1494 1086 2088 

46 1174 1354 1095 1094 836 

47 1174 1356 1095 1094 838 

48 1383 1895 1538 1126 2102 

49 2078 2843 2308 1691 3156 

50 2633 3662 2646 2318 3332 

51 2176 2 633 1917 1966 1868 

52 2310 3411 2508 2350 3111 

53 1319 1821 1345 1401 1695 

54 1562 2090 1575 1460 2239 

55 2276 3115 2045 1911 2759 

56 2035 2609 1829 2410 2759 

57 862 991 864 872 1172 

58 1470 1863 1362 1115 1692 

59 1486 1882 1308 1440 1615 

60 1544 2064 1705 1324 2498 



Week 
No. 	 St.1 	 St.2 	 St.3 	St .4 	St,5 

61 1198 1267 1116 1185 1348 

62 1082 1354 1340 892 1954 

63 1026 1116 1031 901 1496 

64 1119 1398 1103 1208 1752  

65 1031 1279 897 878 1393 

66 859 857 757 930 894 

67 1145 1359 1060 967 1567 

68 1153 1538 1274 1052 1851 

69 839 917 736 960 1081 

70 593 630 661 872 1034 

71 1203 1684 1304 1100 1890 

72 791 1071 987 682 1602 

73 930 881 902 1169 1325 

74 1004 1103 1028 1007 1218 

75 1613 1945 1789 1557 2275 

76 926 1132 947 1229 1404 

77 957 1250 930 1086 1634 

78 1362 1716 1396 1337 1774 

79 934 1308 1174 923 1694 

80 880 910 994 1004 1277 



Appendix 4.9 

Irutrient concentration in plant components 



Nitrogen concentration of current shoots of harvested seedlings 

Mg i/g sample 

Harvest St. 1 St.2 St-3 St-4 St-5 
No. 

-p +p -p +, -p +p -p +p -p +p 

1 16.50 16.50 16.50 16.50 16.50 16.50 16.50 16.50 16.50 16.5 

2 14.04 14.64 14.47 14.50 13.82 1).11 13.25 15.30 15.05 14.4 

3 10.63 10.40 9.04 10.97 10.38 10.81  9.70  10.24 11.43 11.1 

4 14.54 16.96 14.34 15.33 14.03 15.63  14.52  14.77 13.87 14.8 

5 20,51 16.69 15.72 18.65 19.04  16.34  20.44  15,63 14.56 19.0 1  

6 19.61 19.09 19.09 21.86 19.78 18.62 20.92 18.14 18.76 18.2 

7 18.23 19.25 18.18 21.69 19.19  18.05 16.71 20.42 19.47 19.2 

8 20.34 20.44 21.42 20.43  20.34 21.90 19.38 19.53 18.94 20.1 

9 14.08 14.68 15.37 21.44 13.73 16.80  13.38 14.42 14.62 19.1 

10 13.05 11.02 13.38  10.76 12.13 10.11 10.87 10.20 12.05 12.7: 

11 12.48 10.39 11.10 10.49 12.41 10.62 11.81 9.89 13.12  10.8 

12 12.06 11.72 11.04 10.00 11.72  10.46 11.46 10.04 12.75 10.4 

13 11.49 12.72 11.15 10.24 11.43 10.70  11.20 10.30 12.15 10.7 



.u._ . 

Nitrogen concentration of roots of harvested seed1irgs 

mop N/g sample 

Harvest 	 St.l 	St.2 	St.":) 
No. 

-p 	+p 	-p 	+p 	-p 	+p 	-p 

St-4 	St.5 

+p 	-p 

1 13.48 13.48 13.48  13.48  13.48 13.48 13.48  13.48 13.48  13.4E 

2 1  14.56  15.22 12.21 14.71 12.40 21.59  11.10 24.85 11.47 25.9 

3 13.92 13.69 12.75  12.79 12.44 11.98  12.61  11.73 13.71 14.0( 

4 15.15 15.64 14.71 15.87 15.10 12.94 14.68 14.12 15.19  14.9 

5 16.69 16.96 13,95  16.52 14.64 15.90  15.00 14.06 13.16 16.5E 

6 13.31 15.79 16.22  19.43  17.23 16.11 18.03 15.17 17.78 15.7 

7 22.80 22.17 19.83 25.35 18.94 19.36 20.37 24.37 25.83 27.4 

8 22.34 22.46 19.86 20.15 20.68 19.71 18.18 19.45 20.51 19.2 

9 16.58 18.62 15.74 19.54  18.44  17.55  15.19 16.82 18.04 20.1S 

10 13.01 11.43 13.89  12.24 12.80 11.79 12.54 12.80 13.62 13.1 

11 13.35 10.23 14.38  12.97 13.82 11.58 15.46  10.23  14.40 14.8 

12 11.32 19.30 11.70 10.75 11.73 10.21 10.23 9.45 12.40 11.8 

13 9,36 9.59 9.82  8.98  9.20  8.75  9.62 8.18 9.23 9.0 



-',, . 

Nitrogen concentration of old fo1ie of harvested seedlings 

mg N/g sample 

Harvest 	 St.i 	 St.2 	 St-3 	St-4 	 St-5 
NO 

-p 	 -p 	+p 	-p 	i-p 	-p 	i-p 	-p 	i-p 

1 13.57 13.57 13.57 13.57 13.57 13.57 15.57 13.57 13.57  13.57 

2 10.93 11.18 10.07 10.05 10.23 12.12 9.10 9.68 10.22 9.84 

3 11.88 9.98 10.94 9.09 10.61 10.65 9.74 10.77 10.93 12.14 

4 13.84 14.36 12.72  12.98 12.80 12.35 12.08 13.10  11.51 13.31 

5 17.31 13.86  15.32  16.54 16.29 13.43 14.97 13.62 13,01  15.56 

6 16.83 16.20 17.31  15.18  17.40  18.39  15.54  13.87  17.32  15.52 

7 17.85 17.47 18.37 18.68 17.46  18.20 17.64 18.55 20.00 19.69 

8 18.29 18.40 18.97 21.17 16.76  18.06  15.49 17.22 18.17 17.80 

9 14.18 16.53 15.03 20.83 14.10 17.02 13.11 13.63 14.75 18.64 

10 11.18 12.50 12.27 11.60 12.15 12.25 10.54 10.79 11.76 11.48 

11 12.71 12.35 11.34 12.54 12.46 11.47 10.26 10.55 12.46  10.85 

12 12.06 11.87 11.45 11.35  12.44  10.97  11.67 10.50 11.47 11.08 

13 12.94 11.93 12.22 10.74  13.04 11.08 12.59  10.22 11.13 12.03 



Nitrogen concentration of stems of harvested seedlings 

Mg  IT sample 

Harvest 	 St.l 	 St.2 	 St.3 
No. 

-p 	+p 	-p 	+p 	-p 	+p 	-p 

St .4 	 St.5 

+p 	-p 

1 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00 

2 8.40 8.93 6.94 8.09 8.01 9.75 7.52 8.55  7.78 8.06 

3 8.34 6.77 7.69 6.33 8.49 7.07 7.21 6.88 8.85 7.63 

4 5,85 6.13 6.42 6.59 5.79 5.58 4.34 5.83 6.02 6.89 

5 7.96 8.07 8.20 8.32 8.88 8.52 8.10 7.38 7.71 9.69 

6 9.52 8.97 8.52 9.83 9.48 9.26 9.40 7.21 9.52  8.18 

7 9.87 10,48 10.14 10.35  9.86  9.47 9.48 10.47 10.13 11.17 

8 12.70 13.44  13.96 14.40  11.88 13.29 9.09 9.72 9.99 9,53 

9 9.24 16.11 9.3 14.48 9.01  13.40  8.29  8.75 9.26 12.07 

10 7.00 9.97 8.09  9.99  7.76 7.98 6.31 8.36 7.41 8.91 

11 7.46 8.23 7.90 8.64 7.43 8.26 6.84 7.85 7.73 7.66 

12 6.45 7.55  6.75 7.44  6.74 7.32 5.96 6.42 6.52 6.30 

13 4.25 4.90 4.47 5.02 5.08 5.26 4.61 4.32 4.70 4.52 



Phosphorus concentration of current shoots of harvested seedlings 

mg P/g sample 

Harvest St..1 St.2 St-3 St-4 St-5 
No. 

-p +p -p +p -p +p -p +p -p 

1 4014 4.14 4.14 4.14 4.14 4.14 4.14 4.14 4.14 4.14 

2 2.27 2.86 2.32 2.84 2.26 2.65 2.19 2.70 2.66 2.61 

3 1.86 2.43 1.59 2.40 1.73 2.27 1.73 2.26 2.16 2.26 

4 1.74 3.88 1.67 3.94 1.76 3.09 1.71 3.12 1.77 3.35 

5 1.36 4.36 1.32 3.44 1.34 3.85 1 .41 3.25 1.52 3.10 

6 1.26 4.63 1.25 2.92 1.28 3.64 1.48 4.61 1.41 2.93 

7 1.41 3.15 1.43 3.35 1.62 3.55 1.35 3.65 1.77 2.47 

8 1.89 3.48 1.95 3.21 1.67 2.97 1.78 3.20 1.95 3.12 

9 1.12 2.76 1.06 2.72 1.18 2.34 1.01 2.25 1.35  2.53 

10 0.79 2.09 0.84 2.18 0.71 1.78  0.66  1.90 0.78 2.00 

11 .74 2.06 .72 2.00 0.79 1.90 0.75 1.74 0.74 1.92 

12 .83 2.05 .69 2.01 0.73  1.83 0.71 1.75 0 .70 1.85 

13 .75 1.90 .71 1.93  0.67 1.78  0.70  1.74 0.77 1.81 



CLJJ• 

Phosphorus concentration of roots of harvested seedlings 

Mg P/g sample 

Harvest St.l St,2 St-3 St-4 St-5 
No. 

-p +p -p +p -p -p 
-p +p -p -f-p 

1 2.71 2.71 2.71 2.71  2.71  2.71  2.71 2.71 2.71 2.71 

2 2.20 3.08 2.28 3.01 2.15 3.25 2.25 3.01 2.45 2.86 

3 1.96 4.39 1.77 2.90 1.91 2.95 1.90  2.74  1.98 2.60 

4 2,00 6.35 2,02 6.51 2.02 5.01 2.15 6.07 2.25 5.91 

5 1.53 6.00 1.39 4.94 1.45 4.75 1.54 5.33 1.48 5.51 

6 .96 4.97 0.95 4.61 1.03 5.13 1.42 5.45 1.45 5.22 

7 1.64 5.25 1.61 4,65 1.69 5.28 1.58 5.41 2608 3.94 

B .tIll 5.24 1.22 4.41  1.20 4.22 1.25 4.16 1.38 3.18 

9 1.02 4.12 1.04 3.86 1.16 4.10 1.21 4.03 1.55  2.96 

10 .93 313 0.83 3.28 0.96 2.99 1.00 3.13 1.17 2.64 

11 .89 2.75 0.99 3.12 0.99 2.79  1.04 2.84 1.14 2.86 

12 .96 1.99 0.84 1.96 0.85 2.27 0.78 2.01 0.87 2.09 

13 .62 1,88 0.67 1.67 0.61 1.60 0.62 1.61 o.68 1.50 



2 1'.5 - ( . ' . 

Phosphori concentration of old foliage of harvested eedlims 

- mg P/g sample 

Harvest St.l St,2 St-3 St-4 St-5 
No. 

-p +p -p +p -p +p -p +p -p 

1 2.12 2.12 2,12 2.12 2.12 2,12 2.12 2.12 2.12 2.12 

2 1.65 2.39 1.68 1.85 1.44  1.92  1.53  1.70 1.66 1.58 

3 1.75 2.12 1.42 2.17 1.72 2.15 1.39  2.05 1.82 1.64 

4 1.41 2.99 1.29 2.87 1.56 2.42 1.33 2.64 1.38 2.72 

5 1.25 4.02 1.28 3.07 1.63 3.15 1.15 2.33 1.01 3.41 

6 1.02 5.36 .83 2.91 0.97 2.76 0.84 5.54 1.05  1.90 

7 1.47 2.48 1.42  2.47 1.45 5.89  1.)0 3.63  1.44 2.75 

8 1.30 2.63 1.20 2.29 1.11 2.58  1.01 2.09 1.11 2.42 

9 .80 2.09 .90 1.83 0.81 2.25 0.87 1.98  0.94 1.86 

10 .67 2.18 .81 2.22 0.70 1.65 0.62 1.77 0.71 1.84 

11 .71 1.82 .66 1.68 0.70  1.66 0.66 1.42 0.73  1.34 

12 .90 1.84 .65 1.70 0.65  1.73  0.64 1.60 0.59 1.84 

13 .61 1.44 .64 1.68 0.65 1.69 0.6 1.50  0.55  1.44 



Phosphorus concentration of stems of harvested seedlings 

mg P/g sample 

Harvest St.1 St.2 St-3 St-4 St-5 
No. 

-p +p -p -p +p -p +p -p 

1 2.03 2.03 2.03 2.03 2.03 2.03 2.03 2.03 2.03 2.03 

2 1.56 2.11 1.48 2.08 1.47  2.05 1.33 1.57 1.57 1.66 

3 1.42 1.79 1.27 1.65 1.45 1.60 1.38 1.98  1.54 1.74 

4 1.13 2.14 1.05 2.04 1.25 1.57 1.27 1.69 1.29 1.91 

5 .89 2.00 0.79 1.33 0.99 1.95 0.69 1.70 0.83 1.85 

6 .82 1.80 0.61 1.68 0.74  1.75 0.89 1.49 0.93 1.49 

7 1.12 1.92 1.16 2.07 1.14 1.89 0,97 1.76 1.01 1.72 

8 1.20 1.83 1.38 1.95 1.26 2.05 0.92 1.79 0.99 1.89 

9 .92 2.08 0.93 1.71 0.92 1.86 0.75 1.68 0.92 1.88 

10 .63 1,63 0.89 1.64 0.84 1.52  0.64 1.52 0.80 1.47 

11 .83 1.39 0.73 1,17 0.79 1.10 0.61 1.08 0.76 1.22 

12 .70 .82 0.60 0.68 0.63 0.79 0.64 0.76 0.58 0.86 

13 .42 .94 .43 0.75 0.47 0.75 0.46 0.61 0.46 0,67 



2 3 9 . 

Potassiuri concentration of current shoots of harvested seedlings  

mg k/g anp1e 

Harvest St.1 St.2 St-3 St-4 St-5 
No. 

-p -p +p -p +p -p +p -p 

1 13.00 13.00 13.00  13.00 13.00 13.00 13.00 13,00 13.00 13.00 

2 13.12 13.42 12.03 12.85 10.47 11.85 10.96 11.91 12.23 12.70 

3 14.73 12.42 12.70 12.97 12,39 11.32 12.86 11.99  12.89  9.70 

4 19.44 18.57 16.57 16.32 18.14 13.51  16.18  15.61 16.52 6.53 

5 20.36 20.51  18.98 19.12 19.57 19.53 17.88  17.56  16.40 20.62 

6 14.51 13.96 17.39  12.70 16.01 14.60 16.56 16.26 15.09  14.63 

7 1 1.46  10.86  10.33  7.38 9.80 9.65 8.24 9.98 10.38 9.93 

8 16.64 16.68 18.35 14.6 17.90 13.77 18.87 16.78 19.06 15.45 

9 15.48 16.06 16.49 15.83 16.62 14.55 15.59 14.29 16.27 15.01 

10 14.55 14.45 14.43 14.44 14.36  13.51 14.40 12.27 11.48 11.70 

11 14.38 13.63 14.25 16.40  14.53  15.05 15.12 12.33 12.39 13.09 

12 14.47 14.01  14.48 13.40 17.01 12.88 14.24 12.57 12.98 13.17 

13 13.07 13.64 14.05 13.07 15.73 14.33 14.98 12.21 11.88 13.10 



290. 

Potassium concentration of roots of harvested seedlings 

mg K/g sample 

Harvest St.1 St..2 St-3 St-4 St-5 
No. 

-p -p +p 
-p +p -p +p -p +p 

1 8.54 8.54 8.54 8.54 8.54 8.54 8.54 8.54 8.54 8.54 

2 8.60 8.31 8.45 8.46 7.20 9.93 8.31 8.63 6.85 8.12 

3 6.93 9.16 6.30 6.95 7.64 7,97 7.59 7.14 5.01 4.13 

4 17.76 18.37 18.68 16.80 16.13 14.50 18.97 17.76  18.38 14.26 

5 17.07 17.46 17.18 16.84 16.98 16.67 17.40  16.85 16.70 20.12 

6 10.18 14.42  12.34 14.50 10.31 14.57 12.03  14.50  12.90  13.45 

7 7.91 13.9 2  6.51 11.56 7.42 11.24 9.60 11.78 8,00 6.80 

8 10.27 10.24 10.82 9.75 9.65  11.53  10.86  11.43  11.92 11.75 

9 9.73 10.60 9.68 10.65 10.76  12.51 11.70 11.54 13.12 12.22 

10 905 10.59 9.73 9.78 10.95  11.45  10.56 10.75 11.40 11.50 

11 9.05 9.88 9.57  12.07 11.02 11.95  10.35 9.10 11.17 10.83 

12 12.07 8.52 9.77  8.19  9.77  8.52 9.66 11.47  10.70 12.26 

15 7.54 7.78 9.35 6.82 7.29 6.84 7.26 6.13 8.22 6.83 



C. .7 

Potassium concentration of old foliage of harvested seedlings 

mg k/,& sample 

Week St.1 St.2 St-3 St-4 St.5 
No. 

-p +p -p +j -P -p +p -p +p 

1 9.87 9.87 9.87 9.87 9.87 9.87 9.87 9.87 9.87 9.87 

2 7.79 7.98 7.80 7.39 6.62 7.03 6.68 6.66 7.42 6.50 

3 9.22 8.04 8,10 8.60 8.67 7.19 8.61 8.48 8.39 6.38 

4 9.41 6.71 8.57 7,47 9.38 7.05 8.17 7.99 6.06  4.99 

5 12.47 10.69 11.86 9.59 12.39 8.80 10.46 6.72 7.60 9.03 

6 10.20 10.49  10.35 9.53 8.56 7.08 6.76 6.01 7.72 6.25 

7 5.39 5.36 5.33 4.61 4.38  6.50 5.21 7.27 6.23 5.90 

8 9.91 7.84 9.96 7.66 9.87 7.86 10.07 10.96 9.03 10.42 

9 10.28 7.17 11.31 8.71 11.30 6.20 9.57 6.80 8.78 8.77 

10 9.16 8.65 10.20 10.59 9.31 8.73  9.56 8.06 7.93 8.57 

11 10.38 7.98 10.41 8.42 7.53 8.86  9.43 7.78 8.56 7.2 

12 9.77 10.74 11.11 12.08 11.44 12.08 10.57  12.47  9.77 12.07 

13 9.15 7.71 8.26 8.03 10.69 9.66 8.82 7.71 8.94 7.34 



I 

Potassium concentration of stems of haested seerllins 

mg k/g sample 

Harvest 	St. St,2 St-3 St-4 St.5 
No. 

-p +p -p +p -p +p -p +p -p -p 

1 9.76 9.76 9.76 9.76 9.76  9.76  9.76 9.76 9.76 9.76 

2 9.86 9.33 9,87 8.64 8.03 9.65 8.49 7.85 9.18 7,87 

3 10.11 9.17 8.90  9.07 10.37 8.72  10.50 8.56 9.49 7.68 

4 11.07 11.16 8,38 8.91 10.10 6.40 8.09 8.66 10.76 7.87 

5 14.41 13.39  11.04 11.80 11.80 11.99 10.73 10.38 10.96 11.25 

6 8,06 8.37 10.16 8.44 8.04 6.65 8.91 7.12 7.87 6.64 

7 7,31 6.75 6.55 6.26 5.92 6.98 5.37 6.20 6.85 6.08 

8 9.46 8.10 9.39 9.72 11.08 10.15 9.96 14.25 10.21 10.81 

9 10.03 9.64 12.15 9.54  12.73 10.31 11.10 10.28 11.98 9.71 

10 9.26 9.55 10.51 10.73 10.27 9,73 8.41 9.06 8.96 9.27 

11 8.79 9.30 9.26 8.77  9.09 
8,34 

8.52 7.64 7.46 7.11 

12 7.92 7.98 8.79 6.51 7.70 8.40 6.26 7.00 8.03 7.01 

13 5,46 4,72  5.61 4.87 5.81 4.79 5.55 4.62 5.70 4.76 



29. 

Calcium concentration of seedlings from the last harvest - mg Ca/g sample 

Seedling 
Component St.l St.2 St-3 St-4 St-5 

-p +p -p +p -p -i-p 
-p +p -p +p 

Current shoots 2,86 3.46 3.00 3.73 3.44 3.76 2.84 5.60 2.85 3.57 

Roots 2.07 2.48 2.04 2.24 2.14 2.43 1.85 2.63 1.71 2.37 

Old foliage 5.73 7.10 5.13 6.70 5.86 7.16 6.08 6.94 5.44 6.24 

Stems 1.73 1.64 1.71 1.43 1.80 1.07 1.79 1.16 1.73 1.2C 

Magnesium concentration of seedlings from the last harvest - mg Mg/g sample 

Seedling 
Component St.l St.2 St-3 St-4 St-5 

-p +p -p +p -p +p -p +p -p 

Current shoots 0.77 0.99 0.76 1.05 0.88 1.07 0.85 1.11 0.81 0.95 

Roots 1.28 1.30 1.34 1.29 1.38 1.25 1.23 1.28 1.28 1.25 

Old foliage 0.81 1.00 0.76 0.90 0.83 1.18 0.68 1.03 0.77 0.99 

Stems 0.58 0.87 0.59 0.67 0.65 0.72 0.65 0.65 0.64 0.69 



Appendix 4.10 

Nutrient concentration in whole seedlings 



N concentration in whole seedling - mgll/g 

-P 
Harvest 

Io. 1 2 3 4 5 1 2 3 4 5 

1 35.41 13.41 13.41 13.41 13.41  13.41  13.41 13.41 13.41 13.41 

2 12.39 11.55. 11.33 10.46 11.34 12.94 11.95 15.03 14.33 13.79 

3 11.41 10.05 10.69 9.95 11.44 10.66 10.37 10.45 10.22 11.38 

4 13.75 13. 2 1 13.29 12.89 12.72 15.12 14.17 13.13 13.07 13.31 

5 17.90 14.27 16.18 16.56 13.08 15.87 16.66 15.23 13.83 16.70 

6 15.78 16.80 17.58 18.43 17.25 16.79 19.61 16.53 15.79 15.90 

7 19.28 18.03 18.14 17.20 20.73 19.60 22.01 17.65 21.06 21.85 

8 19.24 18.92 17.98 16.55 17.40 19.43 19.31 18.92 17.59 17.37 

9 14.07 14.43 14.33 13.09 14.48 16.31  19.53 16.44 13.87 18.04 

10 11.63 12.50 11.51 10.56 11.58  11.06 11.07 10 .3 8  10.56 12.15 

U 11,76 11.54 11.97 11.37  12.49 10.02 10.97  10.49 9.65 11.55 

12 10.81 10.44 10.71 10.02 11.44 10.23 9.88 9.79 9.26 10.27 

13 9.27 9.48 9.52 9.57 9.65 10.29 8.76 8.99 8 .51 9.07 



293. 

P concentration in whole seed1in - mgP/g 

-P 
Haivest 

No. 1 2 3 4 5 1 2 3 4 5 .  

1 2.35 2.35 2.35  2.35 2.35 2.35 2.35 2.35 2.35 2.35 

2 1.97 1.99 1,83 1.83 2.09 2.67 2.42  2.50 2.23 2.08 

3 1.80 1.55 1.73 1.63 1.93  2.79 2.36 2.27 2.28 2.08 

4 1.72 1.65 1.75  1.72 1.76 4.42 4.46 3.40 3.16 3.74 

5 1.36 1.28 1.34 1.36 1.38 4.65 3.72 3.90 3.72 4.07 

6 1.07 1.05 1.10 1.38 1.35 4.44 3.49 4.01 4.62 3.70 

7 1.47 1.47 1.59 1.38 1.77 3.85 3.76 4.02 4.21 3.00 

8 1.32 1.45 1.30  1.32  1.42  3.68 3.17 3.08 3.07 2.74 

9 1.00 1,00 1.06 1.01 1,26 2.94 2.71  2.63 2.53 2.42 

10 .78 0.84 0.79 0.75 0.87 2.26 2.37 2.04 2.12 2.08 

11 .80 0.80 0.84 0.81 0.86 2.13 2.16 2.01 1.92  2.06 

12 .85 0.72 0.74 0.71 0.73  1.81  1.73 1.77 1.66 1.76 

13 .62 0.63 0.60 0.62 0.67 1.73 1.59 1.52  1.49  1.47 



i 

K concentration in whole seedling - mg k/g 

-P 
Harvest 

No. 1 2 3 4 5 1 2 3 4 5 

1 9.62 9.62 9.62 9.62 9.62 9.62 9.62 9.62 9.62 9.62 

2 10.35 9.97 8.20 8.61 8.80 9.92 9.29 9.83 8.78 8.54 

3 11.09 9.79 10.22  10.33 9.51 10.37 10.10 9.30 9.58 7.50 

4 17.14 15.31 15. 68  14.95 . 14.82 16.61  14.64  12.09  14.35 12.98 

5 18.29 17.02 17.36 16.23 15.27 18.47 16.71 17.30 15.55 18.39 

6 11.84 14.50  12.54 13,60 13.00 13,50 12.97 13.48 14.43  12.80 

7 9.43 8.95 8.25 8.23 8.89 11.62 9.25 9.88 10.32 8.25 

8 11.28 12.45 12.01 13.19 13.24 11.16 11.15 11.33 13.84 12.27 

9 11,79 12.73 15.23 12.94 1).72  12.18 12.33 12.68 12.22 12.49 

10 11.40 11.91 12.18 11.65 10.68 12.04 12.23 11.95 11.08 11.03 

11 11.28 11.65 12.05 11.94  10.89  11.47 13.39 12.40 10.39 11.04 

12 12.19 11.53  12.45 11.20 11.08 11.16 10.17 10.54  11.26  11.72 

13 9.25 10.40  10.52 10.18 9.23 9.89 8.95 9.74 8.55 8.99 



297. 

Tot ,-.1 :3ounts of T in harvested seedlings - rg T/5 seedlings. 

Harvest -P -i-P 
St.1 Ir 

100 St.2 Su.3 St-4  S.5 S.1 St.2 5 St-4 St-5 

1 22.53 22.53 22.53 22.53 22.53 22.53 22.53 22.53 22.53 22.53 

2 31.11 33.63 55.37 29.94 31.19  33.79 29.54 45,41 35.99 27.04 

3 32,64 40.81 44.08 39.92  51.82  47.79 41.08 38.58 38.46 27.09 

4 94.24 61.97 61.84 60.10 65.05 70.62 66.47 65.42 69.67 40.34 

5 152.22 143.05  125.27 163.17 90.05 173.24  152.83  119.78  123.45 81.67 

6 245,98 199.63 280,42 251.59 157.92  263.53 316.33 240.45 225.54 169.99 

7 292.75 251.16 231.58 220.88 183.52  322.26 328.41 306.61 278.84 205.45 

8 391.15 420.35 365.40 378.02  323.31 404.03 539.36 545.30 519.64 336.33 

9 425.20 463.87 483.38 491.06 555.53 567.06 656.60 762.50 705.77 546.86 

10 462.64 434.43 524.07 435. 83 407.89 588.30 571.20 680.62 683.08 484.62 

11 558.10 560.99 513,13 535.64 534.58 6 93.11 529.74  753.01 708.61 596.94 

12 527.61 563.25 565.57 548.08 437.13 625.72 750.75 766.35 689.82 651.09 

13 454.95 441,16 558.69 550.09 490.46 675.34 562.32 766.85 773.69 551.92 



Appendix 4.11 

Total nutrient content of seedliniSs  



293. 

Total aiiouiits of p in harvested seedlings - ig p/5 seedlings 

}iarvet -p 
No. st.1 st.2 St.3 St,4 St.5 	st.1 	St.2 	St .3 	st.4 	St.5 

1 3.95 5.95 3.95 3.95 3.95 3.95 5.95 3.95 3.95 3.95 

2 4.96 5.81 5.73 5,26 5.77  6,97 5.98 7.58 5.62 4.09 

3 5.16 6.30 7.13 6.55 5.39 12.51  9.37 8.40 8.61 4.97 

4 11.84 7.75 8.14 8.05 9.04 20.65 20.96 16.97 20.07 11.35 

5 11.62 12.89 10.44 15,47  9.52 50.50 34.12  30,69  33.22 19.95 

6 16.78 12,53 17.67 18.84 12.40 69.79 56.35 5.38  67.99 39.63 

7 22.45 20.60 20.59 17.76 15.75 63.45 56.17 69.98 55.82 28.21 

8 26.86 32.22 26.52 30.18 26.48 76.62 58.59 88.77 90.89 53.17 

9 30.28 32.35 35.94 37.92 30.99 102.58 85.44 122.08 125.39 73.59 

10 31,24 29.29 36.37 31.33  30.76 120.54 122.59 133.75  137.60 83.31 

11 35.16 38.93 36.71 38.58 57.03 147.24 104.41 144.46 141.11 106.49 

12 41.87 39.06 39.29 39.35 31.46 110.99 131.84 138.50  124.26 111.72 

13 30.76 29.75 35.75 35.97 34.05 113.24 102.24 129.62 16.00 89.62 



Total amounts of K in harested seedlings - u X/5 seec11in;s 

	

Harv 	 -p 

	

10. 	St.l 	St.2 	St.3 	St,4 	St.5 	St.1 	3t.2 	St-3 	St-4 	St.5 

1 16.17 16.17 16.17 16.17 16.17 16.17 16.17 16.17 16.17 16.17 

2 25,99 23.49 25.59 24.64 24.20  25,91 22.95 29 .69 22.04 16.75 

3 31.73 39.76 42.12  41.43  26.45 46.48 40.00 34.35 36.03  17.87 

4 117.42 71,81 72.93 69.70 75.77 77.59 68.67 60.23 76.50 39.34 

5 155,54 170.60 134.38 159.96 105.12  201.57 156.32 136.01  13u.79 89.97 

6 184.47 172.26  200.12 185.70 113.96 211.92 209.25  196.05 206.84 136.89 

7 143.29 124.80 105.30 105.77 78.70  191.10  138.06  171.67  136.72 77.61 

8 229.32 276.64 244.23  301.46 246.11 232.22 311.62 326.46 408.87 237.58 

9 356.26 409.07 446,41 485.49 336.86 423.39  401.89  587.89  620.04  378.77 

10 453 , 39 413.87 554.67 480.74 376.17 640.63  631.14 783.63 716.46 439.85 

11 555.44 566.40 521.75 565.38  466.16 795.45 646.35  889.95  763.15 570.46 

12 594.72 621.81  657.75  612.40  471.56  682.59  773.31 824.81 833.87  743.45 

13 454,35 483.80 617.59 585.34 469.00 646.61 57.76  830.02  777.59 547.03 



Appendix 5.1 

Potential evaporation at stations 



300. 

Potential evaporation (civation A) - /week 

Week Nto. St,1 St.2 St.5 St.4 

8 27.08 25.89 2 5.3b 24,47 27.15 

9 27.08 30.18 22.46 20.52 19.92 

10 32.43 34.56 2 9.08 29,96 - 

11 19.04 22,02 21.09 22.58 22.56 

12 40.14 41.05 28.24 37.54 37.08 

13 49.07 42.85 17.88 40.70 41.31 

14 24.25 24,67 [5.38] 28.02 [3.83] 

15 17.50 20.90 - 19.16 [9.83] 

16 27.57 24,66 [2.94] 23,97 27.14 

17 48.68 26,25 [4.96] 23.07 [5.63] 

18 29.40 30.46 30.40 31.90 [4.53] 

19 23.16 21.67 [1.16] 26.80 - 

20 19.761 18.28 15.90 16.30 17.20 

21 [6.20] 18.82 18.96  17.42 - 

22 [4.06] 7.76 7.90 - 10.69 

23 - 7.48 8.43 - 11.70 

58 40.68 24.71 31.91 - 30.80 

59 52.97 27.80 36.55 - 40.24 

60 35.05 25.00 36.55 - - 

61 37,47 20.36 34.06 - 33.48 

62 36.21 - 34.90 - 37.65 

63 35.24 18.45 28.94 - - 

64 15.73 12.88 16,73 - 22.65 

65 20.68 12.56 23.25 21.85 22.62 

66 36.56 20.68 49.13 39.49 - 

67 29.92 15.96 27.68 31.80 32.12 

68 31.61 - 30.50 30.93 34.18 

69 8.25 7.56 2 8.55 31.49 - 

70 16.26 [4.70] 17.34 19.28 - 

71 19.29 [7.24] 15.80 18.72 23.15 

72 - [6.02] 11.92 12.70 - 

73 - [5.09) 9.75 15.75 - 



Appendix 5.2 

Details of stepwise multiple regression 
equations (individual station) 



)UJ.. 

Stepwise auFcip1e regression 

Variable R Final s.. of F df 
coefficient estiiate 

S.&c1 43.70 -0.00746 0 .3469 10.092 1/13 

Rain 51.23 -0.04245 0.3361 6.303 3112  

Wind 58.24 0.00412 0.3248  5.114 1/11 

B5 80.61 0.483 33 0.2321 10.395 ]Jio 

Arn.in 81.69 -0.25136 0.2373 8.031 1/9 

SVD max 84.11 -1.11947 0.2350 7,057 1/8 

Photop. 84.85 0.00739 0.2453 5.600 1/7 

Amax 86.44 1.15290 0.2506 4.781 116 

SVD 89.36 1.04800 0.2432 4.664 1/5 

Ofive 90.49 0.00577 0.2570 3.808 1/4 

A 93.94 -1.21829 0.2897 2.738 313 

Amex 67.29 0.5511 0.1860 28.800 1/14 

wind 77.29 0.0002 0.1609 22,118 1/13 

A 82.57 -0.8978 0.1467 18.944 1 

SVD max 84.29 -0.5336 0.1454 14.759 1/11 

SVD 86.56 1.2097 0.1411 12.880 1/10 

B5 90.36 0.5428 0.1259 14.066 1/9 

Amin 93.99 0.2126 0.1055 17.867 1/8 

SRad, 94.84 -0.0012 0.1045 16.081 1/7 

Photop. 95.44 -0.0003 0.1061 13.959 116 

Ofive 95.62 -0.0110 0.1139 10.920 1/5 

Rain 95.92 0.0058 0,1230 8.543 1/4 

Oeleven 97.51 -0.0185 0.1108 9.806 1/3 

1972 

St. 1+P 

Constant = 

-13.5902 

1972 

St. 2+P 

constant = 

-0.3042 



I '-' '-• 

Varixb1e -'  Final S..of F df 
coefficient error 

Aaax 40.02 0 .6937 0.2428 12.011 1/13 

1972 Accum SITD 59.10 -0.0014 0.2242 3.670 1/12 

Photop. 70.13 0.0080 0.2001 8.609 1/11 

St.3+P Wind 72.44 -0.0005 0.2016 6.572 1/10 

Constant Amin 73.62 -0.6513 0.2079 5.024 119 

-3.4056 A 75.64 1.3384 0.2119 4.139 1/6 

B5 77.76 -0.3647 0.2164 3.497 ifl 
SVD 83.61 -0.6676 0.2007 3.826 1/6 

Ofive 90.25 -0.0469 0.1695 5.145 1/5 

Rain 96.80 0.0148 0.1085 12.118 1/4 

S.Rad. 97.87 0.0010 0.1025 12.534 1/ 

SVD 67.18 0.5984 0.0924 24.568 1/12 

B5 73.69 0.5457 0.0864 15.406 
1/11 

1972 Aiax 75.38 -0.5646 0.0876 10.206 1/10 

St.4+P Wind 76.79 0.0001 0.0097 7.443 1/9 
Accwn. 78.51 0.0020 0.0916 5.345 1/8 

Constant = Amin 80.08 0.4661 0,0942 4.691 1/7 

5.6436 A 82.73 -1.0952 0.0948 4.106 1/6 

SVDrnax 84.97 0,3455 0.0968 3.535 1/5 

Rain 85.19 -0.0307 0.1075 2,556 1/4 

S.Rad. 88.32 -0.0110 0.1102 2.268 1/3 



303. 

Variable Final $..of P df 
coefficient estima te 

B5 41.20 0.0772 0.1696 7.703 1/11 

1972 	 :ir. 45.33 -0.1603 0.1716 4.146 1/10 

St,5~P 	S.flad. 43,32 -0.0049 0 .1750 2.862 319 

Constant = 	MID 54.69 -0.2256 0 .1746 2.414 1/3 

3.8779 	Wind 57.60 -0.0010 0.1806 1.902 1/7 

Photop. 76.04 -0.0006 0.1466 3.173 )J6  

Accurn, 79.23 0.0016 0.1496 2.724 1/5 

Rain 87.25 0.0115 0.1310 3.422 1/4 

Amax 93.30 -0.3059 0.1096 4.643 

1973 

St. 1+P 

Constant = 

-15. 1798 

Photon. 55.09 -0,0060 0.2998 14.722 1/12 

Amax 64.07 0.3756 0.2801 9.807 1/11 

Wind 71,01 0.0024 0.2638 8.164 1/10 

Iain 77.02 -0.0727 0.2476 7.540 1/9 

SVD 87.31 0.6681 0 .1952 11.004 1/8 

SVDmax 88.26 -0.6466 0.2007 8.771 1/7 

Accuin. 89.54 -0.0111 0.2046 7.340 1/6 

Amin 90.71 0.2200 0.2112 6.102 1/5 

S.1ad, 93.04 0.0278 0.2044 5.938 1/4 

B5 93.77 0.4054 0.2232 4.519 1/3 



S X. of 
error F Uf 

0.3351 26.441 1/12 

0.3140 16.398 1/11 

0.2772 15.404 1/10 

0.2693 12.637 119 

0.2657 10.623 1J8 

0.2556 9.049 1/7 

0.2683 7.712 1/6 

0.2716  6.689 1/5 

0.2752 5.890 1/4 

0.2574 6.216 1/3 

30. 

Variabl.e TIZ Final 
coefficient 

Photop. 68.78 0.0149 

1973 	 Wind 74.88 0.0028 

St, 2+P 	Accum 82.21 0,0256 

Constant = 	B5 84.89 0.0500 

-8.5347 	S,Ra. 86.92 -0.0564 

A 39.41 -9.2063 

Amin 90.00 -0.5500 

SVDmax 91.45 -5.7237 

STD 92.93 7.2084 

Arnax 95.40 6.1126 

1973 

St. 3+P 

Constant = 

-46-172 0
, 

Phot op. 

A 

Accurn 

Wind 

B5 

SVDrnax 

Amax 

S .Rad. 

Ofive 

I ain 

64.03 

60.74 

77.51 

85.38 

87,18 

89.79 

91.87 

94.91 

95.58 

96.35 

0.0112 

3.5138 

-0.0223 

-0.0006 

-0-3490 

1.876o 

-0.2282 

-0.0134 

0 . 2043 

-0.0095 

0 .5141 24.926 1/14 

0.4974 14.294 1/13 

0.4390 13.709 1/12 

0.3697 16.065 1/11 

0.3631 13.602 ]Jio 

0.3416 15.190 119 

0.3234 12.910 i/o 

0.2967 13.733 1/7 

0.2754 14.403 116 

0.2741 13.194 i/ 



Variable 

coefficient estixate F df 

1973 	 B5 50.87 0.1445 0.2017 7.248 1/7 

3t.4~P 	 Phop. 85.86 0.0324 0.1169 18.211 1/6 

Conztait = 	 S20 91.14 0.9244 0.1014 17.136  1/5 
-5.9129 	Rain 97.63 -0.0062 0.0586 41.243 1/4 

S.Rad. 99.10 0.0014 0.0417 66.187 1/3 

B5 
39.70 0.6856 0.4620 4.608 1/7 

1973 	 B20 80,39 -0.7644 0.2846 12.299 1/6 

St.5+P 	 SVD 83.65 -1.7492 0.2847 8.528 1/5 

Constant = 	SVDmax 98.95 0.7394 0.0807 94.166 1/4 
-2.2056 	S5 99.86 0.1848 0.0336 438.85 1/3 

B5 79.68 0.1712 0.1273 50.987 1/1 

1972 	 Wind 86,00 0.0013 0.1100 36,850 1J1: 

St.1-P 	 Photo1;. 87.01 0.0036 0.1106 24.556 1/1: 

Constant = 	Arax 89.09 0.5758 0.1063 20.419 1/1' 

-8.3011 	SVDrnax 89.87 -0.5058 0.1080 15.975 119 

A 92.01 -0.3 298 0.1017 15.358  1/ 8  

SVD 93.91 0.4499 0.0950 15.414  1/7 

Ofive 96.22 0.0092 0.0808 19.074  116 

Accuin 96.59 -0.0011 0.0841 15.727 1/5 

Amin 97.36 -0.1357 0.0827 14.760 1/4 



50(3. 

Variable R Final S,i.of 
Coefficient e2tirtte F df 

B5 67.04 0.1110 0.1519 28.475 1/14 

'Find 84.63 0.0001 0.1076 35.800 JJ13 

1972 Amax 36.37 -0.0374 0.1055 25.356 1/12 

St. 2-P Accuin $9.12 -0.0001 0.0985 22.521 1/11 

Constant = Photo -p. 90.12 0.0008 0.0984 18.249 1/10 

0 ,1952 Rain 90.91 -0.0033 0.0995 15.000 119 

S.Rad. 91.74 -0.0005 0.1006 12.695 1/8 

STB 92.17 0.5242 0.1047 10.302 1/7 

SVDraax 94.77 -0.1682 0,0924 12.078 1/6 

Ofive 95.42 -0.0062 0.0947 10.422 1/5 

Arxiin 96.24 0.0704 0.0960 9.311  1/4 

Accum SVD 97,32 -0.0082 0.0936 9.074 1/3 

B5 71.95 0.0635 0.1356 33.347 1/13 

1972 Photop. 83.80 0.0017 0.1073 31.039 1/12 

St.3-P Amax 90.12 0.2861 0.0375 33.450  1/11 

Constant = Ofive 92.71 -0.0016 0.0788 31.779 1/10 

1.4316 Arnin 94.69 0.1007 0.0709 52.092 119 

SlTDrnax 96.85 -0.1870 0.0579 41.055 1/8 

97.81 -1.1778 0.0516 44.753  1/7 

SVD 98.03 0.5978 0.0528 37.406 1/6 



Variable 12(4 Fin.1 S) 	of 
coefficient estiaate F df 

SVThax 80.59 -0.5388 0.0631 49.813 1/12 

1972 Photop. 85.56 -0.0006 0.0569 32.561 3111 

St.4-P Rain 86.89 -0.0230 0.0568 22.101 1/10 

Constant = Wind 87.93 0.0007 0.0575 16.385 1/9 

5.19 6 4 Accuni 83.46 0.0021 0.0595 12.295 1J8  

Amin 90.94 0,3 684 0.0565 11.707 1/7 

S.Rad, 91.33 -0.0140 0.0597 9.020 1/6 

1972 B5 69.92 -0.0652 0.1067 25.573 3111 

St.5-P Photop. 75.91 -0.0001 0.1002 15.758 1/10 

Constant = Sifl) 79.33 0.5067 0.0978 11.512 1/9 

1,4996 Amax 81.38 -0.3931 0.0985 8.741 1/8 

S.Rad. 82,95 -0.0039 0.1008 6.310 1/7 

Accurn 85.15 0.0001 0.1016 5.735 1/6 

1ir. 07.72 -0.0003 0.1012 5.104 1/5 

A 89.29 0.6653 0.1056 4.168 1/4 

Rain 91.52 0.0155 0.1085 3.598 1/3 

1973 Photop. 52.70 0.0020 0.2728 13.370 JJ12 

St.1-P Amin 6o.6o -0.1135 0.2600 8.459 1/11 

Constant = Wind 68.82 0.0011 0.2426  7.357 1/10 

8.0638 A 75.24 -1.2270 0.2279 6.836 119 

B5 81.32 0.4977 0.2100 6.964 318 

SVD 83.94 -1,2208 0.2081 6.100 1/7 

SvDinax 87.72 0.2193 0.19 6 5 6.124 1/6 

tath 92.55 0.0152 0.1677 7.770 1/5 

S.Rad. 93.56 -0.0045 0.1743 6.456 1/4 

A. =-x 95.38 -0.0031 0.1705 6.195 1/3 



Photop. 

1973 	 35 

St. 2-P 

Con3tazr; = 

11.6835 

A 

Rain 

Wind 

SVD 

Amin 

S • Rad. 

Ac c urn 

Variable 

) 'JO. 

2 
R - Final 

coefficient estii:te F df 

72.52 0.0077 0.2347 31.674 1/12 

80.49 -0.4900 0.2065. 22.693 1/11 

84,60 0.5275 0.1925 13.311 1/10 

88,35 0.0144 0.1765 17.061 119 

39.42 -0.0002 0.1784 13.516  1/8 

90.26 -0 ,3799 0.1829 10.817 1/7 

92.36 -0.3611 0.1750 10.367 1/6 

94.87 -0.0119 0.1571 11.565 1/5 

95.24 0.0071 0.1691 8.899 1/4 

53.59 0.0151 0.4023 16.163 1/14 

6(3.60 -0.0153 0.3434 14.201  1/13 

73.41 -0.1107 0.3289 11.041 1/12 

79.44 -1.0948 0.3021 10.625 1/11 

83.41 1.8882 0.2346 10.057 Jio 

87.93 -0.0049 0.2559 10.929 119 

92.27 -2.1885 0.2172 13.633 1/8 

93.10 0.0005 0.2193 11.810 1/7 

1973 

St. 3-P 

Constant = 

-25.1:L73 

Photop. 

S • Rad, 

rnax 

35 

STDrax 

Acourn 

SVD 

Wind 

1973 B5 

St.4-P $5 

Constant = Rain 

-0.4554 Ofive 

Arnin 

1973 35 

St.5-P B20 

Constant = 'Photon. 

-7.9630 Oeleven 

SITD 

34.15 

81.21 

95.27 

96.81 

98.46 

30.88 

72.32 

82.82 

86.13 

92.71 

-0.1570 0.1001 3.631 1/7 

0,2885 0.0578 12.965 1/6 

-0.0045 0.0318 33.533 1/5 

-0.0029 0.0292 30.326 1/4 

0.033 2  0.0234 33.374 1/3 

-3.3748 0.4898 3.127 1/7 

0.1431 0.3349 7.840 1116 

0.0061 0.2339 8.034 1/5 

-0.1001 0.2)03 6.203 1/4 

-1.5653 0.2430 7.631 1/3 



Appendix 5.3 

Details of stepwise multiple regression 
equations (stations corined) 



309. 

Stepwise multiple reresion - St".tions coi1inod. 

1972 

Constant = 

-2 -4044 

1973 

-P 

Constant = 

-1.3763 

Variable Final 3,E.of 
coefficient estimate F df 

An, ax 39.78 0.0644 0.2480 44.897 1/71 

Oeleven 44.95 -0.0310 0.23 38 28.57 6  1/70 

yJt 49.61 0.2529 0 .2301 22.640 1/69 

S.Had. 51.60 0.0008 0.2272 18.121 1/68 

B20 53.66 0.1136 0.2239 15.513 1/67 

Arnin 55.07 -0.1045 0.2221 13.483 1/66 

Wind 57.19 0.0002 0.2185 12.406 1/65 

SVDrnax 58.94 -0.0648 0.2157 11.484 1/64 

B5 59.34 -0.0687 0.2163 10.218 1/63 

A 59.73 0.1513 0.2170 9.197 1/62 

Ofive 59.90 0.0030 0.2183 8.284 1/61 

Accun 6o.O3 -0.0003 0.2196 7.524 1/60 

B5 66.97 0.0423 0 .1312 143.946 1/71 

Photop. 76.03 0.0007 0.1126 110.988 1/70 

Auax 73.93 0.0566  0.1063 86.147 1/69 

Amin 79.88 -0.0299 0.1046 67.503 1/68 

Wind 80.87 0.0001 0.1028 56.663 1/67 

Accum SVD 81.85 -0,0011 0.1009 49.621 1/66 

S.Rad. 83.03 0,0004 0.0983 45.423 1/65 



310. 

contd. 

Variable Fil S.E.of 
coefficient estir.te F df 

Pilo top. 61.05 0.0348 0.3897 94.054 1/60 

1973 A 65.34 0.6259 0.5707 55.601 1/59 

Wind 71.73 0.0007 0.3377 49.044 1J58  

Constant = B20 75,93 -0,7 673 0.3140 45.077 1/57 

-5.1797 SVD 77.51  -0.2525 0,3065 38.606 1/56 

S.Rad. 78.11 0.0003 0.3051 32.719 1/55 

BlO 78.43 1.0984 0.3057 28.049 V54 

B5 78.90 -0.6697 0.5052 24.771 1/53 

Accurn SlID 79.16 -0.0071 0.3062 21.944 1/52 

Photop. 58.21 0.0047 0.5037 83.563 1/60 

Amin 61.06 -0.0538 0.2956 46.259 1/59 

1973 B20 65.62 -0.7334 0.2801 36.903 1/58 

-P BlO 67.93 1.1708 0 .2729 30.183 1/57 

Constant = SlID 71.20 -0.4463 0.2609 27.693 1/56 

-3.4901 A 72.60 0.5309 0.2568 24.290 1/55 

B5 74.46 -0.6314 0.2502 22.494 1/54 

Wind 76.14 0.0005 0.2441 21.144 1/53 



Appendix 5.4 

Details of iincipa1 component ana1yis 
(height grorth increment included) 



)L.L. 

3u.anary of principal component ana1yis. 	Combined 
data for stations. 

Data Component Vectors (scaledvalues), bility 
accounted 

SVD 	A for 
A 	Ace Amax 	35 	BlO 320 	mx 	mm siJD 
1.00 	0.99 0.98 	0.93 	0.96  0.90 	0.90 	0.89 0.89 

1 62 
Oelev 	Acc 

SVD 
0.84 	0.81 

1972 2 Evap 	Rain Sol. 	WInd. 11 
rad. 

1.00 	0.95  0.91 	0.86 

3 Rain 	Sol. +P 	Acc 8 
rad. SVD 

-1.00 	0.89 0.81 	-0.74 

4 Ofive 6 
1.00 

87 

1 A 	Ace 35 	BlO 	Anax B20 42 
-1.00 	-0.99  -0.96 	-0.94 	-0.93 -0.83 

2 SlID 	SlID Evap 	Sol. 21 
1973 max rad. 

-1.00 	-0.96 -0.90 	-0.83 

3 Evap 	Ace Sol. 	Rain Oelev 	+P 14 
SlID rad. 

-1.00 	0.99 -0.98 	-0.98 0.94 	-0.76 

4 Wind 	+P 7 
1.00 	0.94 

84 



312. 

contd. 

Data Component Component Vectors (scaled values) bility 
. -- accounted 

MID for 
A Ace 	B5 	Anax BlO 	max 	B20 	WD 	Arain 

1.00 0.99 0.98 0.98 0.96 0.90 0.90 0.89 0.69 
1 63 

-P Oelev -P 
1972 0.84 0.83 

2 Rain DS vap 	Wind 	Sol. 12 
rad. 

1.00 0.98 	0.91 	0.88 

3 Rain Sol. 	Wind 7 
rad. 

1.00 -0.82 	0.79 

4 Ofive Ace 	Oelev 7 
SVD 

1.00 -0.75 	-0.71 

89 

1 A 	Ace 35 	BlO 	Amax 	B20 	Amin 42 
1.00 	0.99 0.95 	0.95 	0.92 	0.83 	0.70 

2 SVD SVD 	vap 	Sol. 21 
max rad. 
-1.00 -0.96  -0.86  -0.79 

-P 
1973 3 Evap Sol. 	Rain 	Ace 	Oelev 	-P 14 

rad, 	 SlID 
-1.00 -0.98 	-0.91 	0.90 	0.85 	-0.72  

4 -P Wind 7 
-1.00 -0.78 

5 Rain 6 
1.00 

90 
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SThMAR 

A field experiment to assess the influence of climatic factors on the growth of 
yoing 

3i-
tka spruce, both inadequately and adequately supplied with P, in a loiown soil medium is 

lescribed. Differing climatic conditions were obtained an monitored on a hi.1scope with d.  

5 stations from 230-480111 altitude. Initial results show decreasing response to P in height 
roth with increasing elevation; no differences in dry-weiGht increment between P treat-
ients within stations but siüficantiY climatic effects between stations. Simple corre-

la-tier-S between weekly height 	
owth measurements and climatic factors suggest decreased- 

response to temperature and increased negative response to wind in P fertilised treatments. 
A fuller treatment of the data should reveal the main effects of individual climatic 
factors on the response to P fertilisation in this species. 

/lurrtary paser2 

&'i3 64 



FOR: FAO/IURO/F/73/32 

The Interaction of Climate and Phosphorus fertilization on the 
Growth of Sitka Spruce (Picea sitchensis Bong.,Carr.) seedlings. 

D.t.Malo1rn and B.C.Y. Freezaillah 

Dept. of Forestry and Natural Resources 

hivesity of Edinburgh. 

ummary 	 - 

A fieldexperirnent to-assess-the influence of climatic factors on the 
rrowth of young Sitka spruce, both inadequately and adequately supplied 
,ith P, irL a knownsoI inedium is described. Differing climatic conditions 
ere obtained and monitored on a hilislope with 5 stations from 230-480m 
ltitude. Initial results show decreasing response to P in height growth 
,ith increasing elevation; no differences in dry-weight increment between 
treatments within stations but significant climatic effects between 

tations. Simple correlations between weekly height growth measurements 
rnd-climatic.. factors suggest decreased response to temperature and increased 
Legative response to wind in P fertilised treatments. A fuller treatment of 
;he data should reveal the main effects of individual climatic factors on the 
eponse to P fertilisation in this species. 

ntroductlon 
 

Much of the land being afforested in Scotland is at high elevation. The 

ecrease in tree productivity at higher altitudes, commonly attributed to 

(Anderson (Anderson 1930, Pears 1967), is well known but the extent to 

rhich this is due to severe climatic or to poor edaphic conditions is not 

:lear. Previous work (Malcolm 1970, Mayhead 1973) indicated simple, negative 

.inear relationships between elevation and the productivity of polestage 

taxids of Sitka spruce but this was also associated with reductions in soil 

thosphorus. 	It was not possible therefore to determine the relative 

.mportance of these factors. 	The experiment described in this paper is 

esigned to separate the influence of climatic and edaphic factors. 

The main aims are:- 1. To assess the influence of increasingly severe 

limatic stress, on the growth of Sitka spruce, in known soil conditions. 

2. To compare the performance of trees adequately 

nd inadequately supplied with phosphorus in differing climates. 

xperimental method a) Location. The experiment is located in Greskine 

orest (Grid. ref. NT 015060) about 100 km. south-west of Edinburgh. 	Five 

tations were established on a 2km long slope with a uniform N.E. aspect at 
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altitudes of 229m, 305m, 381m, 435m and 480m. The highest plot is only 

8m below the severely exposed crest of the hill. 

Climate. 	At each station climate is monitored by the methods 

and at the frequencies given in Table 1. 

Plant material, At each station two sets of 21 containers 

(8 litre buckets) containing sifted horticultural peat were sunk in 

the ground. The peat in one set had previously had sufficient 

fertilisers mixed through it to provide ample nutrition in all essential 

elements with the exception of P, while the second set had P added 

(+P treatment), The quantities and forms of nutrient used, given in 

Table 2, were designed to maintain a pH of about 4,5. 

	

Table 2. 	 Nutrient regimes 

Nutrient 	 Form 

	

N 	Formalised casein 

	

P 	Ground mineral phosphate 

	

K 	Potassium sulphate 

	

Ca 	Ground Magnesian limestone 

	

Mg 	 of 	 11 it 

Trace element frit (Bo,D,Fe,Mo,Cu,Zn) 

Equivalent amount added 
kg/ha 

170 
336 
225 
2120 
1000 

Once installed in the field, each container was planted with five 1 yr. 

old Sitka spruce seedlings of Queen Charlotte Island origin and the 

surface of the peat capped with washed quartz grit. All seedlings were 

planted before the start of the 1972 growing season. The measurements 

taken are summarised in Table 1. 

Leachates. 	To monitor losses of nutrient through leaching each 

container was fitted with a 1cm diarn. tube which, linked to six others, 

led into a large container. The volumes leached and the nutrient loss 

have been determined weekly. 

Results 

This experiment will be completed with the final harvest In November 

1973. The results reported here are preliminary and relate only to the 

1972 growing season. 

a) Climatic differences. Only the contrast between the lowest station 

(1) and the highest (5) are reported. The detailed comparisons of weekly 

data (Fig. Ia) Indicate that for one measure of air temperature, accumulated 

degree-hours over 5 °C, station 5 is generally lower than station 1 and 

particularly so at the start of the season. The totals over 24 weeks show 
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a reduction of 3000 degree-hours (147) for a rise of 250m. The 

temperature in the containers at 10cm depth (Fig. Ib) show3 the 

same trends with the overall mean for station 1 being 12.2 °C while 

that for station 5 is 10.8°C and again the difference is most marked 

early in the season. A comparison of the temperature in the container 

and the 'native' soil shows that the former is more responsive, in 

both heating and cooling, to air temperatures. 

The differences between the stations is most marked for wind run 

(Fig. id) which is considerably greater throughout the period at the 

higher station; rainfall behaves similarly (Fig. ic). 	Variation between 

stations in radiation received is small. 

b) 	Plant growth. 	The height growth curves in the first season, 

based on weekly measurements, began to diverge early on and were 

significantly different (p , 0.05) between stations 1 and 5 by the 

eleventh week. 	After 20 weeks, effectively the end of the season, the 

+P treatment had attained 18.0cm at station 1 and 12.1 cm at station 5. 

The marked effect of P on height growth at the station 1 (2.7cm) almost 

entirely disappears at the uppermost station (Fig. 2a). 

Dry weight increases determined from five periodic harvests in 1972 

do not show any clear differences in production between the +P and -P 

treatments. The data from the treatments therefore were combined and 

log-linear regressions against time fitted (Fig. 2b). The 9576 confidence 

limits indicate that even after only one season these two stations are 

separable for the growth made. 

The nutrient contents have been determined at each harvest for N, 

P and K. The changes in concentration are shown for P in Fig. 2c. 

Neither N nor K displayed any differences between the phosphorus treatments. 

C) 	Leachates. 	The container and its peat soon proved capable of 

both satisfactory drainage in wet conditions and adequate retention in dry 

periods. Leachate volumes closely follow rainfall input, allowing for 

recharging the peat medium. Nutrient loss was striking in both K and p 

while little N was lost. 	The cumulative quantities leached in the +P 
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treatments are shown in Fig. 2d. 

1 i en.ino 4 n,. 

The data from polestage stands mentioned earlier indicated that 

Sitka spruce is sensitive to those factors of the climate that alter 

with increasing elevation. It is clear from the results presented 

here that this is also true for second year seedlings and in this case 

with a known edaphic environment. 

It was anticipated that the initial P content of the plants, 

together with the small inputs from rain and unfertilised peat, would 

obscure any effects in the first year. This proved not to be so. 

The diminishing influence of P on height growth at the higher elevations 

is interesting and the lack of influence on first year dry weight 

increment surprising, in view of the rapidly changing concentrations 

in the plants. The influence of these differing concentrations is, 

however, beginning to show up in the results from the current year's 

harvests. 

Although the differences in climatic factors between the stations 

do not appear to be very great, with the possible exception of wind run, 

their total effect is marked. To begin to separate out individual 

factor influences a product moment correlation matrix was computed for 

18 climatic variables. An abbreviated version is given in Table 3. 

Weekly height growth of the -P treatments is highly correlated (p40.01) 

at station 1, with temperature variables, particularly mean container 

temperatures, mean air, accumulated degree-hours ). 5 °C and radiation. 

t station 5 these are also important but also Include high correlations 

for saturation deficit. The striking feature of the +P treatments is 

the reduction In the level of correlation found In both stations between 

weekly height growth and these same variables. Most are barely significant 

:p,< 0.05) while the negative correlation with wind run, although not 

eaching significance, sharply increases compared to the -P treatment. It 

Ls dangerous to infer much from simple correlations and more sophisticated 

:reatment of the data is required but the suggestion is here that an 

dequate supply of P results in reduced sensitivity to temperature effects 

md enhanced negative response to wind in relation to height growth. 
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Table 3. 	Some correlations between weekly height growth 
and climatic variable means. 

Soil medium 5cm 
Air temperature  
Degree-hours 5 C 
S .V.D. 
Wind 

Station 1 
-P 

.682 .569 

.856 .557 

.802 .563 

.646 .405 
- .060 .237' 

Station 5 
-P 

.833 .578 

.837 .586 

.819 .564 

.821 .539 
- .347 	- .492 

• for significance at p 4 0.01 r = 0.641 
p40.05 r=0.5l4 

The results from this field experiment have shown that it is 

possible to demonstrate the separate effects of climate and nutrition 

on the early growth of Sitka spruce. An initial survey of the data 

indicates that it should be possible to establish the main effects of 

individual climate factors on the growth and response to nutrition of 

this species. 
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Table 1. 	 SUMMARY OF MEASUREMENTS 

VARIABLE 
	

FREQUENCY 
	

DETAILS 

Temperature 	- 
Containers at 5,10 & 20cm depth Grants' Miniature Temp. Recorder 
Soil at 5,10 & 20 cm depth Hourly Model D. 
Air at 0.9m 	) in radiation shield Interchangeable thermistor probes. 
Wet bulb at 0.9m ) All measurements in duplicate. 

Wind-run 	km at im 

Weekly 

Cup counter anemometer 

Rainfall 	mm Standard 12.7cm 	rain gauge 

Radiation 	watt/m2 Tube solarimeter with coulometer 

Exposure 4-weekly Tatter flag 

Plant height 	(± 2mm) Weekly All seedlings measured throughout 
growing season 

Plant dry weight 	g Periodic Plants divided into current shoots, 
roots, previous years foliage and 
stems for dry wt. and N,P. and K. 
determinations. 
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Fig. 2 

a) Average height of seedlings 	 c) Phosphorus content of 

with altitude of stations. 	 current shoots and roots. 
Mean for St.1 and St. 5 
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d) Nutrients leached with time 
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