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The occurrence of nitrogen fixing bacteria in decaying Scots pine, 
beech and Douglas fir exposed to soil was investigated using 
acetylene reduction and Nitrogen incorporation to assay nitrogen 
fixation, and was found to require a high soil and wood moisture 
content. A system was developed to expose wood blocks, £0 x 25 x 
15 mm, of beech, birch, spruce and Scots pine sapwood and heartwood 
to controlled soil moisture contents. Samples were taken at two 
week intervals up to 28 weeks from zones above, at and below the 
ground line and the acetylene reduction rate, weight loss due to 
decay and wood moisture content determined. Samples were also 
taken monthly from stakes of Scots pine and birch, untreated and 
treated with a copper-chrome-arsenic timber preservative, after field 
exposure. It was concluded that nitrogen fixing bacteria were 
not significant in providing nitrogen for the fungal decay of 
timber in ground contact. Wood moisture content was found to be 
important in. the occurrence of nitrogen fixing bacteria and the 
uptake of water by wood in soil contact was found to have three 
phases. Computer analysis of the wood moisture content results 
using regression and curve fitting , and the exposure of wood to 
an artificial soil of known moisture retaining properties, revealed 
a relationship between soil water potential and wood moisture content. 
A dynamic equilibrium between wood moisture content and the moisture 
content of the environment surrounding the wood was discovered, 
together with ’wick action', where water moved through wood in 
soil contact from below to above ground, where the water evaporated. 
The significance of these results to the decay of timber in soil 
contact are discussed. “Nine computer programmes used in the 
quantitative analysis of the results are included in an appendix.
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Acetylene = Ethyne
AR =r Acetylene reduction rate (Ethylene production

rate)
Beech = Fagus sylvatica
Birch = Be tula oendula Roth.
CCA = Copper chrome arsenic preservative
Douglas fir - Pseudotsuga menziesii
Ethylene = Ethene
EPR = Ethylene production rate = Acetylene reduction

rate
MC = Moisture content (see page 87 for formula)

1% = Isotopically labelled nitrogen atom

1%2 = Isotopically labelled nitrogen gas
Scots pine = Pinus sylvestris L.
Spruce = Picea abies (L.) Karst.
WC = Water content (see page 88 for formula)
WL = Weight loss (see page 89 for formula)
Weight = Mass
PCP = Pentachlorophenol based preservative
TBTO = Tributyl tin oxide based preservative
3D = Three dimensional (x, y and z axes)

STATISTICAL CONVENTIONS

18. b  ±  6.3 (9)
= mean + standard deviation (number of samples)
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INTRODUCTION
When wood is exposed to ground contact, an inevitable series of 

events is begun whose ultimate conclusion is the decomposition of the 
wood. When the wood is a railway sleeper, a fence post or a 
transmission pole, it is an economic necessity to delay that decomposition 
for as long as possible. The preservation of timber for ground contact, 
exemplified by treated softwoods, has been one of the successes of wood 
preservation. Nevertheless ground contact remains as the major hazard 
to which timber can be exposed. An understanding of the decay process 
in wood in ground contact is of fundamental and major importance.

The attack of wood by fungi has been extensively investigated and 
considerable information has been collected on the mode of action and 
requirements of wood destroying fungi. The role of nitrogen in the 
timber decay process is of particular importance. Cowling and Merrill 
(1966) suggested that wood destroying fungi must be adapted to growth on 
the wood, which is low in nitrogen, and put forward 3 possible mechanisms.

Firstly, the preferential allocation of nitrogen to the enzymes and 
metabolic pathways involved in wood degradation. Secondly, the re-use 
of nitrogen in growing portions of the mycelium obtained by the autolysis 
of older portions. Thirdly, the fixation of atmospheric nitrogen by 
fungi. The ability of certain wood destroying fungi to grow on media 
containing nitrogen compounds occurring in wood or those which may be 
available as a result of autolysis of the mycelium indicates that wood 
destroying fungi could indeed conserve nitrogen by re-distribution. The 
ability of these fungi to grow on substrates with C:N ratios of 20:1 to 
2000:1, and to adapt the level of N in the mycelium to the amount of 
nitrogen available is evidence for preferential allocation. The third 
hypothesis, concerning the possibility of nitrogen fixation by fungi can 
now be discounted as Millbank (19^9) has shown, using the ^ N isotope 
technique, that putative nitrogen fixing fungi are more likely to be 
efficient scavengers of combined nitrogen than able to fix gaseous nitrogen. 
The rapid and sensitive acetylene reduction technique for the detection of 
nitrogen fixation (Postgate, 1972) has been used extensively in the 
investigation of such organisms and systems and as no nitrogen-fixing 
eucaryote has yet been found, it would appear that the ability to fix 
nitrogen is confined to the procaryotes.

The procaryotes, particularly bacteria, were once regarded as 
troublesome contaminants but are now considered as being of fundamental 
importance. Their ubiquitous occurrence, diverse chemistry, rapid
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generation time and extended dormancy are properties of an ideal 
opportunist organism and wood colonist. Their presence and action in 
wood has been reviewed extensively (Rossell, Abbot and Levy, 1971; Holt, 
Gareth Jones and Furtado, 1979) • Bacteria are a part of the wood decay 
ecosystem.

Nitrogen can be a limiting nutrient in wood decay, bacteria 
occur in decaying timber and some bacteria can fix nitrogen under certain 
conditions. In 1972 Seidler et al described the isolation and 
identification of bacteria from the decayed zones of living white fir 
trees. Some of the isolates were found to have characteristics similar 
to nitrogen-fixing Klebsiellas, and on subsequent testing using the 
acetylene reduction technique, of 11+S isolates, 1+0 exhibited nitrogenase 
activity. Nitrogen fixing bacteria were present in decaying wood.

In 1973 Cornaby and Waide measured the rate of acetylene reduction 
in decaying chestnut logs and came to the conclusion that nitrogen 
fixation could serve as a source of nitrogen for decomposer organisms 
and have an important role in regulating the rate of log decomposition.

Sharp and Millbank (1973) measured the acetylene reduction rate of 
a number of woods exposed to ground contact. Activity was found in beech 
veneers and centimetre cubes, and in Scots pine and oak veneers, all 
exposed for 20 days. Activity was also found in a Scots pine stake after 
3J years exposure in the field. Highest values were found in woods 
exposed to soil augmented with glucose.

In 197U Aho, Seidler, Evans and Raju reported the isolation from 
living, but decayed, white fir trees of 130 gram negative bacterial 
isolates of which 68 reduced acetylene. Nitrogen-fixing bacteria were 
isolated from 31 different trees at 16 sites and were associated with 
decay in all cases. Five of these cultures were found to fix atmospheric 
nitrogen, using the 1^N technique. Bacterial populations in decaying 
wood were estimated by a most probable number estimate of serial dilutions 
of expressed sap using AR as a criterion. The number of colonies per ml 
of sap varied with the fungus present in the tree, from 7 x 10^ associated

6 *3with Hieracium abietis, to 39.3 x 10 with Phellinus and from 1.1+ x 10-5 to 
6.6 x 10 with Echinodontium tinctorium.

Identification of the isolates revealed only 20 which were biochemically 
typical of previously described species, which hampered identification.
On the basis of 20 biological tests, the groups of isolates were assigned to 
Enterobacter agglomerans, E. aerogenes. Klebsiella pneumoniae. Enterobacter 
cloaca, other Enterobacter species and unknowns.



In 1975 Sharp extended these initial observations of the occurrence 
of nitrogen-fixing bacteria in decaying wood. He used a perfhsion 
system and investigated the effect of antibiotics (both antifungal and 
antibacterial), different temperatures, different pH* s and wood 
preservatives upon nitrogen-fixing activity. This initial survey, 
involving a small number of samples (veneers or centimetre cubes) exposed 
to a range of conditions revealed that the temperature optimum was 35°C 
although acetylene reduction activity was recorded at 1£, 29, U9 and 
59°C. Sharp postulated the existence of specialised or adaptable species 
for the more extreme conditions. The acetylene reduction rate was higher 
in veneers soaked in O.ljM phosphate-citrate buffer at pH* s from 2 to 3*5 
than from U to 6. The optimum pH was found to be 3•£> with little activity 
above pH6. Veneers perfused with antifungal actidione showed higher rates 
of AR than untreated veneers and both were higher than those perfused with 
antibacterial antibiotics, from which Sharp infers that the presence of 
fungi reduces nitrogen-fixing activity by bacteria.

The results from Scots pine and beech blocks treated with creosote 
in which greater activity is observed after 30 days than at 19 days is 
interpreted as being a lag effect in which bacteria gradually acquire a 
tolerance to the preservative. The activity in beech cubes treated with 
2% POP and $/o TBTO is suggested to be due to an uneven distribution of 
toxicant. The effect of sealing different faces of centimetre cubes of 
a range of wood species gave variable results and presented considerable 
difficulties in their interpretation. The only firm conclusions reached 
were that whichever face was exposed, the bacteria entered the cube, and 
that their occurrence in all the woods tested implied that they were 
unaffected by wood microstructure.

Sharp attempted to demonstrate the transfer of fixed from a 
bacterium to a fungus by measuring the incorporation into mycelium 
growing out of perfused veneers, but found no enrichment.

Isolation from the perfused veneers revealed no change in the pattern 
of deterioration.

The undoubted occurrence of nitrogen—fixing bacteria in decaying 
timber suggests that they have a role in the ecology of timber decay.
It would be of considerable interest and no mean importance to discover 
the role and significance, if any, of nitrogen-fixing bacteria to timber 
decay in ground contact. Sharp's work suggests a number of questions.



Are they capable of penetrating timber of larger dimensions than 
centimetre cubes and veneers or are they merely confined to the surface?
If they are able to penetrate wood, how does the wood micro structure 
affect their penetration? Are there differences in penetration between 
hardwoods and softwoods, between species, or between sapwood and heartwood 
of the same species, or do nitrogen-fixing bacteria occur in all timbers?
Is their distribution localised within a stake, as suggested by Levy (1968), 
or do they occur at and above the ground line? Which factors affect the 
occurrence and activity of bacteria in timber in ground contact, in the 
laboratory and in the field? Is their presence a prerequisite to the 
decay of timber, and are they eliminated from timber by the presence of 
preservatives? If nitrogen-fixing bacteria are facultative anaerobes, 
but only fix nitrogen in anaerobic conditions, while fungi are obligate 
aerobes, are the organisms spatially or temporally isolated, and can 
nitrogen-fixing bacteria contribute to the nitrogen economy of the fungus?

The aim of the work was to investigate the role and significance of 
nitrogen-fixing bacteria to the decay of timber in ground contact.



1.1. Attempt to isolate nitrogen-fixing bacteria from wood
exposed to different soil conditions.

1.1.1. Introduction

Sharp (197£) had suggested that different strains of bacteria were 
active in deteriorating wood exposed to soil at different temperatures.
The isolation of these different strains from wood exposed to different 
soil conditions , i.e high and low temperatures and wet and dry soil, was 
attempted. Both a hardwood and a softwood were used to examine the effect 
of different wood substrates upon the occurrence of the bacteria. To 
ensure that the organisms had penetrated the wood, rather than being 
merely surface contaminants, the outer surface of the wood was sterilised 
on sampling and only the inner portion of the block used for isolations. 
Nitrogen fixing bacteria were detected using the acetylene reduction 
technique.

1.1.2. Materials and Methods
Blocks of birch (Betula pendula Roth.) and spruce (Picea 

abies (L.) Karst.) sapwood 20mm long, with the transverse face 10mm 
square were sterilised by autoclaving and then exposed to soil contact.
Sixteen blocks of each species were buried in soil at 5C$> of saturation 
contained in plastic bags in the laboratory at approximately 22°C. Two 
blocks of each species were exposed to U°C or 30°C in soil at %QP/o 

saturation and to soil at 100^ and 2$/o saturation at 22°C.

After 11* days incubation, four blocks of each species were 
removed from the soil at 50% saturation and 22°C, and surface sterilised 
by washing with sterile distilled water followed by swift passage through 
a bunsen flame. The ends of the block were removed with a sterile saw, 
leaving a centimetre cube. The outer surfaces were sliced off with a 
sterile scalpel and then cut into slices. Some slices were plated out 
on 0.085K) w/v Nutrient Broth agar (Oxoid) in petri dishes, and some were placed 
in sterile McCartney bottles which were then assayed for the presence of 
nitrogen-fixing organisms by the acetylene reduction technique.

1.1.3. Results
The results of the isolations and the acetylene reduction 

assay are given in Table I. Autoclaved soil, uninoculated agar and
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sterile bottles did not produce any ethylene in the AR assay.

Table 1 Occurrence of bacteria and AR 
activity in Birch and Spruce blocks 
after exposure to soil under different

Birch Spruce

3W
A

x  2*• 1-1a0b O
0  a

AR A c tiv ity

0
3
3

X  S 
1  "
§ i

AR A c tiv ity

conditions.*

AR Activity : Acetylene 
reduction activity in 
chart recorder units.

*  Growth :
0 = No growth
1 = Few colonies
2 = Numerous
3 = Many A + = Fungal growth 

A

s a pu u u -s jC r
0  « 3

P p »S 5 £ 
0 ** S’

H oist

50 X sa tu ra tio n  

22°C

3 2
2 4

30 70 70 
75 70 70

3 1 

3 U
70 75 70

30 80 75

Wot

VX) % sar.ira.tion  

2 2 ° :
2 3 110 105 110 3 1 80 75 70

Hot

50 % sa tu ra tio n  

jo0:
2 2 75 65 60 3 2 75 70 70

Cold
5 0% sa tu ra tio n  

A°0

1 1 75 65 65 5 1 BO 75 70

Dry
2 5  Jfc sa tu ra tio n  

22 ° C
2 3 70 70 65 3 H 75 70 70

The 22 bacterial isolates were subcultured and tested for 
AR aotivity; none of the strains exhibited acetylene reduction.
Fungal growth was observed on only two isolation plates. Cold 
incubation appeared to reduce the colonisation of birch wood by 
bacteria, but not of spruce.

1.1.k* Discussion
More bacterial colonies were observed growing from spruce 

wood samples than from birch, although fewer strains were isolated from 
spruce. No AR activity was recorded from any wood sample. Perhaps 
the sterilisation of the outer surfaces by flaming was too drastic, 
killing the nitrogen-fixing bacteria? However, when the slices which 
were used in the AR assay were plated out, bacterial colonies grew 
from them, implying that either bacteria or spores in the wood were 
capable of growth. Nevertheless, perhaps a milder sterilisation 
procedure was required.

Bacteria could be isolated from the inner regions of blocks 
exposed to soil, although the plating technique failed to reveal 
quantitative differences between the treatments. The lack of AR activity
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by the isolates and the wood indicated that the conditions for the 
colonisation and development of nitrogen-fixing bacteria in wood 
were more specific than indicated by Sharp (1975) and that precise 
control of the soil environment was necessary to achieve reliable 
AE. activity in wood in soil contact.

1.1.5 Conclusion
Further work was required to establish a reliable procedure 

of soil exposure and of the surface sterilisation of timber from soil 
contact.

*

%

+



1.2. Investigation of methods of surface sterilisation of wood
exposed to soil contact prior to isolation and AR assay.

1.2.1. Introduction

To ensure that acetylene reducing organisms penetrated wood in 
soil contact rather than being merely surface contaminants required that 
the surface of the wood was sterilised before being cut through to expose 
the interior of the wood for isolation or assay. Five methods were 
investigated for efficacy : flaming, washing, sulphuric acid dip, contact 
with a hotplate and j9-propiolactone Immersion. The outside and inside 
of blocks removed from soil contact were plated out to determine the efficacy 
of the sterilisation procedures. The effect of sterilisation upon abiotic 
ethylene production by the wood was also investigated.

1.2.2. Materials and Methods
Blocks of birch (Betula -pendula Roth.) and spruce (Picea 

abies (L.) Karst) were taken from the experiment described in 1.1 
after 21 days exposure to moist soil at 22°G. Some blocks were rolled 
on a plate of nutrient broth agar, and all were then subjected to one 
of the sterilisation treatments shown below and in Table 2 :

(i) Flaming in a bun sen flame for £ seconds.
(ii) Flaming in a bunsen flame for 2 seconds.
(iii) Surface washing with sterile distilled water.
(iv) Dip in concentrated sulphuric acid for 30 seconds, j
(v) Each surface placed on a red-hot steel plate for 5 seconds.
(vi) Immersion in ̂ J-propiolactone for 1+ hours (this compound 

sterilises on contact but becomes inert after 3 hours) (Sykes, 196$).

Control blocks were (i) a sterile block which was rolled on the 
surface of a petri dish inoculated with bacteria and then flamed for 5> 
seconds, (ii) sterile blocks of each species, and (iii) unsterilised blocks 
taken direct from soil.

The blocks were cut up as described in Section 1.1.2. To 
determine whether the sterilisation procedure had effectively sterilised 
the outer surface without affecting the interior of the block, the outer 
and inner slices were plated out on Nutrient broth agar. Slices from the 
interior were also transferred to McCartney bottles for AR analysis. The 
ethylene content of the bottles was determined immediately, and again 2k
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hours later. The bottles were evacuated, the gas atmosphere replaced 
with Argo shield *5* (BOC Ltd), and the ethylene content determined.
Acetylene was then injected and the ethylene content determined after 
a further 2i+, 72 and 96 hours incubation.feee SecHcr \ l  3).

1.2.3. Results
The results of the plating out of the outer and inner slices 

and of the AR analysis are given in Table 2.

1.2.1;. Discussion
The initial ethylene content values are high and variable 

because the bottles were autoclaved capped with metal caps and rubber 
washers, which can produce ethylene.

The isolation results indicate that flaming is ineffective.
Surface washing with distilled water increases growth, presumably due 
to the spreading out of colonies over the surface of the wood prior to 
plating out. The sulphuric acid dip, not surprisingly, is very effective, 
although in the birch sample the surface print of the block on agar plates 
prior to the acid dip showed no bacterial growth, so that the lack of growth 
after dipping is not unexpected. The hot plate treatment was ineffective, 
due to the difficulty of sterilising by making contact with the convoluted 
wood surface. The ̂ -propiolactone treatment appeared ineffective, and 
also gave rise to enhanced ethylene content in the AR assay. The claim 
that this compound is initially toxic and that its toxicity rapidly 
decreases is not strictly tested in this experiment. Convincing proof 
using wood would be necessary before its use as a surface sterilisation 
compound could be recommended.

The growth of bacteria from the interior slices of a sterile 
block which had been rolled in bacteria not only indicated the 
ineffectiveness of the flaming procedure but also the possibility that 
surface organisms could be transferred to the interior during the slicing 
procedure.

Slices from sterile blocks produced no growth on the agar 
and no AR activity. An unsterilised spruce block did exhibit AR 
activity, which indicated that nitrogen-fixing bacteria may well have 
colonised the block. All six sterilisation procedures adversely affect
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subsequent AR assay presumably because the sterilant penetrates to the 
centre of these relatively small blocks.

1.2.5. Conclusion
A sulphuric acid dip is an effective surface sterilisation 

procedure, but any form of surface sterilisation may well affect the 
interior of small blocks. Thus the alternatives for the investigation 
of penetration are either a more mild sterilisation technique or the 
sealing of the block prior to burial to prevent colonisation other than 
in the desired direction. Care must then be exercised in the removal 
of the sealant and the subsequent slicing of the block to avoid 
contamination of the interior from the surface.

Outer Inner 1
isVcV
*
-r

Birch
SterilisationProcedure

2 * f

s *

! ■ §
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1 •£
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1.3 . The Penetration of Nitrogen-fixing Bacteria into Wood in
Ground Contact.

1.3.1. Introduction
This experiment was designed to determine if nitrogen-fixing 

bacteria could penetrate wood in ground contact or were confined to the 
surface layers. This was achieved by sealing five faces of an 
orientated wood block leaving only the tangential face exposed. It was 
assumed that the sealant prevented the ingress of organisms, which would 
thus only enter from the tangential face. After exposure to ground 
contact the block was removed, the. sealant removed and slices taken 
parallel to the tangential face. The slices were then assayed for 
the presence of nitrogen-fixing organisms by the acetylene reduction 
technique. Progressive colonisation and penetration were monitored 
by sampling after increasing periods of exposure.

1.3.2. Materials and Methods
Blocks of Scots pine (Pinus sylvestis L. )> (Fagus sylvatica) beech, 

and Douglas fir (Pseudotsuga menziesii) .all sapwood, 50x2f>x1f>mm with no visible 
defect and the growth rings parallel to the £ 0 x 1 $  face were selected.
The blocks were coated on five faces with a silicone rubber sealant 
(Silastic 738 RTV, Dow Coming Ltd) leaving the tangential face unsealed.
The blocks were sterilised by autoclaving and buried with their tangential 
face vertical in a vessel containing moist soil, a brown loam, taken from 
the Old Farm Site at Imperial College Field Station, Sunninghill, Berks.
The vessel was sealed in a plastic bag and incubated at 20°C.

Three blocks of each species were removed at 2£ days, and 
then at 11+ day intervals. The sealed faces of the blocks were washed 
in distilled water and the uncoated face wiped to remove adhering soil.
The surfaces were dried and then swabbed with ethanol. The sealant was 
removed with a sterile scalpel under aseptic conditions. Each block 
was then split longitudinally into a number of slices parallel to the 
exposed tangential face. Slices were first cut from the unexposed zone 
to minimise the transfer of organisms from the exposed face to slices 
deeper into the block during slicing. The thickness of each slice was 
measured to the nearest millimetre, and the slice chopped into a number 
of sticks which were transferred to sterile McCartney bottles and capped 
with a sterile suba-seal closure before acetylene reduction analysis.
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Samples taken from some of the slices after analysis were 
weighed and oven-dried for the estimation of moisture content. Soil 
samples were taken at 93 days and their moisture content determined.

1.3*3 Results
No AR activity was found in any of the beech or Douglas fir

slices at any sample time. Figure 1 shows the AR rate of Scots pine
samples taken at a number of depths away from the exposed, tangential
face after increasing periods of exposure. At each sample time except
81 days, three replicate blocks were removed and sliced. The thickness
of each slice was measured and plotted on the horizontal axis, and its

-1 -1AR rate expressed in nM h g wet wood plotted vertically.

Figure 1 Kthvlene production in Scots pine sapwood blocks with one 
tangential face exposed to soil. Samples taken from 0 - 25 nun in 3 
replicates at 2 week intervals from 25 days.

°'5 [ 25 Days

25 25

25 0 25
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The 25 and 39 day samples revealed higher activity in the slices 
near the exposed face than deeper into the block, implying that the activity 
and thus the organisms had penetrated into the wood from the exposed face.
At 53 days, where the vertical scale has been increased by a factor of 10, 
the activity was not only found throughout the block, it was considerably 
higher than in the 2$ and 39 day samples. By 67 days, where the scale has 
been further increased by a factor of 2, the rate of AR had further 
increased throughout the block. By 81 days, on the same scale, the activity 
had either declined or remained at the level found in the second or third

*  replicate blocks of the 67 day sample.
The values of AR recorded varied within a block and between 

replicates. The variability was presumably due to the disjunct dist
ribution of the nitrogen fixing bacteria within the wood sample, shown

*  in Figure 2, where the AR rate measured in the slices from the 81 day 
sample after further subdivision showed 10-fold differences in AR rate 
in samples only 1 mm apart.

Figure 2 Acetylene reduction rate in slices and subsamples of a
* Scots pine block after exposure of one tangential face to

soil for 81 days.

%

<*

*
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If the results shown in Figure 1 are converted to a standard 
slice thickness of 2mm, pooled and plotted on the same scale (Figure 3), 
then the penetration of activity and the overall increase of activity 
with time is obvious.

Figure 3 Average Ethylene production rate against time and distance 
from soil contact in Scots pine sapwood blocks with one tangential 
face exposed.

If the rate of activity measured in each slice at a sample 
time was assumed to have increased linearly since the previous sample, 
and the conversion factor for nM of acetylene reduced to nM nitrogen 
fixed is 3 (see Section 2.1*. 5 for discussion) then a crude estimate 
would be 20 pg nitrogen fixed per gm of wood, representing an overall 
1.65% increase in the nitrogen content of the wood, achieved in 81 days.

The soil moisture content after 53 days was 1*1*.8 % _+6-6 (8).
The moisture content of the samples removed after this time period is 
shown in Figure 3*1*

?if>"\ire 5*1 Koisture content of slices taken from blocks with one
tangential face exposed to soil contact for 35 days. Nosawpks, 
v/kc('<’. sere plowed.

0 25 0 25 0 25
Distance from Soil Contact (mm)



The hardwood beech and the Douglas fir, were, as Figure 3*1 shows, 
considerably drier than the softwood Scots pine and were wetter on the 
exposed tangential surface than towards the centre. This may have 
been due to the distilled water wash but it is unlikely that this had 
a large effect upon the block moisture content: the MC in the Scots pine 
blocks flowed no difference between inner and outer regions. At 81 days 
the MC of the Scots pine had decreased to % + 10 (12) possibly
due to the drying out of the soil and also the wood.

1.3.1;. Discussion
The penetration of nitrogen-fixing bacteria into Scots pine 

sapwood in soil contact has been demonstrated. The lack of penetration 
into Beech and Douglas firwas not expected in view of Sharp* s work 
(197£)» but perhaps the activity described there was confined to the 
surface layers only and did not penetrate into the wood. If the major
pathway in the tangential direction is via the rays, then the anomalous
behaviour of beech,in which colonisation of the rays did not occur,
(Greaves and Levy, 196£) may explain the absence of penetration in beech.

Presumably the bacteria are carried into the wood with the 
water as the block gets wet or a continuous water film from the soil is 
extended to allow the motile bacteria to penetrate. The low MC of 
Douglas fir samples may explain the absence of activity in this species. 
Water would seem likely to be a major factor affecting activity, 
especially as high MC may produce anaerobic conditions which favour 
nitrogen fixation by nitrogen-fixing bacteria. The decrease in activity 
at 81 days, if not a sampling artifact may be due to the decrease in MC 
accompanying the drying of the soil.

The observed "peak" of activity may be an artifact and the 
activity may reach a plateau and continue at the same rate; further work is 
required to establish how long nitrogen fixing activity may continue in the 
colonisation sequence. The variability of the activity in adjacent 
samples and in different blocks reflects the complexity of wood in soil 
contact. The volume occupied by the bacteria is only a tiny fraction of 
the wood volume sampled, and the colonies could easily be scattered 
throughout the timber. The assessment of their significance is a major 
problem.Is the activity due to relatively few,very active organisms, or 
to many relatively inactive organisms? The assay conditions (oxygen
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tension, temperature, humidity, moisture content, nutrient concentration) 
may not be the same as those in vivo and thus the AR rate measured may 
bear no resemblance to the nitrogen fixation rate in vivo. Thus the 
assessment of nitrogen fixed in the time of exposure may be very crude, 
but it does indicate the order of magnitude of nitrogen fixing activity 
in Scots pine exposed to soil contact. The 1 .6$$ increase in nitrogen 
content may be significant if it is localised in small areas within the 
wood, but this assumes that the fixed nitrogen is available to colonising 
fungi, implying that either the bacteria leak nitrogen, or autolyse,

♦  releasing usable nitrogen. Even those small amounts of fixed nitrogen
may be important if the rate is continued and the time of exposure is 
months or even years.

Further work is necessary to determine the reason for the 
difference in penetration of Beech, Scots pine and Douglas fir, and to 
determine if penetration can occur in all three directions (tangential, 
radial and longitudinal) in Scots pine or if wood anatomy affects penetration. 
It is also necessary to assess the influence of water upon activity and 
penetration. Considerable work is required to assess the relevance, 
accuracy, and reliability of the AR technique when applied to wood in 
soil contact; the experiments on this aspect are collected together and 
discussed in Section 2.

^ 1.3*5. Conclusion
Nitrogen fixing bacteria, assayed by the AR technique, were 

present in Scots pine in soil contact, but not in Beech or Douglas fir.
They were found to penetrate wood when a tangential face vas exposed and 
the AR activity increased with time of exposure, although the rates and 
distribution were disjunct and variable. A crude assessment of the 
amount of nitrogen fixed suggested that the nitrogen fixing bacteria may be 
of significance in the nitrogen budget of timber in soil contact.

«



1.1;. The tangential,longitudinal and. radial penetration of nitrogen
fixing bacteria into Scots pine sapwood in soil contact.

1.U.1. Introduction
This experiment was designed to monitor the differences in 

the rate of tangential, longitudinal and radial penetration into Scots 
pine sapwood exposed to soil contact out of doors in fluctuating, 
uncontrolled conditions.

1.I+.2. Materials and Methods
Blocks of Scots pine sapwood (Pinus sylvestris L.) £0 x 2£ x l^mm 

were selected with the growth rings parallel to the £0 x 1f>mm face. The 
blocks were sealed with silicone rubber sealant, except for an area x 
15mm on one of the tangential, radial or transverse faces of each block.
They were autoclaved and buried in a trough containing soil from the 
Old Farm Site at Imperial College Field Station, Sunninghill, Ascot, 
Berkshire, exposed on the roof of the Zoology Department in South Kensington, 
London.

Blocks were recovered at intervals, washed in distilled water 
and the surfaces wiped with ethanol. The seal was removed and the 
blocks cut transversely with a circular saw, under aseptic conditions.
The sawn pieces were then sliced longitudinally and the segments assayed 
for acetylene reduction activity.

1.U-3* Results
Only one block of each sealing arrangement was sampled and 

analysed at each sample time, which, in view of the variability exhibited 
in the previous experiment, must limit the reliability of the results. 
Nevertheless qualitative differences can be seen in the rate of penetration 
of nitrogen fixing bacteria in the three major directions. Figures 5 
and 6 have four components and show:-

1 . The position of the exposed face on the block and the shape and 
position of segments into which the blocks were cut, together with 
their code numbers.

2. The acetylene reduction rate measured in these segments (plotted 
vertically) against the time of exposure in months.
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3. The moisture content of certain segments in the same format as 2.

1+. A graph of the moisture content of a segment plotted against the AR 
rate of that segment.

The letter A represents a 1+ month sample, letters B, C and D, 6, 7 and 8 

month samples respectively.

TANGENTIAL PACE EXPOSED Figures U.1 to Figure

The blocks with only a portion of the tangential face exposed 
showed a pattern of radial penetration similar to that of the previous 
experiment. Activity was recorded on the exposed face after 1.5 and 2 
months in Segment 1, while activity only began to occur within the blocks 
(in segments 3 and U, 5 and 6) after 1+ months. This implies that 
radial and longitudinal penetration occur at the same rate. A peak of 
activity occurred at 5 months in Segment 1.

The moisture content of all the segments at all the sample times 
was over 100^, with the highest MC at 6 months and the lowest at 7 
months. The graph of moisture content against AR showed no correlation 
between the two values. Most samples had relatively low rates of AR, 
with fewer samples having high AR rates between 2 and 8 nM h g . The 
moisture content of the samples covered a large range, centred on 15Q$- 
There were differences between sample times perhaps reflecting the 
fluctuating soil moisture content.

TRANSVERSE FACE EXPOSED Figure 5.1* to Figure 5« 14-

Penetration of nitrogen fixing bacteria in a longitudinal 
direction from an exposed transverse face resulted in the presence of 
AR activity in Segment l(with the exposed face) after 2 months and in 
Segments 2, 3 and at I4. months. This implies, as before, an equal 
rate of penetration in radial and longitudinal directions. Despite the 
variability of the activity in any one segment at different sample times, 
the overall pattern was that higher activity was recorded near the exposed 
face in segments 1 and 2 than deeper into the block, with segments 7 and 8 
having the lowest activity.
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Figure 4 Tangential Face Exposed to soil 36
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Figure 6 Radial Face exposed, to soil 38
6*1 Segment Arrangement 6*2 Ethylene Production Rate

*

*

2

05 <5
1 2 +5678

6

05 «
1 2 +5678

1 l  +5678

5

«
(0 10

1 nmole ethylene/hc/gm.wood.

♦

♦

Segment Moisture Content (?j)

678 4 678 4 078 4 678 4 78 4 78 4 78

6»4 Segment Moisture Content against AR rate
Radial Face Exposed

210

180

I 0 C AC 150** 0 l
c co cAC C A 00

2 120 «5
C

90

600-0 0-7 I+- 21 2-8
Acetylene RedocFon Rate nMhfdg"*

3-5



The moisture contents were well above 1OC06, and highest
in the 8 month sample, and the lowest at 7 months. There appeared to
be little difference in the moisture content of the segments except that
segment 1 , exposed to the soil and washed on removal had a slightly
higher moisture content than segment 8, the furthest segment from the
exposed face. The graph of MC against AR again shows no correlation
between the values, with many low AR rates and only a few high rates

-1 —1between 1 and I4. riM h g .

RADIAL FACE EXPOSED Figure 6.1 to 6.U

The results from these blocks having only a portion of the 
radial face exposed is shown in Figure 6. Considerable activity was 
first recorded in Segment 1 after only 1.5 months, before any activity 
was found in blocks with the other sealing arrangements. Activity was 
found in segments 3 and- 5 at 2 months and not until 5 months in segment 2. 
This implies that radial and longitudinal penetration is faster than 
tangential. Segment 5 showed greater activity than 7, which was greater 
than 6, with segment 8 having least activity. The peak of activity on 
the exposed face occurred at 6 months.

The moisture content of segments 1 and 2 at 6 months were
below 100̂ 6 while all the others were over 10096. The MC appeared to
increase at 6, 7 and 8 months in all segments except 6 and 9« The graph
of segment MC against the AR rate shows no correlation. The range of
MC was higher than in the other sealing arrangments, while the AR rate

-1 -1recorded was much lower, less than 2.8 nM h g .

1.U-U- Discussion
This experiment, by the combination of a careful selection of 

test blocks, an effective silicone rubber sealant, the removal of blocks 
after increasing periods of exposure and the slicing of these blocks into 
segments, enabled the penetration of nitrogen fixing bacteria into 
Scots pine sapwood in soil contact to be monitored. The results indicated 
that these bacteria penetrated more easily in longitudinal and radial 
directions than in a tangential direction. The inference is that the 
bacteria were able to move along the rays as easily as they moved along the 
tracheids, with restricted movement through the numerous bordered pits on 
the radial walls of the trachaids. If the bacteria, like the fungi,



preferentially colonised the rays as a source of easily obtainable 
nutrient then this would explain the AR activity found on the exposed 
radial face of blocks, where much ray tissue was exposed, before 
any activity was found on the exposed fane of the other sealing 
arrangements.

The results from the previous experiment indicated that the 
moisture content of the wood was critical in the colonisation of the 
wood by nitrogen fixing bacteria, while in this experiment there was 
no correlation between wood moisture content and AR rate. This may be 
due to the fact that the MC of the wood was first measured after 1+ months, 
when the blocks were presumably in equilibrium with the wet soil and 
virtually saturated. If the MC recorded represented the saturated MC of 
the segment, which is above the critical level required for colonisation, 
then there would be no correlation between MC and AR rate. The critical 
level would only be determined as the block became wet, requiring the 
measurement of MC and AR rate after shorter periods of exposure.

Soil, water, wood and organismsvere inextricably linked. The 
movement of water into the wood could easily have carried bacteria into the wood 
The "opening-up" of the pits by the bacteria (Greaves, 1969) and the attack 
of the wood by decay fungi could have allowed the influx of more water,carrying 
more organisms. However, if the woodvras saturated and gaseous diffusion 
was restricted in wet soil, as suggested by Griffin (1968), then how did the 
decay fungi obtain their oxygen, and the nitrogen fixing bacteria obtain 
their nitrogen? Perhaps a sealed block was unrealistic, limiting oxygen 
diffusion and preferentially selecting facultative anaerobes, like certain 
nitrogen fixing bacteria.

Conclusion
The technique for the monitoring of the penetration of nitrogen 

fixing bacteria into wood in soil contact showed that radial and 
longitudinal penetration was faster than tangential penetration, presumably 
due to the influx of water from the soil. Further work is required, 
to examine penetration in hardwoods like beech, where the rays are not colonised 
and to examine the influence of MC upon the penetration of the bacteria 
in morerealistic situations than almost totally sealed blocks, totally 
buried in waterlogged soil.
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1.5. The exposure of partially sealed Beech and Scots Pine
sapwood Blocks to soil contact.

1.5.1. Introduction
To investigate the lack of penetration of beech sapwood by 

nitrogen-fixing bacteria, blocks were sealed leaving two tangential, 
radial or transverse faces exposed, and buried in moist soil. They 
were sampled at intervals, sliced and assayed for AR rate. As controls, 
Scots pine blocks with the tangential face exposed were buried in the 
same soil and treated in the same way. In an attempt to limit the 
variability of the wood, B.S. 838 sized blocks were cut into 3 pieces 
which were sampled at different times. To determine if the disjunct 
distribution of activity was related to the distribution of early and 
late wood in Scots pine, these tissues were dissected out from one block 
and assayed separately.

1.5.2. Materials and Methods
Blocks of Beech sapwood 50 x 25 x 15mm with the tangential 

face on the 50 x 15 face or the 50 x 25 face and no visible defect were 
sawn transversely into 3 blocks each 15 x 25 x l5nmi. Those with the 
tangential face 15 x l5nnn were coated with 73&RTV silicone rubber 
sealant to leave 2 tangential faces exposed, and those with the radial 
face 15 x l5nnn were coated to leave 2 radial faces exposed. Blocks 
50 x 25 x 15 mm were cross-cut into two blocks 2i| x 25 x 15 mm with the 
transverse face 25 x l5nim. These blocks were coated to leave 2 
transverse faces exposed.

As a control to ensure that nitrogen-fixing bacteria were 
active under the imposed experimental conditions, the tangential faces 
of Scots pine sapwood blocks 15 x 25 x 15mm, cut from blocks $0 x 25 x 1$, 

were left exposed, and the other faces coated with silicone rubber.

The blocks were buried in shallow trays, containing soil from 
the Old Farm Site, Silwood Park, which had been sieved to remove large 
stones and plant roots, watered liberally and incubated at 25°C. The 
MC of the soil samples was determined at the start and again after 107 
days.
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At 18, 2i|, 31» 38> U8 and. £9 days, blocks of Beech with 
tangential, radial and transverse faces exposed, and a Scots pine 
block with tangential faces exposed, were removed from the soil.
They were washed to remove adhering soil, swabbed with methanol and, 
under aseptic conditions, the sealant was removed. Those blocks with 
the tangential and radial faces exposed were cut parallel with the 
exposed face into four segments. Those with the transverse faces 
exposed were cross cut, parallel to the exposed face, into two segments. 
The segments were sliced, transferred to McCartney bottles and assayed 
for AR rate. The moisture content of some wood samples was determined 
after assay.

After 73 and 87 days, only Scots pine blocks were sampled, 
and at 87 days the early and late wood were dissected and assayed 
separately.

1.5.3* Results
The MC of the soil at the start of the experiment was 31*21$, 

and after 107 days was 28.95$*

BEECH

The results from the sealing arrangements of the Beech blocks 
are shown in Table 3* The AR rate of the segments are given together 
with the MC of a small number of the. segments after increasing periods of 
exposure. There was little AR activity recorded in those blocks with 
the tangential face exposed, and some activity in those with the radial 
face exposed. The MC of these samples after 18 days was from 2i+ to 37%* 
More activity was recorded in those segments cut from the blocks with 
the transverse face exposed and a MC of around 51$. The activity did not 
increase with time.

SCOTS PINE

Table U shows the results for the Scots pine blocks with 2 
tangential faces exposed. AR activity was recorded in all the segments 
at all time intervals, increasing up to 73 days, but was lower at 116 days. 
The MC of the segments after 18 days in soil contact was over 11 C$, very 
much wetter than the Beech samples. The distribution of the activity was 
disjunct, with adjacent segments having widely different rates of AR activity



Table 5 Ethylene Production Rate and Moisture Content in partially 
sealed Beech blocks with different faces exposed to soil.

U3

Table 4 EtljLene Production Rate and Moisture Content in partially 
sealed Scots pine blocks with two Tangential faces exposed to soil.

S c o h s  p in e

Ethylene Production Rate (EPR) (nMh 1 g ^) and Moisture Content (MC) (ft)

Sample Time (days)

Exposed Face* Block 18 24 31 38 48 59 73 87 116

Tangential 1 EPR 0*00b 0 0 0*009 0*800 0*226 13-877 0*129 0 (nrtk'o-0
MC 140*} 102*1 173-2 {% )

2 EPR 0*006 3-275 0*009 0*004 0*011 9-182 12-977 1-973 0*009
MC 142*8

/ a > 3 EPR 0*016 0*034 0*011 0*013 0*012 0*659 16*287 13-536 0*005
MC 122*3 172*4

q o ; 4 EFR 0*01o 0*004 0.005 . 0*006 0*0 6 2*712 12*749 b-252 0
MC 148*7

u
/ 5 EPR 0*016 0 0*372 0*007 0*007 2* 324 18*085 16*537 0*0:'6

y
/

/ MC 115*3 175-8
O Era :i*oib 0 2*017 , 0*192 0*002 0*647 14*242 29*462 0

MC 147-b 181*0
7 epr 0*009 0*006 2*697 o*oo3 0*006 0 • 466 8*768 0*814 0*013

MC 158*7 159-7 174*3
EPR 0*iH)\‘ 0 0*00S> 0*0‘J1 0*001 0*124 7*621 1*687 0
MC 171*1



There was a substantial increase in rate between h8 and 59 days and 
a further increase between 59 and 73 days. The values given for the 
87 day sample are averages of late wood and early wood which were 
separated before assay. There is no significant difference in the 
rates exhibited by early and late wood. There was little activity 
recorded at 116 days.

1.5.U. Discussion
The results revealed the importance of water and wood anatomy 

upon the establishment of AR activity in wood in soil contact. AR 
activity was recorded in those Beech blocks with the transverse face 
exposed and a MC above 50$ > and less recorded in the blocks with the 
tangential and radial faces exposed, and a lower MC. The profound 
difference between hardwood and softwood and their water uptake 
properties was indicated by the much higher MC of the softwood when 
buried in the same soil, at the same moisture content, as the hardwood. 
Differences in the AR activity exhibited by early and late wood of the 
Scots pine were not detected. The activity increased with time in the 
Scots pine, as observed and described previously in Section 1 • 3, with no 
further increase in wood MC. The lack of activity at 116 days can be 
attributed to the soil and the wood drying out.

There must be a complex and sensitive relationship between 
buried wood, water, soil, soil organisms and decay organisms which can 
only partially be investigated with this type of simple experiment.
The relationship must be investigated under more controlled conditions 
in order to determine the quantitative significance of nitrogen-fixing 
bacteria to the decay organisms.

If the rate of AR is converted to a value of nitrogen fixed 
(See Section 2 for discussion) then the nitrogen increase of the block 
sifter 73 days will be 0.02596 as a result of the activity of nitrogen 
fixing bacteria. The significance of this value remains to be assessed.

The sealant once more is shown to be effective in preventing 
the ingress of water and organisms through the sealed faces, although 
it may still adversely affect the natural, realistic behaviour of wood 
in soil contact.



1.5.5. Conclusion
Water and wood anatomy affect the colonisation of wood 

in soil contact by nitrogen fixing bacteria. AR activity was 
recorded in partially sealed, buried Beech blocks when their MC 
was greater than 3>0$>, and in Scots pine was recorded after 18 days 
in the wood where the MC was greater than 10C$>. The activity in 
Scots pine increased up to 79 days, with no further increase in MC, 
but remained at a lower level in the Beech blocks. A loss of activi^ 
in the Scots pine was perhaps due to the drying out of the soil.
The implication of these results is that there is a relationship 
between soil, wood, water and organisms which deserves further 
inve s t igation.

1.6. Summary of Section 1
The experiments of Section 1 have shown that nitrogen

fixing bacteria can occur at depth in Scots pine in soil contact, 
that their penetration is affected by the anatomy of the wood and 
that their activity is affected by both soil moisture content and 
wood moisture content.

The next step in the investigation of the significance of 
nitrogen-fixing bacteria to timber decay in soil contact was to 
determine their occurrence in different timber species under different 
soil moisture conditions and to obtain further information on their 
distribution within wood, the effect of MC upon their activity, and 
the effect of that activity upon the decay of wood.



2. MEASUREMENT OF NITROGEN FIXATION IN DECAYING WOOD

2.1. INTRODUCTION

This section is concerned with the measurement of the rate of acetylene 
reduction in decaying wood, and how this value relates to the amount of 
nitrogen fixed by micro organisms in the wood. The background to the 
acetylene reduction (AR) technique and some of its general characteristics 
are briefly described. The procedure for the measurement of AR rate in 
decaying wood is both described and evaluated. The measurement of nitrogen 
fixation using the N isotope technique and the problems associated with it 
are described. The technique applied to decaying wood is evaluated. The 
experiments involving calibration of AR against nitrogen fixation are 
described and discussed.

2.1.1. Background to the measurement of nitrogen fixation
The fixation of nitrogen by organisms is not quantified easily.

The measurement of total nitrogen by Kjeldahl digestion is laborious and 
insensitive: it cannot distinguish a nitrogen increase caused by the fixation 
of atmospheric nitrogen gas from the uptake of combined nitrogen from the 
surroundings. The use of isotopically enriched nitrogen gas allows these two 
sources of nitrogen to be distinguished and is 1000 times more sensitive than 
Kjeldahl analysis. However, enriched compounds are expensive, considerable 
expertise and equipment is required to generate uncontaminated N gas, to 
expose organisms to it, and the subsequent procedure to measure ^^N enrichment 
and thus nitrogen fixation is laborious and requires access to an expensive 
mass spectrometer which is working at the limits of detection. It is thus 
fortunate that the nitrogenase enzyme which catalyses the reduction of Ng to 
NH^ in the presence of a suitable hydrogen donor system, also catalyses the 
reduction of acetylene to ethylene. The reaction is irreversible, quantitative 
and is the basis of the AR assay for nitrogen fixation which has been widely 
used since its suggestion by Schollhom and Burris (1966) and Dilworth (1966).

The technique was described by Postgate (1972) and reviewed by Hardy, 
Burns and Holsten in 1973* The advantages of using AR as a measure of enzyme 
activity is that it is 1000 times more sensitive than the ^^N technique, the 
product is a gas and is stable, allowing non-destructive sampling, and can be 
analysed rapidly and quantitatively using a simple and inexpensive gas 
chromatograph. Its disadvantages are that acetylene is explosive, the handling 
of the gases must be quantitative and ethylene can be produced from sourees 
other than the reduction of acetylene.



2.1.2. Characteristics of Acetylene Reduction
Only nitrogen fixing organisms reduce acetylene to ethylene and 

nitrogenase is the only known enzyme to reduce acetylene to ethylene. The 
product of the reduction is ethylene, which does not inhibit further 
acetylene reduction and is not further reduced. The reaction is inhibited 
by carbon monoxide.

Theoretically, the rate of AR can be divided by 3 to determine the 
rate of nitrogen fixation as 2 electrons are involved in AR, and 6 electrons 
in nitrogen fixation.

N2 ---- ► NH^

C2H2

<1>CM

C2HU

However, experimentally determined conversion factors vary
considerably, from 3.6 for nitrogenase in vitro to U«3 for bacteria and up
to 2f> in anaerobic soils (Hardy, Bums and Holsten, 1973)® Each particular

15 /AR system must thus be calibrated using N incorporation ( Rennie,
Rennie and Pried, 1977 )•

A number of factors affect the rate of AR and also the conversion 
factor (Bergersen, 1970)* Because no nitrogenous products are formed 
during AR, their shortage may restrict growth of the organism during prolonged 
incubation. Similarly, there can be no feedback inhibition of the nitrogenase 
system, leading to overestimation of the nitrogen fixation rate calculated from 
the AR rate. The presence of combined nitrogen can cause the diminution of 
nitrogenase synthesis, nitrogen fixation and AR. Temperature has its usual 
effect upon enzyme catalysis;the optimum temperature is within a range from 
i+°C to 37°C. Light is obviously critical when photosynthetic organisms are 
involved. Oxygen tension is most important, as nitrogenase is inactivated by 
oxygen. Nitrogen fixing organisms are adapted to prevent permanent 
inactivation in their normal environment and ideally the assay conditions in 
vitro reproduce the normal conditions in vivo. Acetylene concentration is 
not particularly critical, as acetylene inhibits nitrogen fixation and 2-10% 
v/v is sufficient to saturate the enzyme. Water affects AR rate because 
dehydration affects the organism, while saturation can reduce gas diffusion rates



A major problem is the production of ethylene from sources other than 
acetylene. It is commonly produced by plants, fungi and bacteria in 
amounts which could be confused with low rates of AH, Care must be
taken to ensure that the ethylene is being produced by AR alone.

Thus to use the AR technique for the estimation of nitrogen 
fixation, the tissue suspected of possessing nitrogenase is incubated with 
acetylene in an appropriate atmosphere and ethylene is assayed after a 
suitable time. The rate at which the tissue would fix nitrogen under 
similar conditions can be calculated. Although simple in concept and 
principle, it rapidly became apparent that considerable care must be 
exercised to achieve accurate, quantitative results, and that it was 
necessary to evaluate how the AR technique could be applied to wood 
from soil contact.
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2.2. ACETYLENE REDUCTION IN WOOD FROM SOIL CONTACT

The aim was to determine whether the rate measured by the technique 
was a true measure of the rate occurring in wood and whether the rate of 
AR varied in the same piece of wood at different times. Also, what factors 
might affect that variability, such as temperature and gas atmosphere, with 
the intention of modifying the procedure to reduce variability. The final 
aim was to calibrate the derived AR procedure against 1̂ N uptake, so that it 
would be possible to convert AR rates to rates of true nitrogen fixation.

2.2.1. The Variability of Acetylene Reduction

Introduction

The aim was to examine the variability of AR rate within one wood
sample.

Materials and Methods

The individual AR rate of £0 "sticks", taken from a block of Scots 
pine sapwood exposed to soil contact for 81 days, was determined.

Results

The results, given in Section 1.3-3* are presented again in Figure 7- 
The AR rate was very variable , even between adjacent segments, ranging from 
0.0 to 1.81 nMh~"^g”\

Discussion and Conclusion
The variability in AR rate within one block of wood and between

adjacent segments is perhaps a reflection of the disjunct distribution of
nitrogen-fixing bacteria within the wood. A sizeable colony of a million

—6 1individuals may only occupy 1.^7 x 10 cm , a tiny fraction of the wood sample 
volume. The activity of that colony may vary, being more active in optimal 
conditions and less active under limiting conditions. Those conditions may 
vary throughout the wood and also vary with time. It is obviously of 
importance to investigate those conditions which cause variation in AR activity, 
both in space and time.

U9
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Figure 7 Acetylene reduction rate in slices and subsamples of a
Scots pine block after exposure of one tangential face to 
soil for 81 days.



2.2.2. The Variation of Acetylene Reduction rate with Time 

Introduction

The aim of this experiment was to determine how the AR rate 
measured in wood samples from soil contact varied during the assay period 
of 21+ hours.

Materials and Methods

The amount of ethylene produced from Scots pine wood samples taken 
from soil contact after 73 days exposure (section 1.5) was measured after 
2j, 1+J, 6, 74 and 21+ hours incubation in the presence of acetylene.

In addition three samples from Scots pine blocks exposed to soil 
contact were analysed for AR rate at 30 minute intervals from 21 to 30*5 
hours. One sample was from the segment with the radial face exposed, after 
120 days exposure (section 1.1+). The other samples were from the exposed 
and unexposed segments of blocks with two tangential faces exposed to soil for 
59 days (section 1.5)«

Results
The results are shown in Figure 8. The amounts of ethylene produced 

—1 —1were converted to nM h“ g” for the 0-24 (Histogram A), 2J- to 1+J- (b ) , k i to 
6 (C), 6 to 74 (d )> and 74 to 21+ (e ) hour periods. The hourly rate was 
calculated from the 74 hour ethylene concentration alone (Histogram F), and 
from the 21+ hour reading alone (Histogram G). The average of the five measured 
rates is shown in Histogram H.



Figure 9 Ethylene production in samples of Scots pine sapwood 
after soil exposure. Samples A,B and C analysed at 30 minute 
intervals from 21 to 30*5 hours after acetylene injection.
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These results showed that the AR rate in wood from soil contact
varied with time, e.g. Sample 3 increased in rate from 13 to 23 to 2£ nM 
—1 —1h” g in the first 6 hours, dropped to 1 in the next 1J hours and increased 
to 17 nM h” g"" in the next 16J- hours. The other samples showed a. similar, 
if less dramatic, trend.

Discussion
The calculation of an hourly rate from a single 21; hour reading 

would appear adequate as a measure of the average rate of AR over the 21+ 
hour incubation period. The variability of the rate within individual 
samplesvns not greater than the difference between samples, so that if the 
samples were ranked in order of activity at each time, the order was broadly 
similar although the absolute rate of activity differs. The 21; hour reading 
represented an adequate summary of the rankings over the 5> time periods.
It would appear that the order of activity obtained from the 21+ hour reading 
alone could be used to determine a difference in activity between different 
samples.

The results from the analysis of 3 samples at 30 minute intervals 
from 21 to 30.5 hours after acetylene injection are given in Figure 9- Once 
again the rate changed with time. In samples A and B the rate was increasing, 
while in C it fluctuated considerably about a mean level. Sample C had 
increased in rate from 0-21 hours as seen from the adjacent histogram giving 
the rate over 0-21 hours. Despite the fluctuation and variability, the 
difference between the three samples vas maintained.

Conclusion
The 21+ hour reading, converted to an hourly rate,vas an adequate 

average, or rather an integral, of the rate during the period of incubation. 
Despite differences in the rate at different times, an overall difference in 
rate between samples was. determined. From these results, it can safely be
assumed that a difference in AR rate between two samples, calculated from a 
21; hour reading of ethylene concentration is a reliable indicator of a real 
difference in activity between the two samples.



2.2.3. The Effect of Temperature on Acetylene Reduction Activity- 

Intro duct ion
This experiment was designed to determine the effect of temperature 

upon the AR rate measured in wood from soil contact.

Materials and Method
Blocks of Scots pine and birch exposed to soil contact at kS % 

soil moisture content (very wet) for 16 weeks were cut into 12 segments 
and then assayed for AR rate after incubation at 22°C. The 12 samples were 
then placed in a refrigerator at 8°C for 21; hours and their AR rate 
determined once again.

Results
The results are shown in Figure 10. There was in all samples a 

reduction in rate following incubation at the lower temperature, although 
the degree of reduction was variable.

Figure 10 Acetylene reduction rate in Scots pine and birch samples 
incubated at 22°C and then at 8°C.

Ethylene nM hrVrrf^

101 Scots Pine 22 °C 10 i 8 °C

1 2 3 4 5 6 7 8 9  10 11 12 1 2 3 4 5 6 7 8 9  10 11 12
Sample Number Sample Number

10 -i Birch

5 ■

0

22 °C 10 i 8 °C

6 7 8 9 10 11 12 7 6 9 10 11 12
Sample Number Sample Number



Discussion
The reduction in AR rate as a result of incubation at a 

low temperature was expected, as most processes involving enzymes 
are reduced in rate when the ambient temperature is lowered.
However, the reduction in rate was not the same in each sample, 
again reflecting the variable and heterogeneous nature of the AR 
activity of the bacteria in the wood. Perhaps a localised, highly 
active colony of bacteria would be less affected by a fall in temp
erature than a diffuse colony of less active bacteria. The activity 
may be less affected by low temperatures if the bacteria are well 
supplied with nutrients or have energy reserves, or perhaps the 
differences in the effect of lowering the temperature is due to a 
reduction in the rate of gas diffusion to the organisms. No more 
information is available from this simple experiment to explain 
the difference in response in different samples.

Conclusion
The conclusion from these results is that AR rate is reduced 

at low temperatures, that temperature affects AR rate, and that any 
assay of AR rates should be carried out at a constant, defined 
temperature.
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2.2.14. The effect of oxygen concentration on Acetylene Reduction Activity 

Introduction

This experiment was designed to examine the effect of oxygen 
concentration upon AR rate. The nitrogen-fixing bacteria are presumed to 
be anaerobic (see section 2.1) so that the presence of oxygen should inhibit 
AR activity.

Materials and Methods

Samples of Scots Pine sapwood, exposed to soil contact at a soil 
moisture content of (very wet) for 112 days, were assayed for AR rate in 
an Argon (90%)/Acetylene (10% v/v) atmosphere. One set of 12 sample vessels
was then evacuated and refilled with argon once again, one set with 1% oxygen 
in nitrogen, and one set with 5% oxygen in nitrogen. The AR rate was then 
measured.

Results
The results are shown in Figure 11, where the rate of AR in those 

samples which were refilled with argon increased, but not uniformly. In 
the samples refilled with 1% oxygen, some samples increased their rate, and 
some decreased. In those samples refilled with oxygen, the rates of AR 
decreased.
Figure 11 The effect of oxygen concentration on acetylene reduction 

activity in Scots pine sapwood.

Ethylene nM hr^cm“3

Sam le Number Sam le Number



Discussion
The effect of 5% oxygen was as expected, a decrease in AR rate. 

However, the rate was not zero, implying that some organisms remained active 
or were still active in the presence of 5% oxygen. This may have been due 
to the low rate, or perhaps even the absence, of oxygen diffusion into parts of 
the wood.

The results for 0% and 1% are not expected. One interpretation is 
that to achieve 0^ oxygen is difficult and in the presence of wet wood, 096 
oxygen must be a nominal value, and some oxygen may remain in the vessel 
after evacuation and refilling with argon. Conceivably its concentration 
may be as high as 1%, so that histograms A and D, and B and E represent changes 
of AR with time, rather than changes in rate due to oxygen concentration; the 
gas atmosphere in the four sets of samples may have been similar.
Alternatively, as with temperature in the previous experiment, the response 
of the organisms may have differed. Highly active localised colonies may 
have been inhibited sooner and more effectively than less active or diffuse 
colonies, which may explain why these segments with high rates decreased 
their AR rate, and those with low rates increased activity.

Conclusion
Oxygen concentration affected the AR rate of wood samples from soil 

contact, although the response was variable. The evacuation of the vessels 
should be uniform to achieve a reliable, uniform gas atmosphere of known 
constitution. The measured AR rate will then be a reliable indicator of 
the presence of anaerobic organisms able to reduce acetylene to ethylene.



2.3. THE IETERMTATION OF ACETYLENE REDUCTION RATE

2.3.1. Equipment

The Pye Unicam 10l+ gas chromatograph was fitted with a gas flow 
controller for two column operation and two flame ionisation detectors.
The two glass columns were 1m x 6mm i.d., packed with "Poropak R", 100-120 
mesh. The carrier gas was oxygen free nitrogen flowing at 60mLmin , and 
the ionisation detector was supplied with hydrogen flowing at 60 mLmin and 
air at 600 mLmin \  The oven was maintained at $0°C . Under these conditions 
the retention time for ethylene was approx. 1j mins and for acetylene 1-J- mins.
A peak after 15 seconds in aerobic incubation was identified as methane, and 
a negative peak after 1-J- minutes was identified as carbon dioxide.

The usual arrangement is for the output of columns A and B to be 
connected together but in opposition, so that any background signal from the 
column packing is automatically subtracted from the signal coming from the 
column into which the test sample is injected. This instrument was modified 
by the insertion of a switch to enable either column A or column B to be 
connected to the amplifier. This allowed the next analysis in the second 
column while the acetylene, with a relatively long retention time and high 
concentration (producing a long •tail* on the chart record) came off the first 
column. This arrangement allowed the analysis of up to 50 samples per hour.

The output from the amplifier was recorded on a Leeds and Northrup_-jSpeedomax "W" pen recorder with a chart speed of 25 mm min .

2.3.2. Calibration
The instrument was calibrated using ethylene standards: 0.65 nil of

99% ethylene (B.O.C. Ltd) in a glass bottle of known volume (298 ml), or by
the direct injection of 1 ml of a specially prepared gas mixture (B.O.C. Ltd)
of 117 vpm ethylene in nitrogen. A 1 ml sample from the former gave a peak
height of 57 tenths on an attenuation of 1 x 10^, and was equivalent to 1 nM
of ethylene. A careful and exhaustive investigation of the factors affecting
sensitivity revealed that hydrogen gas flow rate was critical and could
profoundly affect the sensitivity of the instrument. A change in flow rate 

—1 —1from 60 ml min to 50 ml min reduced the peak height for an ethylene 
standard from 8800 units to 7^00 units. Throughout this work the instrument 
was calibrated before and after any analyses. The instrument had a linear 
response to ethylene concentration but was susceptible to contamination, 
resulting in instability and zero drift.



2.3»3» Analysis
Quantitative gas handling was achieved by the use of Gillette 

Scimitar 1 ml disposable plastic syringes and 23G needles. With a smear 
of silicone grease around the piston and the luer fitting, and with a rubber 
band looped around, the needle and over the syringe body, these syringes 
proved, adequately accurate and gas-tight. Gas samples could be stored, prior 
to analysis^ by the insertion of the needle into a rubber bung, although the 
plastic syringe body was able to adsorb gases over an extended period of time.
A 0.5 ml sample was removed from the incubation vessel after mixing the 
atmosphere by "pumping" the piston a number of times. The sample time was 
recorded on the chart roll together with the sample number. The recorder 
chart feed was switched on.

The sample was then injected into the column through the rubber septum 
in the injection port. This septum was prone to leakage and care was taken 
to insert the needle through the same hole in the septum if possible. Leaks 
were detected with a rubber-tube connected to a bubbler held over the injection 
port. Septa were punched from the rubber wads inside McCartney bottles with 
a No. 6 cork borer.

The amplifier attenuation was set on range 10, giving a stable baseline. 
The first peak was ignored. The ethylene peak came off after 1-J- minutes and as 
.the chart recorder pen neared fullscale deflection the attenuation was switched 
to the next range and repeated until the pen reached its .maximum excursion.
The attenuation range was recorded on the chart record and the attenuation 
turned to 10 x 1cA for the acetylene peak which at a concentration approaching 
W/b o f the gas volume, was much higher than the product concentration of 
ethylene. After the acetylene peak, which served as an internal standard for 
the detection of major leaks from the vessel and column, the second column was 
connected to the amplifier and recorder, and the next sample injected into this 
column. Care was taken to ensure that the injection was into the correct 
column, that the column was connected to the amplifier and that the column into 
which each sample was injected was recorded. In these investigations, odd 
numbered vessels were injected into column A, and even numbered vessels into 
column B. The two columns were not entirely independent, and a part of the 
signal of the disconnected column was detected by the connected column, causing 
a falling baseline as the "tail" of the acetylene peak came off the disconnected 
column. This was no serious problem and was allowed for in the calculation of 
the ethylene concentration.
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The chart record was stored and the ethylene concentration and 
acetylene reduction rate calculated later.

2.3.!+• The calculation of ethylene concentration

Ideally, the pen was zeroed on the baseline and the attenuation 
was set before injection of the sample. The peak height could then be 
measured directly and multiplied by the attenuation to give the peak height 
in units. However, because samples were injected in rapid succession, the 
baseline could not be zeroed before injection and the attenuation could not 
be preset. The peak height could not be measured directly as the baseline 
was not zero, and thus the calculation of peak height in units was not direct.

A typical chart record for one analysis is shown in Figure 12.

Figure 12 Chart Record from Acetylene Reduction Analysis

The chart was 11 inches wide, subdivided into inches and tenths.
One tenth was one "unit". The number of tenths from the baseline to the 

+  point at which the pen began the ethylene peak (Point A) was measured (22
tenths). This was the position of the baseline on x 10 attenuation. The 
ethylene peak height was 53 tenths to point B on x 20 attenuation. However 
on x 20, the baseline would have been (10/20) x 22 tenths. The baseline on 
x 20 would have been 11 tenths and the actual ethylene peak height 53-1 1= U2 
tenths. This was multiplied by the attenuation to give 8I4.O units. The 
baseline correction obviously became less important as the attenuation 
increased, or if the point A was arranged to be close to zero.

These calculations were made easier by the use of tables generated 
from the specially written computer programme ARDATA (see Appendix 1). The 
baseline position and attenuation were read off the tables and subtracted 
from the ethylene peak height times the attenuation to give the number of 
ethylene units produced.
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The ethylene concentration in the vessel was given by 

Ethylene concentration
in vessel Units X Vessel volume

(in n M ) number of units ^ Gas sample
equivalent to 1nM volume

The number of units equivalent to 1nM was usually approximately 
6000, and the sample volume usually 0.5ml. Because vessel volume entered 
the equation and inaccuracies in estimating the vessel volume would cause 
inaccuracies in the final estimate of ethylene concentration, the volume 
of each vessel used was determined. The McCartney bottles were weighed 
clean dry and empty with a Suba-seal closure. The vessel was completely 
filled with water and reweighed, from which the vessel volume was calculated. 
The range of variation in vessels of nominal 28ml capacity was from 26.09 
to 28.1|7ml with a mean of 2 7 .13 and standard deviation of 0.72 (100)o
No allowance was made for the volume of the wood in the vessels as it was 
relatively small and varied relatively little in comparison with the vessel 
volume. The sample volume was usually 0.5ml, a compromise between a 
volume large enough to contain a measurable quantity of ethylene and small 
enough to avoid the withdrawl of too large a proportion of the gas 
atmosphere in the experimental vessel, reducing the gas concentration.

2.3.5. Summary
The analysis of AR by gas chromatography was rapid and sensitive. 

Typically 100 samples were analysed in 2 hours by this routine procedure 
every week, and some 11000 samples analysed in all. Each phase of the 
analytical procedure was investigated experimentally to improve the 
efficiency, accuracy and precision of the measurement of acetylene reduction 
rate.

The next section is concerned with the calibration of AR rate 
against nitrogen fixation rate determined by the use of isotopically 
labelled nitrogen.



62

*

♦

+

4

♦

2 . 1*. NITROGEN FIXATION: THE USE OF ISOTOPICALLY LABELLED NITROGEN

2.1;. 1. Introduction
The amount of nitrogen which has been fixed by an organism 

can be measured by using isotopically labelled nitrogen, specifically 
^^N (Burris and Wilson, 1972).

Nitrogen atoms may have an atomic mass of 13 , 11+, or 1£ depending 
upon the number of neutrons in the nucleus. The isotope is very 
unstable having a very short half-life, and its natural occurrence is 
insignificant. When nitrogen gas'is generated from combined nitrogen, 
the nitrogen molecules are formed by the random collision of atoms of 
1S  and ^N. Thus the gas is composed of molecules of masses 28, 29 and 
30:

1i4N - ^  : Mass 28 1V  - 1^N : Mass 29 1^N - 1^N Mass 30

If the combination is random, then the proportion of each type of 
molecule in a sample of nitrogen gas depends upon the proportion of 1^N
to atoms in the sample. If oc is that proportion of *̂̂ N atoms then the
proportion of each type of molecule in the sample can be calculated:

Type of molecule Proportion
1\  - (1“<*)2

- 1^N 2«(l-«)

1%  -1*N
The natural occurrence of the 'll isotope is between O .36 and 

0.37%. This is the "atom % 1̂ N", a commonly measured and used value 
being O .3663 for naturally occurring nitrogen. Ifocis 0.3663, then the 
proportion of molecules with mass 28 is 99*22687%, of mass 29 is 0.7299% 
and of mass 30» 0.0013%.

The principles and practicalities of the technique have been
described by Hitch (1975>)« It involves the generation of nitrogen gas
from a commercially available "enriched" combined nitrogen compound with a

15higher proportion of N atoms than found naturally. The nitrogen gas is 
then supplied to the organism or tissue suspected of being able to fix 
nitrogen, where, if fixation occurs, the nitrogen gas is incorporated into 
the cells of the organism by conversion to combined nitrogen (ammonia, 
amino acids, protein etc). At the end of the period of incubation, the
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organism is harvested and digested, using the Kjeldahl procedure, to 
convert all the nitrogen containing compounds in the organism to 
ammonium sulphate, and to remove the carbon as carbon dioxide. The 
nitrogen content of the digest is usually determined by the conversion 
of the ammonium sulphate to ammonia (by the addition of alkali), its 
collection in boric acid buffer and back-titration with hydrochloric acid. 
The enrichment of the resulting solution can then be measured using the 
mass spectrometer (for a full description, see Hitch 1975) •

The solution is acidified and evaporated to dryness. The 
addition of lithium hypobromite solution generates nitrogen gas which is 
admitted to the mass spectrometer at a constant rate. The molecules of 
gas are ionised and the positively charged ions accelerated towards a uniform 
electromagnetic field. In this field the ions move in a circular path, 
with heavier ions following a line of larger radius than lighter ions. The 
separated beams of ions fall on collector plates, generating a current.
This current is amplified and displayed on a galvanometer whose deflection 
is proportional to the number of ions hitting the collector.

In the mass spectrometer there are two collectors. The ionisation 
current and electromagnetic field are adjusted to focus ions of mass 29 on 
one collector and mass 28 on the other. With a galvanometer connected to 
each collector, the ratio of the galvanometer deflections is a measure of 
the ratios of ions of mass 28 to mass 29 in the gas sample.

Now , the proportion of ^^N (atom % ^^N) can be calculated from 
this ratio of mass 28 molecules to mass 29 molecules.

28/29 Ratio = Prooortion of 1V  -

Proportion of ^ N  

Now, by dividing by (1-*)

1i*N (1 -*r
2 * ( 1 - oc)

R 28/29

0-«)
2oc

= R 1- * = R. 2 ck 1=R . 2 of + cX

By taking out c<

1 = *(2 R + 1) = __________
2 R28/29 + 1

Similarly, for the 29/30 ratio 2

R29/30 + 2

cX



1
6k

and for the 28/30 ratio oc =
1 +

A 28/30

In unenriched nitrogen gas, if oc is 0.003663* the 28:29 ratio 
is 136 and the 29:30 ratio is 5kh» Thus from the ratio of the galvanometer 
current due to mass 28 to that due to mass 29, the atom % can be deduced. 
If the background ,,natural,, atom % is subtracted, the result is the 
"atom % excess". It is generally accepted that an atom % excess of 
0.01£ is evidence for nitrogen fixation by the organism or tissue. The 
atom % excess can then be converted to a value of jig nitrogen fixed, from 
the atom % excess of the gas to which the organism was exposed, and the 
nitrogen content of the digest.

Amount of nitrogen _ atom % excess in the digested sample 
fixed ” ____

, n/ 15 in the gas phaseatom % excess n 0 • *

Total nitrogen 
in the digested 
sample

Prom the length of exposure to the gas, the rate of nitrogen 
fixation can be calculated.

The accuracy of the technique depends upon the generation and 
supply of a known gas mixture of known N enrichment, the accurate recovery 
and measurement of fixed nitrogen from the organism or tissue under 
investigation, and the accurate measurement of the 28:29 ratio. There are 
numerous problems in achieving the required level of accuracy and precision.

2.U-2. Problems of the isotope technique 
2.k *2.1. Expense

A major problem associated with the technique is expense.
Enriched nitrogen compounds are expensive at approximately € 35 per g for
95%i equivalent to £ 11*0 per litre of gas. Thus although the ideal is a
continuous supply of enriched gas to the organism or tissue under investigation,
the cost of the gas is prohibitive. The rate of fixation may be low, so to
produce the minimum quantity of fixed which can be analysed, a gas of
high enrichment or a long incubation period, and often both, must be used.
During long incubations of days or even weeks the environment in the exposure
vessel may change and the organism may deteriorate, which is to be avoided if
an accurate nitrogen fixation rate is to be obtained. As it is not possible

i tto determine whether the tissue is fixing nitrogen before exposure to gas,
a large amount of material is usually exposed to ensure that some of it
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is active, and to allow for deterioration during exposure, 
of the vessel is kept to a minimum to reduce the amount of gas required, 
and only a portion of the gas phase is occupied by S3,8, The balance
is usually made up with an inert, inexpensive gas such as helium or argon.

The exposure vessel, quantity of tissue and gas phase is thus a 
compromise to achieve a measurable fixation rate under realistic conditions 
with a minimum incubation time and at a reasonable cost.

2.1;.2.2. The generation of gas

The generation and supply of a gas phase of defined composition 
and known enrichment requires an all glass apparatus under a high 
vacuum. The chemical reaction which produces nitrogen gas must be carefully 
controlled to ensure that no ammonia is produced - because organisms exposed 
to such a contaminated gas could absorb the enriched ammonia directly, giving 
an enrichment not derived from nitrogen fixation. Oxides of nitrogen and 
water vapour must be removed by freezing to leave pure, uncontaminated, 

enriched, nitrogen gas. This can then be admitted into the evacuated 
experimental vessel containing the organism or tissue and the balance made up 
to atmospheric pressure with helium, argon, carbon dioxide and oxygen to 
the desired composition and partial pressure using a manometer.

2.1;.2.3. Air Contamination

The contamination of the gas phase by air, which contains 80% 
nitrogen, by the leakage of even a small quantity of air (obviously 
containing mainly 1S - 1\  molecules) "dilutes" the enriched gas phase.
The "atom % excess" of the gas phase is reduced and leads to an underestimation 
of the fixation rate. It is obviously of importance to prevent air 
contamination during the generation of the enriched gas. If the experimental 
vessel is large, and whole, usually moist, organisms or tissues are used, 
it may not be possible to remove all the air by evacuation. The remaining 
air contaminates the gas phase and needs to be allowed for in the calculation 
of the atom % excess of the gas phase. If a sample of the gas phase is 
removed at the start and end of the incubation, and its 28:29 and 29:30 ratio 

measured, the air contamination can be allowed for.

Let the 28:29 ratio be R^, and the 29:30 ratio be Rg 
Let the proportion of 28 = A, 29 = B, 3 0 = 0  

A + B i- C = 1
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Now R.j and Rg can be determined by mass spectrometric analysis of the gas 
samples so that A, B and C can be calculated. Thus the proportions of 
masses 28, 29 and 30 in the S33 phase can be determined and the proportion 
of N calculated.

B + C = <*
2

2.1;.2.1;. The Recovery of Nitrogen
The accurate recovery of nitrogen from the experimental tissue 

after exposure can be difficult, particularly if the C:N ratio is high? as 
in wood (Uju, 1979)* The usual procedure is Kjeldahl digestion involving 
the oxidation of the tissue with hot concentrated sulphuric acid in the 
presence of a copper and/or a selenium catalyst, and potassium sulphate to 
raise the boiling point of the acid# The basic technique is well-established, 
although there are numerous modifications and adaptations (Bradstreet, 1965), 
so that a particular method requires verification that good recovery of 
nitrogen is obtained with minimal contamination by nitrogen in the reagents, 
and that the long digestion period (up to 50 hours) necessary to remove 
the carbon from the wood samples does not cause loss of nitrogen. The 
Markham distillation procedure for the estimation of ammonia is well 
established but susceptible to inaccuracy (Humphries, 1956). Variables such 
as steam supply rate, alkali strength, quantity and speed of addition, washing 
procedure, condensation rate, and collection procedure all need to be optimised 
for the particular operator and apparatus to achieve reliable, accurate 
results. Similarly the indicator, titration procedure and end-point are a 
matter of personal preference. The accurate assessment of nitrogen content 
is very important and considerable care was taken to ensure that these 
measurements were as reliable as possible, evaluating and eliminating losses 
of nitrogen, inaccuracy, and carry over from one sample to the next.

2.1;.2.5. The Mass Spectrometer
The measurement of the 28:29 ratio depends upon the accuracy and 

performance of the mass spectrometer. It is essential that a high vacuum 
is maintained in the instrument necessitating the use of cold traps, 
diffusion pumps and rotary vacuum pumps. Considerable damage may be caused 
by failure of the vacuum system, and elaborate precautions are required to 
ensure that the instrument shuts down in the event of failure. Electronic



stability is also essential, so that a constant ionising current, accelerating 
voltage and field current are maintained, together with the accurate and 
linear amplification and display of the collector current. Leakage of the 
ambient atmosphere into the inlet system must be eliminated. Under ideal 
conditions, the AEI MS2 used was both sensitive and accurate. However 
it was prone to spurious failure of the safety circuitry causing unnecessary 
shutdown, to vacuum failure and shutdown,to electronic instability and 
failure, and to leakage of the inlet system.

2.1;.2.6. Summary
These problems were overcome thanks to the combined skill, 

experience and expertise of Dr. J.W. Millbank and Dr. C.J.B. Hitch whose 
work with nitrogen fixation in lichens using the technique was of 
enormous value in the identification and solution of technical problems.
The procedure adopted in this investigation was that developed and described 
by Hitch (1975)> a modification of a technique described by Ross and Martin 
(1970)* Because the assessment of nitrogen fixation by the isotope 
technique has not previously been applied to decaying wood, it was necessary 
to ensure that the mass spectrometer was sufficiently accurate and reliable 
to measure low enrichments on a large number of samples, that the digestion 
and distillation procedure would provide a reliable measure of the nitrogen 
content of wood samples and that the titrated solution would then be

The next $ subsections describe this evaluation of the isotope
technique.



2.1;.3. The Accuracy and Precision of the Mass Spectrometer 

Introduction
The accuracy of sample analysis and the determination of the 

isotope ratio was tested hy analysing a number of standards containing 
a known ratio of and the precision tested by analysing identical
standards on different days.

Materials and Methods
Solutions of enriched ammonium sulphate and unenriched ammonium 

sulphate were made up. These solutions were mixed in different proportions 
to produce a range of standard ammonium sulphate solutions of known nitrogen 
content and whose enrichment would be calculated. 0.1ml of each standard 
was transferred to a 2 dram glass vial (Johnsen and Jorgensen Ltd. , London) 
acidified by the addition of 2 drops sulphuric acid and evaporated to 
dryness. One set of standards were then assayed for enrichment using 
the mass spectrometer. For each sample ten readings of the galvanometer 
deflection due to mass 28 and mass 29 were measured and the average ratio 
calculated.

The readings were repeated with another set of dried samples on 
the following day.

Results

Figures 13 and 11; show the mean and standard deviation of the 
measured 28:29 ratios for each standard plotted against the calculated ratio. 
There is a reasonable correlation between the measured and calculated ratio, 
perhaps better on the first day than the second, although the s.d. is less 
on the second day.

Discussion
The results show that the mass spectrometer can provide a measure

16of the enrichment. However it is susceptible to long term variability 
(shown by a difference in the ratio measured for identical samples on 
different days), and short term variability (shown by variation in the ratio 
measured in similar samples on the same day). There may be many causes of 
such variation, including vacuum leakage, electronic instability and 
inexperience in the operation of the instrument. To eliminate the errors 
caused by the variability in the instrument, standards must be analysed at 
frequent intervals. In addition, standard samples can be interspersed with

68
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experimental samples to monitor the performance of both instrument and 
operator.

Conclusion
The mass spectrometer can measure nitrogen isotope ratios 

accurately. Precautions must be taken to ensure that accuracy and 
precision are maintained during the analysis of experimental samples.

Figure 15 Mean and 3.D. of the measured 28:29 Ratio of standards 
against the calculated Ratio. Day 1.
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2.̂ .1;. The Accuracy of Nitrogen Content Determination 

Introduction
It is essential to have an accurate measure of the nitrogen 

content of the tissue or organism which has been exposed to gas in 
order to calculate the rate of nitrogen fixation accurately. The 
accuracy and reproducibility of the technique can be tested by the analysis 
of standards containing a known amount of nitrogen in the range to be 
expected in the analysis of experimental samples.

Materials and Methods

i|.71 h s of dry "Analar" ammonium sulphate were made up to 1 litre
and then diluted to produce solutions containing 20, 1*0, 60, 80, 100 and
120 jig ml nitrogen. One ml of each solution was transferred to a test
tube, the digestion acid (lONHgSO^) and catalyst (CuSO^.fjHgO + NagSO^)
(Umbreit and Burris, 1957) added, and mixed. * The solution was then steam

(see footnote p«g€ 7J)
distilled, using the Markham apparatus, into boric acid buffer̂ . The solution 
changed colour from red to green. After cooling, the solution was titrated 
against N/2.8- hydrochloric acid to the first pink tinge. One ml of acid is 
equivalent to BOOnog of nitrogen (HumpfvSeSy/956).

Results

Figure 15 shows the observed nitrogen content plotted against the 
expected, known nitrogen content of the standard solution.

% Figure 15
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They correspond very closely. The deviations are perhaps due to slight 
differences in the assessment of the end point in different samples. 
Experience and familiarity were necessary to achieve accuracy with this 
technique; 300 trial samples were tested before any experimental samples were 
analysed.

Conclusion
The technique is capable of the accurate determination of the 

nitrogen content of wood, with care and experience.

Footnote : Indicator for T itra tion  (Humphries, 1956)
6 ml methyl red (0.16% in 95% alcohol)

•  12 ml bromo-cresol green (0.04% in water)
6 \ml 95% alcohol
Turns fa in t pink at the end point, pH 4.9

«

»

%
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2,!|.5* The Accuracy of Nitrogen enrichment determination

Introduction

Although the Markham distillation technique can he made accurate 
for unenriched nitrogen samples, there is the possibility, when analysing 
enriched experimental samples consecutively, that carry over from one 
sample to the next may occur, seriously affecting the accurate measurement 
of the sample*s enrichment. This possibility was investigated.

It is generally assumed that and have identical chemical 
properties, so that there is no preferential loss of either or V  
as obviously any such preferential loss would affect the measurement of 
enrichment. The effect of prolonged digestion, necesary in wood samples, 
was investigated to determine whether preferential loss of 
resulting in a reduction in the 28:29 ratio.

occurred,

After titration, the solution must be dried to a crystalline deposit 
before analysis in the mass spectrometer, and as heating can liberate 
ammonia unless the solution is acidic, the effect of acidification on 
nitrogen loss, and the 28:29 ratio, was investigated.

Materials and Methods

Samples from the solution of enriched ammonium sulphate with a 
calculated 28:29 ratio of 131.50 were used. Samples of this and an 
unenriched standard with a ratio of 138*75 were distilled and titrated 
alternately and the 28:29 ratio of the solution measured after evaporation. 
In addition the apparatus was flushed with steam for 2, or 8 minutes 
between enriched and unenriched samples to examine the effect of prolonged 
washing on carryover.

Results
The results are shown in Table 5* There was no evidence of 

carryover affecting the measurement of 28:29 ratio in the unenriched samples.
The difference between the calculated ratio and the ratio measured 

on the mass spectrometer may have been due to error, particularly as the 
mass spectrometer was particularly unstable during the measurements.

There was no difference in the ratio of acidified and non-acidified 
samples, although the absolute quantity of nitrogen decreased in non- 
acidified samples. Although nitrogen had been lost, both and had



Table 5 The accuracy of nitrogen content determination

Unenriohod R a t io en rich ed  R a t io

M easured Measured

T e a t «nd S « a p l«  Type (C a lc  -  138*00) (C alc  -  131*53)

T e st  o f  C arryover

1 Ekiriched 131*08 * 0*39

2 Unenriched 138*49 ♦  0*43
5 Oiriched 130*06 ±  0*43

4 Unenriched 137*82 + 0*36

5 Enriched 130*69 * 0*?9

6 ’Jnenriched 137*56 ♦  0*68

T eot o f  W ashing

1 Enriched -  2 min wash 130*71 ♦  0*41

2 Unenriched 1}S*?6 ♦  0*67

3 airiched -  4 rain wash _ 130*69 ♦  0*45

4 Unenriched 1 ;-5*22 z  0*52

5 riiriched -  8 min wash 130*85 2 -**11
6 Unenriched 138*40 ♦  0*21

T e st  o f  A c id i f ic a t io n

1 Enriched -  :.'o acid 131*40 * > 62
2  M II 130*08 ♦  0*53
J  If II 130*44 2 °* 20

4 airiched -  With acid 130*03 t  0*43

5 130*44 * 0*27

6 129*39 ±  0*64

Teak o f  D ig e st io n  Time
1 Enriched -  2 hr digestion 132*43 ♦  0*69

2 Enriched -  4 hr digestion 151*95 ±  1*62

3 -iiriched -  14 hr digestion 152*38 * 0*52

4 riiriched -  26 hr d i _,estion 152*22 + 0*60

been lost in the same proportions, and did not affect the overall ratio.

The effect of prolonged digestion on the 28:29 ratio was minimal 
with no difference in the 28:29 ratio measured.

Conclusion
There was no evidence of carryover between samples during 

distillation. Acidification is to be recommended, but is not essential, 
and prolonged digestion does not affect the measurement of the 28:29 
ratio in enriched nitrogen samples.
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2.1;.6. The calibration of Acetylene Reduction Rate against Nitrogen 
Fixation Part 1

Introduction
In order to calculate the rate of nitrogen fixation from the rate 

of AR it is necessary to determine the rate of AR and of isotopic nitrogen 
fixation in the same tissue under the same conditions. Only when the ratio 
of acetylene reduced to nitrogen fixed has been experimentally determined 
is it possible to convert AR to amounts of nitrogen fixed. The theoretical 
ratio is three (section 2.1.2.).

Materials and Methods
Twenty-one slices of wood taken from Scots pine blocks exposed to 

soil contact for 6 months were assayed for AR rate. The slices were sliced again, 
separated into £0 McCartney bottles and the AR rate of each determined after 
11;, 19» 21; and 1;8 hours. Each slice was then transferred to the 
exposure vessel described by Hitch (1975)- An atmosphere of (20% 
nominal 95% atom % excess Oxygen (20%) and argon (60%) was introduced
into the vessel and the vessel incubated at 25°C for three weeks.

The slices were then removed from the vessel and their AR rate 
determined after 21;, 1;8 and 72 hours. They were oven dried, weighed, 
sliced into 10 sticks and transferred to 1” diam. boiling tubes. The wood 
was digested. The solution was then steam distilled in a Markham apparatus 
and the ammonia collected in boric acid buffer. This was titrated against 
N/& hydrochloric, acid to the first pink tinge and the nitrogen content of 
the digest calculated^. The solution was acidified, partially evaporated 
on a hotplate, and the remaining solution transferred to a 2 dram glass 
vial (Johnson and Jorgensen Ltd) before being evaporated to dryness at 80°C.
The contents of the vial were then assayed using the procedure described by 
Hitch (1979), to measure the 28:29 ratio.

Results
In none of the 5>0 samples was any enrichment detected. The AR 

rate of the samples was greatly reduced after exposure, implying that the
15.organisms had been damaged during exposure to the argon, oxygen

atmosphere.

Discussion
The lack of any enrichment in the wood slices which exhibited AR 

may have been due to inhibition by the oxygen in the gas atmosphere (which

K



can inhibit nitrogen fixation, (section 2.1.2.)) or due to the presence of 
low concentrations of acetylene in the atmosphere which can also prevent 
nitrogen fixation by competitive inhibition of the nitrogenase enzyme.

Conclusion

It was necessary to repeat the experiment under anaerobic 
conditions and using wood which has not been exposed to acetylene before 
incubation in the 1*N -containing atmosphere (See Section 2.1*.7).
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2.U-7- The calibration of Acetylene Reduction Rate against N Nitrogen 
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Introduction
The aim of this experiment was to measure both the acetylene 

reduction rate and nitrogen fixation rate of the same wood samples. The 
measurement of the ratio of acetylene reduced to Ng fixed would allow 
measurements of AR to be converted to amounts of nitrogen fixed, which would 
obviously be of importance in the assessment of the significance of nitrogen 
fixing bacteria to the nitrogen economy and the decay of wood in ground 
contact.

The wood samples were to be incubated in a a-tmosphere containing
no oxygen (see Section 2.14.. 6 ). The AR rate of the sample could not be
determined before incubation because nitrogen fixation can be inhibited by
acetylene. Due to the variability and disjunct distribution of AR observed
previously, it was necessary to expose as much experimental material as
possible to gas in order to ensure that some wood did contain nitrogen
fixing bacteria. Some of the material was obtained from the experiment
described in Section 1.1;. The rest was a number of Scots Pine blocks which
had been exposed in a cooling tower for six months. Some blocks were sliced
before exposure to Ng» some were left whole and sliced after incubation.
The AR rate of the samples was determined after incubation and those
exhibiting pronounced activity were subdivided, assayed again for AR rate 1 £and then the N enrichment determined using the mass spectrometer.

Materials and Methods
Wood samples of Scots pine sapwood, from the experiment described 

in Section 1.1;, were removed after 13 months exposure to soil contact. One 
block, with part of the transverse face exposed, was sliced, as described in 
Section 1.1;. Each segment was sliced, but the slices were not separated.
Each set of slices was transferred to a numbered compartment of a Repli dish 
(Sterilin Ltd). One additional block of each sealing arrangement was 
removed and cleaned, but not sliced.

Scots pine sapwood blocks which had been exposed in a cooling tower 
were also used in this experiment. Six blocks 50x25x15mm, with a 6mm hole 
drilled through the centre of their £Ox25mm faces, were threaded onto nylon 
cord and suspended in the mist eliminator area of a cooling tower. After 
six months exposure, the blocks were removed, and one block was sawn into 
12 segments as shown in Figure 16. The segments exhibited AR activity when 
tested.
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Figure 16 Segment arrangement in cooling tower blocks

Three of the blocks were cut into 12 segments. Two blocks were
cut into segments, and segments 1,2,3,1*,9 and- 10 from each were sliced and 
transferred to the Repli dish. Segments £,6,7»8,11 and 12 from each were 
sliced and transferred to McCartney bottles, and assayed for AR. One block 
was not cut into segments.

described by Hitch (197£)> a glass dessicator lid with a neoprene gasket 
tightly clamped to a 30 mm thick perspex base. A 6 mm hole was drilled in 
the base, a suba-seal inserted, and a piece of filter paper cut to cover the 
base. The two repli dishes, containing 50 sliced segments, and the four 
unsliced blocks were arranged in the base, and, in order to reduce the amount 
of ^ ^ 2 r®quired, any excess space filled with aluminium oxide-grit 
(Aloxide TPX30, Carborundum Ltd). The lid was clamped in position and 
the vessel evacuated before being filled with the gas atmosphere (20% nominal 

atom % excess ^ ^ 2) the balance helium. A sample of the gas in
the vessel was taken for later analysis. The filter paper was moistened by 
the injection of 2 ml of distilled water (degassed by boiling). The vessel 
was incubated for exactly 11 days at 25°C.

Sampling
A second sample of the gas phase in the vessel was taken at the end 

of the exposure period and the 50 samples transferred to McCartney bottles 
for AR assay. The four unsliced blocks were cut into segments and assayed 
for AR. Those segments exhibiting pronounced AR activity were sub-divided 
into slices, and each slice transferred to a bijou bottle (nominal 7 ml

15Exposure to gas
The apparatus used for exposure of the wood
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capacity) for the AR analysis. The slices were removed after assay, oven 
dried and weighed again. They were then digested, the digests steam 
distilled and the nitrogen content determined "by titration. The solution 
was acidified, partially evaporated, transferred to vials and evaporated to 
dryness before measurement of the enrichment using the technique 
described by Hitch (1975)* .

For each sample and a number of standard solutions of known 
enrichment, six readings of the deflection due to masses 28 and 29 were 
measured and the average ratio calculated.

Results
The 28:29 and 29:30 ratios of the gas samples taken from the 

exposure vessel at the start and end of the incubation period were determined 
and are given in Table 6. Using the equations derived in Section 2.1;.1., 
and assuming that the natural occurrence of is O.3663, then the atom % 

excess at the start of the experiment was 93*86 %, and at the end, 72 .12 %.

15Table 6 N Ratios at the start and end of the incubation period.

28 : 29 Ratio 29 : 30 Ratio % Excess

Start 0*38 0-07 93*68

End 4*68 o«08; 72*12

The % excess of the gas phase declined during the experiment
presumably due to the dilution of the supplied atmosphere with the nitrogen
of the air contained in the wood blocks. It was assumed that equilibration

/15of the gas inside, and outside, the wood would occur rapidly, and the % 

excess of the gas phase was assumed to be 72.12 % during the exposure.
Table 7 shows the origin, AR rate, moisture content, nitrogen

content, 28:29 ratio, final nitrogen content, nitrogen fixation rate and
acetylene reduced:nitrogen fixed ratio of each sample analysed. The AR rate

—1 —1 —1 —1is expressed in nM h , nM d and nM h g (obtained by dividing the hourly
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rate of AR by the oven dry weight of the wood samples). The nitrogen 
content of the sample is expressed in jig nitrogen and as a percentage of 
the oven dry weight of the sample. The 28:29 ratio given is the mean of 
six estimates of the galvanometer deflections on the mass spectrometer 
when timed to masses 28 and 29. If the ratio of the deflections is R^ 
the amount of nitrogen fixed in jig during the exposure period of 11 days is 
given by:

*

*

100

2R^+ 1
1^- Natural abundance of N

( 0 . 3663)

Atom % excess ^  in gas phase
(72.121)

Total Nitrogen content _ Amount of 
of sample in jig ~ Nitrogen

fixed in jig

The amount of nitrogen fixed is divided by the atomic mass of
the N« molecule (28) to obtain pM nitrogen fixed, then by 11 to obtain pM 

* -1nitrogen fixed d , and then multiplied by 1000 to obtain nM nitrogen fixed 
-1 -1d . This value is divided into the AR rate in nM d to obtain the ratio 
of acetylene reduced:nitrogen fixed.

Discussion
1 ̂The profound effect of air contamination in reducing the % 'N 

* excess of the gas phase is apparent from Table 6. Obviously it is essential
that the enrichment of the gas phase is measured, rather than assumed, so

19that its actual N excess can be calculated.

In Table 7* in only one sample (1*15>0) was there any AR in the
^ absence of nitrogen fixation. In the remaining samples, measurable nitrogen

fixation was accompanied by measurable AR. In one sample (1*206) there was
no nitrogen fixation and no AR was recorded in this sample. The implication
is that AR exhibited by a wood sample is evidence of nitrogen fixation in
that sample. The ratio of acetylene reduced to nitrogen fixed was very

^ variable, ranging from 1.01 to 19* 668 with a mean of 1273*97 ±  3638*08 (1*2),
vastly different from the theoretical ratio of 3* In samples with rates of
AR less than 0.01 nM h , e.g. 1*201*, !*20£, 1*207, the average ratio was
1*30 + 0.^0 (3)* Samples 1*160 and 1*212 have ratios of 19,668 and 13*077
respectively, because the amount of nitrogen fixed in these samples is very
low (less than 0.0001* pg). Perhaps in these samples, the nitrogen could not

19penetrate the wet wood during the N2 exposure, but after removal and slicing, 
acetylene could reach the organisms, allowing substantial AR. Alternatively,



these two results are anomalous and should be disregarded. For samples 
with medium rates of AR, between 0.01 and 1 nMd , the average ratio was 
392.61* + 509*36 (21). In those samples whose AR rate exceeded 1nMh , 
the average ratio was 695*U8 + 1060.07 (17) The ratio appears to be 
close to the theoretical value of 3 at low rates of AR, and much higher 
than 3 at high rates of AR.

This deviation of the measured from the theoretical ratio has been 
observed (Rennie et al., 1977)* Bergerson (1970), in a paper describing 
some experiments on the quantitative relationship between nitrogen fixation 
and the AR assay in soybean nodules and in bacterial cultures, wrote:

"The measurements of the input of nitrogen into ecosystems has 
been a major difficulty in the measurement of nitrogen balance. It has 
been hoped that the acetylene-reduction method would provide an adequate 
measurement for this purpose and it has been used for nitrogen-fixation 
studies in field situations. Before the potential of the method can be 
realised it must be established that there is a constant quantitative 
relationship between these two reactions of nitro^enase and the numerical 
value of the relationship must be accurately known. If substrate, 
energy supply, and reduct ant supply are not limiting, the ratio of the 
products for equal numbers of electrons transferred should be 1.5:1 
according to the reactions:

3C2H2 + 6H+ + 6e -- *• 3C2H^,

or N2 + 6H+ + 6e -- + 2NH^.

The alternative of expressing the relationship as the ratio of nitrogen 
to acetylene reduced (3:1 above) has been commonly used (e.g. Hardy et al 
1973; Klucas et al 1968). Values close to this theoretical value have 
been obtained by a number of workers with cell-free extracts of nitrogen
fixing organisms but there is little information available from intact 
living systems. Preliminary experiments in our laboratory indicated that 
considerable variations in the ratio could be encountered. These may 
have been due to some fundamental differences between the two reactions.
For example, although acetylene is iso-electronic with nitrogen and has 
similar molecular dimensions, it is about 65 times more soluble in water 
than nitrogen (at 1 atm and 25°C, acetylene in solution is l|1.9niM and 
nitrogen in solution is 0.61jmM). In whole cell systems, fixed nitrogen 
enters the nitrogen pools of the cells and contributes to protein synthesis,
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while acetylene reduction measures the activity of the nitrogenase system 
only and the product makes no contribution to the metabolism of the cells.

tThe two substrates may also have differing abilities to enter living cells 
through lipoprotein membranes. In addition, nitrogenase is a fairly 
unstable enzyme system and failure to match adequately environmental 
conditions in the acetylene-reduction assay with those of the nitrogen
fixing system in nature may have a differential effect".

Thus although the theoretical ratio may be approached in cell- 
free systems, in an intact living system such as decaying wood, the ratio 
may not be 3 and can be variable for any or all of the reasons suggested by 
Bergersen. In this experiment it would appear that nitrogen fixation is 
limited,.perhaps by feedback inhibition of the nitrogenase by the fixed 
nitrogen, whereas AR is not limited in the absence of feedback. Presumably 
the nitrogen fixed by the nitrogenase is metabolised in those organisms 
capable of nitrogen fixation,being converted to ammonia, amj.no acids, 
protein etc. and utilised by the organism during development. The amount 
of nitrogenase in the organism and its activity is determined by its 
requirement for nitrogen - if the supply of combined nitrogen is adequate, 
no nitrogenase is synthesised and no nitrogen fixation occurs. If the 
supply is inadequate, nitrogenase can be synthesised or "switched on" and 
fixation occurs if the environmental conditions are suitable. In the presence 
of acetylene, the nitrogenase enzyme preferentially reduces this compound to 
ethylene, but it is not metabolised by the organism. Thus no fixed nitrogen 
is made available to the organism, which presumably still requires combined 
nitrogen for growth. It may synthesise more nitrogenase or switch on more 
of the existing enzyme, promoting even more acetylene reduction but no 
nitrogen fixation. Presumably AR can continue while nitrogenase and energy 
is available in the organism, even though the organism ceases growth and may 
even deteriorate in the absence of a nitrogen supply. Despite this 
simplistic view of the nitrogen physiology of the nitrogen-fixing organism, 
it can be seen that the rate of nitrogen fixation is adjusted to the demands 
of the organism, and integrated into the entire process of development and 
growth. The rate of AR is not related to the biology of the organism, 
merely to the amount of nitrogenase enzyme present.

Thus in a cell-free system with isolated nitrogenase and no control 
of the enzyme's activity by the organism, the theoretical ratio of AR to 
nitrogen fixed is obtained. However in the living organism, where nitrogen 
fixation is controlled and constrained, while AR is not, the ratios of AR to



Table 7 The ratio of acetylene reduction to nitrogen fixation 
in Scots pine sapwood after exposure to soil or in a 
cooling tower.
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nitrogen fixed can easily deviate from 3. In this experiment the ratio 
is not 3 and is also very variable. Perhaps in dealing with not only 
entire organisms, but also presumably colonies and perhaps ecosystems 
within the wood samples, it is not surprising that the theoretical cell- 
free ratio is not obtained and that variability is large.

In addition, the different solubilities of nitrogen and acetylene 
in water may be important in wet wood, where the gases must diffuse through 
water to reach the organisms within the wood. The higher rate of AR 
compared to N fixation in some samples maybe partially due to the higher 
rate of acetylene diffusion to the enzyme.

Finally, the environmental conditions in which the exPosure
and AR assay were carried out may not have been identical. Despite the 
considerable care with which the temperature and gas phase were controlled, 
there is the possibility that the micro-environment surrounding the 
organisms may have been very different during the exposure and AR assay
and totally different to the conditions in vivo. As the environmental 
conditions profoundly affect the rates of fixation and AR, the comparison 
of two rates measured under different conditions could lead to massive 
variability.

The implication of this experiment is that AR can be used as a 
measure of the amount of nitrogenase in the sample, i.e. the assay of an 
individual enzyme over a short time period, while the measurement of 
enrichment measures the amount of nitrogen incorporated into the organisms 
over a period of time i.e. a complete process. Although the enzyme is the 
same in both reactions and the reactions can be compared theoretically, in 
whole organisms and in living systems, the enzyme assay cannot be compared 
directly with a process of development. Thus it appears from this 
experiment that it is not possible to convert the AR rate to a rate of 
nitrogen fixation by dividing by 3» or any other factor. The occurrence 
of AR merely shows that nitrogen fixing organisms are present.

However if the amount of nitrogen fixed, given in Table 7, in 
samples taken from similar sources is averaged and compared with the average 
AR rate in the same samples (Table 8), there is some relationship apparent 
between AR rate and the amount of nitrogen fixed; a high average rate of AR 
is found in those samples which have the highest average amount of nitrogen 
fixed, particularly in those samples taken from soil exposure, although the 
variability associated with the means is large. The large variability 
caused by adjacent samples having very different amounts of fixed nitrogen

83



Table 8 Average amounts of nitrogen fixed and average acetylene reduction 
rate in sliced and unsliced wood samples.

No. of 
Samples

jig Nitrogen fixed 
in 11 days. (Mean)

Acetylene Rod. 
Rate(nI•lh■',g",)

Transverse face exposed (uncut) 3 0*006 + 0*006 0*014 + 0*018

Transverse face exposed (uncut) 3 0*052 + 0*031 13*96 + 1 t*60

Radial face exposed (sliced) 8 0*004 + 0*003 4*53 + 3*94

Tangential face exposed (uncut) 4 0*262 + 0*162 32*93 + 24*68

Cooling tower (uncut) 4 0*003 + 0*002 0*78 + 6*82

Cooling tower (sliced) 19 0*418 + 0*593 16*30 + 15*37

presumably reflects the disjunct distribution of nitrogen-fixing organisms 
within the block, which parallels the variability of the AR measurements 
in Section 2.2.1., and in this experiment. The nitrogen results confirm 
the pattern and distribution of organisms and activity observed in those 
experiments using AR alone, e.g. there is a difference in the amount of 
fixed nitrogen in the two uncut blocks with part of one transverse face 
unsealed. The sample with the highest amount of fixed nitrogen was from 
the segment with the exposed face, while the other sample, with the lowest 
amount of fixed nitrogen, is taken from a segment with no exposed face.

As with AR, the differences in amount of fixed nitrogen cannot 
be explained by moisture content, which is very similar in the samples 
(See Table ?)> except for those samples from cooling tower blocks; which 
were once presumably saturated but dried out slightly in transit.

The effect of cutting the blocks before iHcubation was
particularly noticeable in the cooling tower blocks. The amount of nitrogen 
fixed in the sliced samples was considerably higher than in the uncut samples, 
presumably due to the increased ability of the Ng to diffuse to the nitrogen



fixing organisms in sliced blocks. The AR rate of samples from blocks
sliced after incubation was high and similar to the rate found in

d 15Lsamples from blocks sliced before "Ug incubation.
It would appear that the measurement of fixed nitrogen confirms

the conclusions obtained using AR alone and that AR rate can be a measure
of the amount of nitrogen fixed, despite the variability. The implication
is that if, of two wood samples, sliced up similarly and incubated under
the same conditions, one exhibits a high rate of AR activity and the other
a low rate, then there are two alternatives; either the former has more
nitrogen fixing organisms present than the latter, or that the same number
of organisms are present in both samples, but the organisms in the former
are more active than the latter. To decide which was the case would be
difficult and perhaps of no consequence, as the net effect is the same,
the former is likely to have fixed more nitrogen than the latter. So,
although there is no direct quantitative relationship between AR rate and
nitrogen fixation rate, some, subjective comparison is possible. At low

-1 -1rates of AR, less than 1 nMh g , the amount of nitrogen fixed per day is
—1 -1 —1around 0.0001; jig, at medium rates from 1 to 10 nMh g , around 0.02 jig d ,

-1 -1and at high rates greater than 10 nMh g , around 0.0£ jig of nitrogen are 
fixed per day. Although these values are subjective and based on meagre 
and variable data, they are the only values available of the amounts of 
nitrogen fixed in wood from soil contact and must be used to assess the 
significance of nitrogen fixing bacteria to timber decay in soil contact.

If it is assumed that the rate of fixation is maintained despite 
changes in the environment, in stage of decay, in the growth of the organism 
and in the development of the ecosystem in which it lives, and that the rates 
measured in vitro under anaerobic conditions at 25°C are similar to those 
occurring in vivo, and that the activity is uniform throughout the wood, then 
the amount of nitrogen fixed in lg of wood in one day is from 0.0001; to 0.01; yg. 
However these are large assumptions and this range could easily be optimal 
rather than actual. Perhaps the actual rate is closer to that observed in 
the uncut blocks, where the activity is limited by gas diffusion through wet 
wood. The increase in nitrogen at these low rates is equivalent to an 
overall increase of nitrogen content of the wood of 0.00001$) per day or 
0.01l;6$> per year. Although the overall nitrogen content is increased, it 
is not certain that the fixed nitrogen is available to wood colonising and 
wood-degrading fungi. Sharp (1975?) was unable to show any fungal uptake 
of nitrogen fixed by bacteria.
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The significance of nitrogen fixing bacteria to wood decay in 
soil contact cannot be assessed from this experiment alone. Their 
significance depends upon whether they occur naturally in all timbers, how 
active they are and for how long that activity is maintained. Further

*  work is required to establish the occurrence of these organisms in 
decaying wood under different natural environmental conditions.

Conclusion
* The occurrence of AR in wood samples is evidence of the presence 

of nitrogen fixing organisms in the wood. The AR rate can be a measure
of the amount of nitrogen which is fixed in the wood, although the relation
ship is subjective and has not been precisely defined. The amount of 
nitrogen fixed in wood in soil contact by nitrogen fixing bacteria may be

* of significance to timber decay fungi, and further work is required to 
establish the occurrence of the organisms in decaying wood in soil contact.

*



3. A LABORATORY SYSTEM FOR THE INVESTIGATION OF NITROGEN FIXING- BACTERIA 
IN WOOD IN SOIL CONTACT
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3.1. Introduction
From the preliminary results of Section 1 it can be seen that nitrogen 

fixing bacteria are part of a complex process of timber decay, and that to 
assess their role and significance in the entire process is difficult without 
further information on their distribution, occurrence and activity in decaying 
wood. The need for a soil exposure system in which the variables can be 
controlled or measured is of paramount importance for this type of investigation 
and could be of value in the testing of preservatives for use in ground contact. 
There are a number of problems which must be taken into consideration in the 
design of such a soil exposure system.

3.1.1. Complexity
One method of unravelling a complex web of factors is to control as 

many variables as possible and to measure the others. One variable can be 
changed, and the effect upon those being measured can be assessed. In this 
investigation, the soil type, soil moisture content and wood species were varied 
independently, and the effect upon wood MQ weight loss and AE rate determined, 
in an attempt to discover the effect of those variables upon nitrogen fixing 
bacteria and the effect of those bacteria upon the decay of the wood.

3.1.2. Variables : Water
Water is essential for wood decay. Griffin*s review (1977) points out

the relationship between wood MC and water potential (see also Section 11), and 
that the water potential profoundly affects the activity of wood decay fungi 
and the mechanism of the decay process. Obviously, in view of the results 
obtained from the experiments in Section 1 and of the general importance of 
water in timber decay, some measurement of the amount of water in wood is vital.

The usual measure of the amount of water in wood is moisture content:
Moisture Content (MC) Wet weight - Oven dry weight

(°/oi) = ------------------------------ x 100Oven dry weight

Although it can be measured accurately and relatively easily, if 
destructively, there are disadvantages in using this value. Decayed and wet 
timber may have a MC over 100%, reflecting the large volume of the wood occupied 
by water relative to the small volume occupied by cell wall material, and 
percentage values greater than 100% are difficult to visualise. The MC depends
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upon wood density, in that two different "blocks of different density may contain 
the same weight, and thus the same volume of water, while their calculated 
MC would be different, giving a misleading impression of a difference in the 
amount of water in the two blocks, e.g. a wood block 3>0 x 25 x 15 mm may 
weigh 9g at room temperature having a density of 0.1*8gcm • A similar block
of density 0.5gcm ^ would weigh 9*38g* If both contained l+.5g water, then
the former would have an MC of 50% and the latter, 1+8%. The MC is also 
dependent on weight loss due to decay, e.g. if the block has a weight loss 
of 10%, although the amount of water may be the same, then the calculated MC 
would be 55*56%* Expressing the amount of water as a concentration in 
gg wood gives the same result numerically and suffers the same disadvantages.

A measure of the amount of water in wood which overcomes these 
disadvantages is "water content", the weight of water in a block of wood 
expressed as a percentage of the block volume.

Water Content (WC) Wet wt of Wood - Oven dry wt of Wood
(%) = -------------------------------------  x 100

Wet wood volume

e.g. the water content of the blocks in the previous example would be 
2l+.00%, irrespective of their density and weight loss. However, water 
content is dependent on block volume, and the volume increases with moisture 
content due to swelling, e.g. if the dimension of the dry block in the previous 
examples increases by 5% in both tangential and radial directions between dry 
and fibre saturation point (f.s.p.), then the volume increases by 10.25%, and 
if the amount of water in the block is l+.5g, then the calculated water content 
would decrease from 21+.00 to 21.77%* Nevertheless, despite the slight 
complications of volume changes during swelling below f.s.p. (around 30% MC) 
water content would seem a more meaningful and understandable measure of the 
amount of water in wood than is MC. It allows the comparison of the relative 
volume occupied by water, cell wall material and air during soil exposure, while 
water is taken up and decay proceeds, e.g. before exposure, at room temperature 
and room humidity, the theoretical block may be at around 9% MC and weigh 
9*38g. Its volume would be 18.75cm , having been cut to its final dimensions 
under these conditions, and at 9% MC it would be about one-third swollen.
The water content would be 1+.16%, and if the dry cell wall material is 
assumed to have a density of 1.5gcm- ,̂ then it would occupy 30*57% of the block 
volume. However the density of water adsorbed onto the cell wall is not 1 
(Kollmann and Cote, 1968), and varies from 1.28 at 2% MC to 1.11 at 30% MC.At 
9% MC its density would be 1.207, so that the volume of the water would only



89

be 0.69cnr and the block water content would be 3-U7 rather than 1̂ .16%.
If the block is then exposed to soil contact, it takes up water and becomes 
fully swollen. If the total swelling from the dry state is 9%» the 
radial and tangential dimensions would have increased by 3*29% during soil

3* exposure and the block volume would now be 19•99cm . If the block contained
l*.9g water then its water content would be calculated as 22.91%. If there
was no decay and no loss of wall substance, then the volume occupied by cell
wall material would be the same as before exposure, but now represent 28.68%
of the block’s volume! If there had been 10% weight loss, then only 29.81% 

t of the block volume would be cell wall material. The remaining volume would 
presumably be air and water vapour. As the block continued to take up water, 
its water content would approach a maximum, when all of the air was displaced 
by water. If no decay occurred, then the maximum water content in this 

+ example would be 98*3U%. However, any decay and thus loss of cell wall
material would allow water to occupy a larger proportion of the block. In 
this way, water content presents a more meaningful and more easily visualised 
picture of the relationship between water uptake and decay of the wood.

* An additional source of water, other than the environment, is so-called 
metabolic water. This is water produced as a result of cellulose breakdown 
by fungi. Griffin (1977) has suggested that the theoretical production of 
0.599g water for each 1g of cellulose decomposed may be important as a source

# of water in decaying wood, e.g. if the theoretical block has a 10% weight loss
due to decay, and the decay is assumed to be due to cellulose breakdown alone, 
then 0.86g cellulose would have yielded 0.1;8g water. If the block contained
i+.9g water after exposure, then 10.66% of the water in the wood is metabolic 
water. However this is the maximum theoretical yield which may be attained 
and in the investigation of the effect of moisture content upon decay, metabolic 
water is usually ignored.

•3

Decay
The usual measure of timber decay is weight loss, given by:

Weight Loss (WL) Oven dry weight before exposure - Oven dry weight after
exposure

Oven dry weight before exposure

Weight loss is dependent upon wood density, e.g. if theoretical blocks
—3 —3having densities of O.U8gcm J  and 0.90gcm J  decayed, such that 1g of cell wall 

material was lost from each block, the weight loss of the former would be 11.11%

100
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and of the latter, 10.66^.

The calculation of weight loss does not allow for the weight of 
micro-organisms within the wood. Those wall components which are 
metabolised to carbon dioxide and released as gas are measured, but not 
those which are merely solubilised or incorporated into hyphae and bacteria. 
Butcher (1975) has advocated the use of leaching by Soxhlet extraction to 
remove "loosened" material from decayed wood before drying.

An additional factor is a gain in weight due to the uptake of soluble 
substances in soil water, e.g. if the soil can be assumed to contain a total 
inorganic ionic concentration of between 1000 and 5000 ppm (Russell 1973) >othen one cur of soil water would contain between 1 and $mg of soluble material. 
If the block takes up i|.5ml of water, its final oven dry weight would be 
increased between 1+.5 and 22.5mg, the weight of the soluble substances in that 
volume of water. Despite the complications, weight loss is a reliable 
and accurate measure of the amount of decay which has occurred in a block of 
wood.

Nitrogen Fixation

The measurement of nitrogen fixation rate in decaying wood by the 
AR technique has been discussed in Section 2. The technique is considered 
to measure the rate of AR in decaying wood and to give a measure of the presence 
of nitrogen fixing organisms, although the amount of nitrogen fixed cannot be 
estimated using the AR technique in deteriorating wood under the conditions 
used. The units in which the AR rate is usually expressed depends upon the
type of system under investigation: in a cell free enzyme system the rate is

-1 -1 -1 -1expressed in nM min mg protein, in single cells as nM min g fresh or
-1 -1dry weight, in whole tissues as nMh g fresh or dry weight. In this 

investigation, because the fresh wet weight depended upon moisture content, 
and dry wei^it depended on the degree of decay, and were unsuitable, the AR 
rate was expressed relative to wood volume as nMh cm J  wood. This allowed 
the rate obtained from different sizes of wood sample to be compared directly.
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3.1,3. Realism
A laboratory exposure system should be realistic and be completely 

representative of service exposure. Thus wood blocks, rather than veneers 
or sawdust, were used, and they were not sealed or autoclaved prior to 
exposure to natural soil maintained under conditions which could be expected 
in the field. The blocks were only partially buried, rather than totally 
buried, to produce a ground line zone, where any failure occurs in timber 
exposed to soil contact in the field. The blocks were subsampled to allow 
the comparison of above, at, and below, ground line zones. The timber 
species used were representative hard and softwoods, selected because of their 
frequent use in laboratory and field investigations of timber decay. Finally, 
a field experiment was set up to allow the comparison of the laboratory results 
with realistic field exposure. Preservative treated stakes were included in 
this experiment to determine the effect of preservatives upon the nitrogen 
fixing bacteria under natural conditions.

3.1.I*. Variability
Both wood and soil are notoriously variable, in that apparently 

similar samples treated in a similar way can give different results. In this 
series of experiments, the soil was taken from a site with known history; 
the Old Farm Site at Silwood Park, Sunninghill, Ascot, Berkshire, where ground 
contact exposure stakes were first installed in 1958* Soil from this site 
has been used extensively at Imperial College, and the range of organisms and 
performance of timber in this soil well documented. (Butcher 1970;
Banerjee and Levy, 1971 )• The second soil was of a different type,
selected for the presence of nitrogen fixing bacteria. Both soils were 
carefully handled, prepared with a minimum of disturbance, and maintained at 
a controlled temperature and moisture content. The control of soil moisture 
content allowed the effect of changes of MC upon the wood and decay organisms 
to be investigated.

The wood was also carefully selected and prepared to ensure that all 
the blocks used in an experiment were as similar as possible. The nitrogen 
content of wood varies from the bark to the centre of a plank (Merrill and 
Cowling, 1966) and the soluble nitrogen in wood can be redistributed during 
drying (King, Oxley, Long 197U) affecting its decay (King, Oxley, Long 1976). 
Thus the edges of the plank were removed and discarded to eliminate 
redistributed soluble nitrogen from the experimental blocks. Blocks were cut
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from the same set of annual rings within a plank, where possible, and the 
position of each block within the plank recorded. Those blocks with 
visible defects, such as knots, inaccurate orientation, wavy grain, resin 
pockets, splits or shakes were discarded. The remaining blocks were 
randomly assigned between treatments and additional blocks retained as 
representatives of the different regions of the plank, for later analysis 
if required.

A further attempt to overcome the problem of variability of wood and 
soil necessitated the use of replicate samples, the accurate quantitative 
measurement of moisture content, AR rate and weight loss, and the application 
of suitable statistical analysis.

3.1.5. Time
Because the sequence of events leading to failure often takes years, 

to investigate the process in a matter of weeks or months necessitates the 
acceleration of the sequence. The laboratory experiments were carried out 
at the unreaListically high temperature of 25°C to accelerate decay.
Sampling was frequent to monitor the occurrence and activity of nitrogen 
fixing bacteria after increasing periods of exposure.

A major constraint in an investigation of this type with a number of 
wood species, two soils, a range of soil moisture contents, many replicates, 
each cut into subsamples with a number of measurements being made on each 
sample at frequent sampling times, is the time involved in collecting and 
analysing the data. Thus care was taken to streamline the sampling and data 
recording, and the computer was used extensively in the analysis of the results.

3.1.6. Computing
During the calculation of the initial results using a hand calculator 

it became apparent that a major problem in this investigation was to be the 
amount of time necessary to calculate the results from the data, and that the 
data would have to be analysed using the computer. During the programming 
of the computer it was realised that the results of four measurements from each 
of 300 blocks cut into more than 1;000 segments would be difficult to compare 
and contrast, and that the computer could be used to display results in a way 
which would facilitate their examination and comparison. Having produced the 
results as graphs, histograms, density maps and three dimensional pictures 
(See Appendix 1) differences and similarities between segments, zones, blocks

92
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and different wood species at different soil moisture contents could be 
observed more easily than from numerical data. Any subsequent statistical 
comparison or data manipulation could be performed fairly easily on the 
numerical data stored in the computer. Access to the computer has been 
essential during this investigation, not only for its speed and accuracy in 
calculation, but also in the display of the results to facilitate examination.

*

*

<1

*

%



3.2.
3 .2 .1.

Materials and Methods
9h

*

*

*

Wood Preparation
Figure 17 shows the procedure adopted for the conversion of the 

tree to experimental blocks and their exposure to soil contact.

Trees of the required species were felled from the same area at the 
same time of the year (A)* , sawn into planks approximately 50mm thick, and 
kiln dried by a schedule appropriate to the species (B). Planks having no 
major visible defect and with the bark still attached were selected and the 
end 20mm sawn off and retained(c) . Sticks, 15 x 25mm were carefully sawn 
from the plank, avoiding the outer surfaces, so that the 15mm dimension was 
tangential (d ). Each stick was then given a code number and the position 
of the stick in the plank marked on the end section which had been removed. 
The sticks were then cross-cut into blocks 50mm long, each block being 
labelled sequentially, as it left the saw (E). Every block then had a 
■unique reference number which identified its original position in the plank 
and relative to all the other blocks cut from the same plank. Those blocks 
with a wavy grain, knots, resin pockets and inaccurate orientation were 
rejected.

3.2.2. Soil
Soil was collected from the upper 1S>Gmm of the Old Farm Site at 

Imperial College Field Station, Sunninghill, Berkshire and passed through a 
15mm sieve to remove large roots and stones. The water holding capacity of 
the brown loam soil was determined using the vacuum method of Savory (1972), 
and the MC of a sample determined by oven drying. Weighed plastic bins 
270 x 197x 100mm (Stewart Plastics Ltd., Purley Way, Croydon), with the lid 
vents taped to limit evaporation were half-filled with soil, weighed and 
adjusted to the required MC by the addition of distilled water according to 
the equations:

(Weight of soil used x soil moisture content at start)
(Soil moisture content at start + 100)
(Required soil moisture content x (Wt soil used - water

in soil at start
100

Water to be added = Water required - Water in soil at start

Water in soil at start =

Water required
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Figure 17 Conversion of tree to experimental blocks for soil exposure.
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The bins were incubated at 22 C for two weeks to allow the soil 
to recover after disturbance and to reach a stable equilibrium before the wood was 
exposed to it. The bins were periodically weighed and water lost by 
evaporation made up by the addition of distilled water.

3.2.3. Exposure
A number of the experimental blocks were oven dried and their moisture 

content determined. The oven dry weight of each experimental block was 
calculated and recorded as the initial weight before burial:

Oven dry weight = Room temperature weight - Moisture content x Room temp wt 
Moisture content +100

The experimental blocks were allocated randomly, 30 blocks to each 
bin. Each block was then partially buried, with the grain perpendicular to 
the soil surface and with l£mm exposed above the soil surface. The bin was 
weighed immediately after all 30 blocks were buried and the bin incubated at 
22°C with the lid in position and weighed again at intervals. The weight of 
the bin system was made up to the original weight by the addition of distilled 
water. At 2 week intervals the blocks in the bin were sampled.

3.2.1;. Sampling
Blocks were selected at random, removed from the bin, and adhering soil 

scraped off and returned to the bin. The blocks were weighed and their 
weights recorded on the recording form (Figure 18). They were then cross cut 
twice (Figure 20), once at the ground line, and once halfway between the ground 
line and the buried end of the block. The length of the three zones was 
recorded and then each zone ch opped into segments with the aid of the apparatus 
depicted in Figure 19> a modified drill stand, which had equally spaced knife 
blades (Stanley Trimknife No. 590J\) which split the zone into four equal 
segments. Each segment was then chopped into 11 slices using the single blade, 
and transferred to a McCartney bottle positioned under the funnel.
The numbered bottles were stoppered with a suba-seal and the bottle number 
containing each segment of the block recorded. The position of the segments 
within a block are shown in Figure 20.
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Figure 19 Apparatus for chopping wood zones into segments 
and then into slices.
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i,-qire 20 The position of zones and segments within a sampled wood block.
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The zone above the ground line was designated Zone A, immediately below 
the ground line Zone B, and the deepest zone, Zone C. The segments were 
numbered from 1 to 12; 1 to Ij. in Zone A, with h as the segment having the 
outer tangential face and 1 with the inner tangential face; 5 to 8 in Zone B, 
with 8 having the outer tangential face, and similarly with 9 to 12 in 
Zone C. This sampling procedure was repeated for each of the replicate 
blocks from a bin, and for each of the bins to be sampled. The sliced 
wood segments were then assayed for acetylene reduction activity.

3.2.5. Acetylene Reduction Assay
The atmosphere in the bottles was replaced with an anaerobic 

atmosphere of argon from a cylinder (BOC Ltd.). The bottles were attached 
to a manifold via a hypodermic needle and shortened plastic syringe. 
(Gilette Scimitar, 1ml). The manifold was connected to a vacuum pump and 
argon cylinder as shown in Figure 21. The vessels were evacuated for 2
minutes and the vacuum pump disconnected. The cylinder was connected and
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the vessels filled with argon. This procedure was repeated twice to remove 
most of the air in the bottles and replace it with an. anaerobic atmosphere of 
argon. The vessels were removed from the manifold and incubated overnight 
at 22°C.

1ml of acetylene was injected into each vessel. Immediately after 
injection into those bottles whose code number was a multiple of 5 , a 0.5ml 
gas sample was withdrawn and the ethylene background determined in the gas 
chromatograph. Samples from odd numbered bottles were injected into column B, 
and even numbered into column A. The time of sampling was recorded in hours 
and decimal fractions of an hour. This was aided by the re-marking of a 
clockface in hundredths of an hour rather than sixtieths. The peak height 
and attenuation of the ethylene peak produced by each sample was recorded.
An ethylene standard was injected before and after each batch of analyses and 
the peak height corresponding to one nMole of ethylene recorded. Each bottle 
was sampled 21* hours later and the time of sampling and ethylene peak height 
recorded.

3.2.6. Weight Loss and Moisture Content Determination
After the assay of acetylene reduction rate, the suba-seal was removed 

from each bottle and the bottle weighed. They were then oven dried at 
10$°C overnight and weighed again. The weights were recorded. The total 
wet weights of the segments frcm each block plus their bottles, 
and the total dry weights of the segments plus bottles, were calculated.

The weight loss, moisture content and weight of water in each block 
at the time of sampling were then calculated. The values provide an 
immediate impression of the progress of the experiment and are necessary for 
the calculation of the amount of water to be added to the bin to maintain the 
soil moisture content at the desired level.

Sum of Wet Wood Segments + Bottles : (1)
Sum of Dry Wood Segments + Bottles : (2)
Sum of Empty Bottles : (3)
Initial Calculated Oven Dry Wt of Block

before burial : (U)
Block wt on Removal from Bin and before

Sawing : (5)
Ratio of Block Length before Sawing to Length after Sawing (50mm -7 l^mm) : (6)

2 saw cuts of 2.5mm kerf = 50mm ^ [|_5mm = (6)
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Oven Dry Weight of block after exposure (7) = ((2)-(3))x(6)
Weight Loss of Block (%) (8) = (U) - (7) x 100

( W
Wt of Water in Block on Removal from Bin (9) = ($ ) - (7)

The values (7) - (9) were determined for each sampled block, and 
the average weight loss and water content of the replicate blocks calculated.

Figure 21 Apparatus for filling vessels with Argon prior to acetylene 
reduction assay*
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Bin Moisture Adjustment

The amount of water needed to be added to the bin to maintain the 
desired soil moisture content was calculated. It was assumed that there 
were five components which made up the overall weight of the experimental 
system;
(i) the bin and lid, which did not change weight
(ii) the soil particles, which did not change weight
(iii) the soil water, which decreased due to evaporation and by uptake 

into the wood
(iv) block water, which came from the soil
(v) wood, which lost weight as decay proceeded

The humus content of the soil was ignored, as were any changes of humus 
weight. The increase of water in the block caused by the production of 
water from cellulose degradation was ignored, together with the weight of 
the micro-organisms in the wood and soil. It was also assumed that all the 
blocks in the bin behaved similarly in their weight loss and water uptake 
characteristics. With these assumptions, the weight of water to be added 
to maintain the required soil moisture content was calculated.

Average Block Weight Loss : (10)
Average Initial Oven Dry Weight of a Block : (11)
Number of Blocks Remaining in the Bin after Sampling : (12)
Average Weight of Water in Block : (13)
Overall Bin System Weight : (1U)
Weight of Soil Particles : (15)
Weight of Empty Bin + Soil Particles : (16)

((15 and (16) were determined at the start of the experiment).
(lil) was the weight to which the bin system was made up before sampling.
Wt. of wood remaining in one block (17) = (11) - ( ^ ) x (^)

100
Total Wt of Wood in bin after weight loss (18) = (12) x (17)
Total Wt of Water in blocks in bin (19) = ( 1 2 ) x  (1 3)
Soil Water = Overall Bin Wt - (Total wood wt. + Total water wt. in wood + bin 4

soil particles)
• • ( 2 0 )  =  ( 1 1 0  -  ( ( 1 8 )  4- ( 1 9 )  +  ( 1 6 ) )
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Soil M>isture Content (21) = (20) x 100

(15)
Hence water to be added :

# Water to be added = Required soil MC x Soil particle weight (15) - (20)

#

*

w

4

#

*

100

This amount of water was added to the soil by spraying and 
the new system weight recorded. This weight was maintained by the 
addition of distilled water until the next sample time.

This procedure was repeated at each sampling time.

Presentation of Results
The results for the seventeen combinations of soil, soil 

moisture content and wood species are presented in the next seven 
sections, and the last six are presented in the same format, 
described below.

3»U»1 Wood Block and Soil Data Tables
There is a Table (e.g. Table % and Example 1) to compare 

the weight, density, void volume, initial and maximum moisture 
content of the wood blocks used in the experiments.
Example 1 Wood Block and Soil Data Table

Wood Species : Birch Soil Type : Loam
Initial Block Wt. : 9"52 + 0-65 s Initial Moist. Cont. : 7*75 ?
Calc.Oven Dry Wt. : 8*83 g Void Volume : 62*00 v
Initial Density : 0*507 f< cm ^ Max. Moist. Cont. : 125*11 )
Soil Moisture Conditions 
Nominal : 28 ( Dry )
Code Number of Blocks Sampled at each Sample Time

4 6 8 10 12 14 16 18 20 22 24 26 28 weeks
0S06 0T15 OS 07 0T07 0T06 0T 1C 0T08 0T04 0S15
or 1 2r’ 12 OS 1.1 CT09 0308 or 13 0011 0313 0010

0TJ09 O'.'CS JS 09 0505 C00;
0b0.‘ CSV
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The initial block weight was the mean of 30 blocks. The initial 
moisture content was determined from replicate blocks which were 
oven dried. The other values were calculated from the equations 
below.
Calculated oven dry weight = x

l M 1 + 100
where is the weight of the block at room temperature and humidity, and 
M^ is its moisture content, (Kollmann and Cote, 1968).

Void volume 100 ( 1 - s1

A
100

1 .1*6
where is the specific gravity of the wood at room temperature and 
humidity, and Pi. is its moisture content. Sp is the density of water

^  _ _ oin the cell wall at a MC of , taken to be 1.2 g cm ; (Kollmann and 
Cote, 1968).

Maximum moisture content = 100 0.65

where is the specific gravity of the wood when oven dry ( Brown, 
Panshin and Porsaith, 1952 ).

The soil moisture conditions are given in the table, both 
as percentages and as a subjective assessment (i.e. dr^, wet, very 
wet, waterlogged). The code numbers of the wood blocks sampled at 
each sample time are given. The letters of the block code refer to a 
single stick cut from a plank, and the numbers refer to the position 
of a block in that stick. Thus sticks OS, 0T and 0U were adjacent 
sticks from the same plank; blocks 0S12, 0S13 and OS11+ were consecutive 
blocks from the same stick, and 0S12, 0T12 and 0U12 were adjacent 
blocks in the plank. The table shows the number of replicate blocks 
removed at each sample time ; e.g. two blocks were removed after 2 
weeks, 3 at 12 weeks, and k at 18 weeks.
3.1*.2 Three-dimensional Plots

A typical three dimensional plot of the results for moisture 
content in the twelve segments of wood blocks taken from soil 
exposure after increasing times of soil exposure is Figure 3 1» from



which Example 2 is taken.

The right hand(x) axis shows sample time in weeks. The left hand axis 
(y) shows the segment number from 1 to 12. 1 to Ij. were above ground,
$ to 8 at the ground line, and 9 "to 12 below ground. The vertical (z) 
axis shows the average moisture content, water content, weight loss 
or acetylene reduction rate of the segments from the replicate blocks. 
Thus the average moisture content of blocks 0D17 and. 0D19 was nearly 
£0 % in all 12 segments after 2 weeks exposure to soil. The moisture 
content in segments 1 to 1+ was lower than in segments 5 to 8, and their 
moisture content was lower than segments 9 to 12. After k weeks, the 
moisture content in all 12 segments was slightly higher than at 2 weeks. 
The value for each segment and sample time was plotted as a flat 
surface and the contours filled in by the computer program to give 
a surface rather than isolated points. This representation gives a 
good overall impression of the variation in MC, WL, WC and AR with 
time in the 12 segments ( MC is shown in Example 2 ), and allows 
easy comparison between the trends in different wood species exposed 
to different soils and soil conditions. However it lacks accuracy in 
that numerical values cannot be read off and compared very easily.
Thus the same data was also plotted as conventional graphs.

The inset diagram shows the position of the 12 segments 
in the wood block.



3.1+.3 Graphs
A typical graph, showing moisture content against time for 

beech blocks exposed to dry soil is given in Figure 32, from which 
Example 3 is taken.

The x axis is the exposure time in weeks, and the y axis 
is MC, WL, VC or AR, in this case, MC. For each sample time the results 
were printed on the graph in 3 columns. The left hand column showed 
the zone above ground, the centre column showed the zone at the ground 
line, and the right hand column showed the zone below ground.
Within each column, the value for segment 1 was plotted as an A, 
segment 2 as a B, segment 3 as a C, and segment 1| as a I). This was 
necessary because the two digit values 10, 11 and 12 could not be 
plotted as one symbol on the graph. In the centre column segment 9 was 
plotted as an E, 6 as an F, 7 as G and 8 as the symbol H. Segment 9 in 
the right hand column wsa represented by I, 10 by J, 11 by K and 12 
by L. The inset shows the position of the segments in the block, 
with their code letters. Where more than one symbol occurred at the 
same coordinates, the number of symbols coinciding was plotted. Where 
no blocks were removed at a sample time, a h in each column on the 
baseline at that sample time was plotted. Thus the MC in all four 
segments in the zone above ground after 2 weeks exposure was around 30 %• 

The MC in segment 9, represented by the symbol E was slightly higher 
than the other 3 segments of the zone at the ground line.
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The graphs for MC, WL, WC and AR allowed numerical values 
for each segment to be read off and compared with some accuracy, but 
generally the graphs presented a more confusing display of the data 
than the three dimensional plots.

h i  Conclusion
The method described in this section enabled the values 

of the four variables, moisture content,weight loss, water content 
and acetylene reduction rate, to be measured at 11* day intervals 
over a period of 28 weeks in the 12 segments and three zones of two, 
three or four replicate blocks. Scots pine sapwood and heartwood, and 
birch, beech and spruce sapwood were exposed to 2f>, 35, 1*0, 1*5 and 
50 % soil moisture contents at 22°C. Seventeen combinations of soil 
type, soil moisture content and wood species were examined, involving 
over 300 blocks cut into more than 1*000 segments.

The next seven sections describe and assess the results.

%

%

%

♦



k- THE EFFECT OF SOIL MOISTURE CONTENT ON ACETYLENE REDUCTION IN
SCOTS PINE BLOCKS

1+«1 • Introduction
The aim was to examine the effect of different soil moisture contents 

upon the colonisation and development of nitrogen fixing bacteria in Scots 
pine sapwood. To monitor radial penetration, blocks were coated with epoxy 
resin before burial. Epoxy resin was used, rather than silicone rubber, 
because it was easier to apply in a uniform layer. The weight of the blocks 
before and after coating were recorded so that the weight of the resin could 
be subtracted in the final estimate of weight loss in the blocks. Acetylene 
reduction rate and moisture content were also determined in order to attempt 
a correlation of decay, nitrogen fixation and wood and soil moisture content.

A full description of the experimental design and procedure is 
given in Section 3* Only the modifications to this basic method are 
described here.

U.2 Materials and Methods
Wood

The block size was 15 x 25 x 15mm with the 15 x 15mm face tangential. 
Five faces of each block were sealed with 2 coats of Araldite epoxy resin 
applied with a paint brush and taking the usual safety precautions when using 
epoxy resins.

Epoxy resin formula (information from Ciba-Geigy Technical Bulletin
TB U.U).

Araldite Gy 250 W o Resin
HY 830 % For low temperature and 

high humidity cure
HY 850 21$ For rapid cure
GY 298 27% Plasticizer

Soil
Three soil bins were set up as described in Section 3.2.2, at 27.25% 

(dry), 39-2C% (wet) and U9«1 J/o (waterlogged) soil moisture content. Forty 
blocks were buried in each bin, with one transverse face horizontal and 
approximately 10mm below the soil surface.
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Maintenance and Sampling
These operations are described in Section 3.2.I+. Three blocks 

from each bin were removed at 11+ day intervals up to 98 days. No samples 
were removed at 1+2 or 81+ days.

Weight Loss and Moisture Content
The computer program allowed for the weight of the resin on each 

block. It was assumed that the resin was of uniform thickness and that each 
block was cut into four equal segments, and that the resin did not change in 
weight during exposure or drying. As the weight of the resin coat and the 
surface area of each block was known, the weight of the resin on each segment 
could be calculated. This weight was subtracted from the wet and dry weights 
of each segment before the weight loss and moisture content were calculated.

k»3 Results

Figures 22 to 2f> show the moisture content, weight loss, AR rate 
and water content of each segment of each of the three replicate blocks 
removed from the three bins at 11+ day intervals. The pictures are generated 
by the computer linked to a graphics terminal (Appendix 1).

Figure 22 shows the moisture content of the segments. In those 
blocks exposed to dry soil the moisture content of the blocks increased with 
time. In those blocks sampled at 11+ days the exposed face had a higher MC 
than the other segments, but at 28 days, the MC of all four segments was 
similar. At f>6 days, one block had a much higher MC than the other two, and 
the exposed outermost and the innermost segments had the highest MC, a 
difference which was maintained at 70 and 98 days. In those blocks exposed to 
wet soil, a similar pattern of moisture uptake and distribution was apparent, 
with a slightly lower MC in those blocks removed at 5>6 days. In those blocks 
exposed to waterlogged soil, the MC after 1l+ days was very similar to that of 
the blocks removed from the dry soil after the same time. At 28 days the 
exposed segments had a higher MC than the other segments, -unlike the blocks 
removed from the other soil conditions. By %6 and 'JO days the blocks had 
a higher MC than those exposed to the drier soils, and the difference was 
more marked at 98 days.
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Figure 22 Moisture Content of the three
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Figure 23 shows the weight loss of the segments. The overall 
impression ig of extreme variability with weight losses ranging from 35 % 

to weight gains of 55 %• An overall trend is from weight gains and low 
weight loss at 11+ days in all three treatments, to higher weight loss 
and no weight gain at 98 days. There was no major difference in weight 
loss between the three treatments. At 'JO and 98 days, the innermost,
■unexposed segments had a higher weight loss than the outer, exposed segments 
in all 18 sampled blocks.

Figure 2l+ shows the AR rate of the segments. In those blocks 
exposed to the driest soil there was some activity at 11+ days but then no 
activity recorded until "JO days, when there was slightly more activity in 
the segment adjacent to the one with an exposed face. Slight activity was 
recorded at 98 days, again in unexposed segments. In these blocks exposed 
to wet soil, some activity was recorded at 56 days. At 98 days there was 
activity in all three sampled blocks, although of different magnitude. In 
those blocks exposed to the wettest soil, activity was recorded on the 
exposed face of all three sampled blocks at 56 days although very much 
greater in one block than the others. At 70 days, two blocks exhibited 
activity, one did not. At 98 days the AR activity of the exposed face was 
high, with some activity recorded in the unexposed segments. The greatest 
activity in the blocks exposed to the wettest soil was evident at 98 days.

Figure 25 shows the water content expessed as a percentage of the 
segment volume for each segment. The overall pattern of water distribution 
was similar to that of MC. The outer exposed face often had the highest 
water content of the block, although the water content of the innermost unexposed 
segments was usually lower, or similar to the water content of the central 
two segments. The greatest water content of those blocks exposed to the wettest 
soil was most apparent in the 98 day sample. One segment of one block taken 
from dry soil at JO days was unusual in that it had a higher water content 
than its replicate segments and blocks.

Respite the visual appeal of the three-dimensional pictures, if the 
results are pooled and calculated for the entire block rather than as four 
individual segments, the variability due to inaccurate cutting of the segments 
is removed and the similarities and differences between treatments can be 
examined more easily.
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Figure 26 shows the moisture content of the blocks 
exposed to dry, wet and waterlogged soil at successive sample times. The 
major difference in block MC, which was expected after exposure to soils 
at different moisture contents, was not apparent. The wood in the wet soil 
reached 80% faster than in the other soils, while the highest MC recorded 
was after £6 days in the driest soil. The £6 day sample taken from the wet 
soil was drier than the blocks removed at the other sample times. The 
water content results showed a similar pattern to the MC results and are not 
presented.

Figure 27 shows the weight loss of the blocks against time.
Weight loss occurred in all three soils, reaching a maximum of around 22%.
There was low weight loss recorded in the blocks taken from wet soil and 
waterlogged soil at £6 days and in blocks taken from dry and waterlogged soil 
at 98 days. There was little difference between the rate and extent of weight 
loss in the blocks exposed to the dry and wet soils. In the blocks exposed 
to wet soil, the weight loss increased rapidly at first, but then less rapidly, 
approacning the maximum observed in the other soils at 98 days.

Figure 28 shows the AR rate in the blocks. Only in the wettest 
soil was any significant activity observed which was first present at £6 days 
and increased with time.

b *b Discussion
The MC of the blocks take from the three soil conditions was very 

similar, which may have been due to having five faces sealed and only one 
tangential face exposed to the soil.Ifltwas the rate of water penetration 
into the block which had determined the wood MC rather than the amount of 
water available in the soil, particularly in the initial stages of wetting, 
then this could explain the similarity in wood MC despite the differences 
in soil MC. Only at 98 days was any difference apparent, presumably because 
by that time, the water had penetrated the whole block and the wood MC was then 
determined by the amount of water available in the soil.

The large variability in the weight loss of the segments may be 
due to the difficulty of slicing the blocks accurately into equally sized 
regular segments. Slight variations in the volume of the segments or in 
the thickness of the resin coating would affect the calculated value of weight 
loss. The high weight loss regularly recorded in the segment furthest from



113Figure 26 Average Moisture Content of partially sealed Scot
sapwood blocks after exposure to soil.
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Figure 28 Average Ethylene production rate in partially sealed

Scots pine sapwood blocks after exposure to soil.
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ground contact was probably due to the effect of inaccurate slicing 
which caused this segment to be smaller than the other three, and as this 
segment had five faces covered in resin, any variation in thickness would 
affect this segment more than the other three.

The weight loss calculated for the block as a whole was more 
reliable as it was less variable than the weight loss calculated for each 
segment individually. It showed little difference in the amount of decay in 
the wet and dry soil, a result which was unexpected. The weight loss of the 
blocks exposed to an intermediate soil moisture content appeared to have a 
faster rate of weight loss initially, which decreased with time, and after 
98 days was similar to the weight loss in the other two soils. There is more 
than one interpretation of this similarity of weight losses after exposure to 
different soil conditions.

There may be similar conditions in the wood, regardless of the 
conditions in the soil, an interpretation which is supported by the similar MC 
of the blocks from the three situations. The implication is that the conditions 
in the wood determine the colonisation and degrade by microorganisms, rather than 
the soil conditions. Because the conditions in the wood are the same in all 
three situations, the same group or groups of organisms are selected from the 
soil and colonise the wood and the rate and extent of decay is similar in all 
three situations.

Alternatively, different groups of organisms may be active in the 
three soil conditions . Their net effect upon the wood is identical, although 
the rate at which it is achieved may differ. The graph of weight loss against 
time supports this view as the rate of weight loss differs in the three conditions 
In addition, the occurrence of significant AR activity in only those blocks 
in the wettest soil supports the idea of different conditions in wood exposed 
to the three different soil moisture contents.

A third possibility is that a single group of organisms, able to 
tolerate a range of soil moisture contents, may be involved in the decay, so 
that regardless of the environmental conditions, their capacity to colonise 
and degrade the wood remains the same.

Which of these possibilities, if any, actually occurred cannot 
be determined from this experiment. However, the results do indicate that the 
decay of wood in ground contact may be determined by a combination of the 
prevailing soil conditions, the relationship between these soil conditions 
and the conditions inside the wood, and the physiology of the organisms



themselves.

The occurrence of significant AR activity in only those blocks 
from the wettest soil has been observed previously (Section 
If the AR activity of each segment is plotted against MC, (Figure 29) 
there is a range of MC over which AR activity occurs, from 90-120%, although 
the blocks exhibiting significant activity were all from the wettest soil. 
High MC, over 100%, does not necessarily mean that AR activity, and nitrogen 
fixing organisms,will be present, merely that if the soil is wet, and 
presumably anaerobic, then these organisms can proliferate in the soil and 
may be able to penetrate the wood. The high AR rate of the exposed face, 
the penetration of activity with time and the variability and distribution 
of the activity have been observed previously (Section 2.2.1). The 
implication is that the soil conditions influence the population of organisms 
which enters the wood in addition to being affected by the wood itself.

Perhaps the wettest soil was anaerobic, favouring the growth of 
obligate and facultative anaerobes such as nitrogen fixing bacteria, to 
the exclusion of aerobes, such as wood decay fungi. However, with a 22% 
weight loss in the blocks in the wettest soil, the implication is that 
both aerobes and anaerobes are active simultaneously in the wood. Although 
they could conceivably be active in localised, separate areas within the 
wood, there is the possibility that they could exist in close association. 
Line and Loutit (1973) found AR in a mixture of Clostridium butyricum. which 
only shows AR under anaerobic conditions, and Pseudomonas azotogenesis. 
because the aerobe used the oxygen, creating anaerobic conditions around the 
other organism. Perhaps the fungi utilise all the available oxygen in the 
sealed wood, allowing a weight loss of 22% before the conditions become 
anaerobic and the fungi die. The inference is that the total burial of 
partially sealed wood is unrealistic and misleading. Decay in timber in 
soil contact is usually at the ground line (Levy, 1968) which is presumably 
aerobic, while a deeper zone of the timber may be below the water table and 
presumably anaerobic. This separation of the zones would allow both groups 
of organisms to be active in the same timber.

The decay of the blocks exhibiting significant AR activity is no 
greater than those in which AR is minimal, suggesting that AR activity and 
the presence of nitrogen fixing organisms is not essential for decay, and 
that timber decay can occur in the absence of nitrogen fixing organisms.
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Figure 29 Acetylene reduction activity plotted against the moisture 

content of partially sealed Scots pine blocks exposed to 
soil. A represents blocks from dry soil, 3 from water
logged, and C from wet soil.
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If the weight loss is plotted against MC, there is an apparent 
correlation (Figure 30)* However, as explained in Section 3.1.2, the 
correlation is spurious. These samples with the lowest weight loss have the 
highest density, suggesting a correlation between weight loss and block 
density. However, if the weight of wood lost, rather than weight loss, is 
plotted against initial block weight, the correlation coefficient is only 
0.1|0l* (r = 1l+«l$> (U3))» showing that there is no correlation, in this 
experiment, between the two values.

l+.£ Conclusion
The sealant was very effective in preventing the penetration of 

micro-organisms and water through the sealed faces, but increased the 
variability of the weight loss results. The differences in wood MC which 
would be expected from the exposure to different soil MC did not occur until 
the end of the experiment, suggesting that water penetration of the blocks 
was a limiting factor in the onset of colonisation and decay, rather than 
soil MC. However, the influence of soil conditions upon wood MC, decay and 
AH rate was observed.

Further work is obviously required using unsealed blocks , partially 
buried, and of different wood species exposed to different soil conditions. 
The careful monitoring of soil MC, wood MC, decay rate and AE rate should 
allow the examination of the relationship between these factors in the 
decay of wood in soil contact.

»

*



A COMPARISON OF BEECH. BIRCH AND SCOTS PINE EXPOSED TO 33RY SOIL

5.1. Introduction
The aim of this experiment was to assess the occurrence and activity of 

nitrogen-fixing bacteria in beech, birch and Scots pine sapwood exposed to 
moist soil, and the effect of these organisms upon decay. Beech was selected 
as a frequently used test hardwood, despite the anomalous absence of ray attack 
(Greaves and Levy, 1965) > and birch, selected as a non-durable hardwood which is 
being used increasingly in preservative testing. Scots pine was selected as it 
is the usual softwood test species, and because nitrogen fixing organisms had 
been shown to colonise this timber in ground contact. No sealant was used on 
the blocks and the soil was maintained at just below the field holding capacity 
of the soil (28%) and appeared tdry.*

£.2. Materials and Methods
The preparation of the wood blocks and soil, and the setting-up, maintenance 

and sampling of the experiment were as described in Section 3* Table 9 gives the 
average values of the block weight and density, and the MC,theoretical void 
volume and maximum MC of the blocks. The nominal and actual soil MC are given 
together with the code numbers of the blocks removed at each sample time.

f>.3» Results
The technique allowed the comparison of moisture content, weight loss, 

acetylene reduction rate and water content in samples from zones below, at and 
above the ground line of beech, birch and Scots pine blocks after exposure to 
soil for periods up to 22 weeks. (See Fig* 20 for position of zones and segments
in a sampled block.)
Moisture content - Figure 31

In the beech blocks, the moisture content above ground had reached 3C$> by 
2 weeks and was maintained during the period of exposure. In the zone at the 
ground line, the moisture content reached 3$% after 2 weeks and then increased 
with time. Overall, the segments with both tangential and radial faces in soil 
contact(Segs. 5,8,9,12)had a higher MC than those with the radial faces in soil 
contact. The below ground zone showed a similar pattern of MC, although this 
zone was much wetter than the zone at the ground line.

In the birch blocks, the overall MC was much higher than in beech. At
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Table 9 Wood Block and Soil Data

Wood Species 
Initial Block Wt. 
CalcOven Dry V/t. 
Initial Density

Beech
10*94 + o*29 g

10*16 g

0*583 s  cm”^

Soil Type
Initial Moist. Cont. 
Void Volume 
Max. Moist Cont.

Soil Moisture Conditions 
Nominal : 28 % ( Dry )

Soil Moisture Conditions 
Nominal : 28 >•*. ( Dry )
Code Number of Blocks Sampled at each Sample Time

2 4 6  
0S06 0T15 0S07 
0U15 0312 0S 14

10 12 14 16 18
0T07 0T0b 0T10 0T08 0T04 
0T09 0308 0T13 0U11 0313 

0U09 0T05 0309 0505 
0S04

20 22
0S15
0U10
0503
0316

Loam 
7*48 >- 

56*49 
99*74 5-

Code Number of Blocks Sampled at each Sample Time
2 4 6 8 1 0 1 2 14 1 6 18 20 2 2 24 26

0D17 0D07 0D20 0D13 0D 1 0 0D 30 0D14 0D16 0D03 0D26
0D19 0D12 0D23 OD27 0D31 OD32 0D21 0D08 0D18 0D04

0D15 0D28 0D05 0D22
0D11 0D09 0D06 OD33

Wood Species : Birch Soil Type Loam
Initial Block Wt. : 9*52 + 0 •65 g Initial Moist. Cont. : 7*75
Calc.Oven Dry Wt. : 8*83 S Void Volume 62*00

Initial Density : 0*507 £ 0 3
1 Max. Moist. lont. : 125*11

28 weeks

24 26 28 weeks

Wood Species : Scots pine Soil Type : Loam
Soil Moisture Conditions
Nominal : 28 y. ( Dry )
Code Number of Blocks Sampled at each Sample Time

2 4 6 8 10 12 14 16 *13 20 22 24 26 28 weeks
0G11 0F06 0G01 0012 OF12 0G10 0G14 0F01
0G06 0G09 0FO2 0G13 0G16 0G03 0F16 0G0S
(N.B. No initial block weights etc. were recorded for Scots pine)
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2 weeks there was a distinct difference in MC between the three zones, with 
those segments having exposed tangential faces being wettest in the below ground 
zones. This difference was less marked after 1i| weeks, where the MC of all 12 
segments was similar and high, compared to beech.

In the Scots pine blocks, the overall MC was very much lower than in the 
hardwoods, with the differences between zones and between the four segments of 
each zone being less distinct.

Figure 32 shows the average moisture content of each segment plotted 
against time of exposure for the three species. The beech blocks showed a 
remarkably linear and regular increase in MC. The differences between the zones 
and between segments of the same zone were maintained throughout the period of 
exposure. In the birch blocks the differences between zones and between segments 
in the same zone were less marked, and the MC of all segments increased with time 
to well above the MC recorded in beech. In the Scots pine blocks, the difference 
between zones was apparent, even though there was little increase in wood MC 
during exposure.

Weight loss - Figure 33
The overall impression is of variability with adjacent samples having very 

different weight losses, while values for the same segment were high, low or 
negative at successive sample times. Nevertheless, despite the variability 
some information can be extracted.

In beech blocks, at 2 and U weeks, there were weight gains in the zone 
above ground. At successive sample times, weight loss of all the segments 
increased, particularly in segments 8 and 12, whose tangential face would have 
been in the outer sapwood closest to the cambium in the living tree. Segments 
1, 5 and 9 would have been in the inner sapwood with their exposed tangential 
face closest to the heartwood.

In the birch blocks the overall WL was higher than that of beech, and less 
variable. The zone below ground exhibited the greatest WL, followed by the 
ground line zone and then the above ground line zone. The segments with the 
outer tangential face had the greatest WL in any one zone, even above ground.
The weight gain in this zone at 2 and h weeks, was less than that observed in 
beech.At 22 weeks the difference in WL between the three zones was most distinct.
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In the Scots pine blocks there was much less WL than in the hardwoods.
The weight gains in the above ground zone were maintained throughout the 
exposure period, while the only consistent weight losses were in segments 8 
and 12 with an outer tangential face exposed to soil contact.

Figure 3h shows the graphs of average weight loss in each segment against 
sample time, and shows the differences between the species very clearly. Birch 
decayed more rapidly than beech, notably in the above and ground line zones, 
where the WL of this zone in beech after 22 weeks was between 3 and 30%, while 
in birch it was 30-60%. It would appear that the rate of decay in the below 
ground zone of birch was declining at the later time periods, presumably as 
maximal decay had been reached. In Scots pine the WL was considerably less 
than in the hardwoods, with more weight gains than weight losses, although the 
outer tangential segments reached 30% WL after 18 weeks exposure. The vertical 
scale on this graph is compressed because there was one erroneous result. The 
occurrence of errors due to mispunched data cards was eliminated in the results 
in remaining sections by careful checking.

Acetylene Reduction - Figure 35
The occurrence of AR activity, implying the pccurrence of nitrogen 

fixing bacteria, was sporadic, with very little activity recorded in any of the 
three species at any of the sample times.

Water content - Figures 36 and 37
In the beech blocks, the zones had different water contents with the U 

segments in each zone being very similar, except for the outer tangential segments 
where the Wc was lower than in the rest of the zone, unlike the MC values.

In birch, there was a higher WC than in beech, and although there was 
some difference between zones at the early sample times, there was little 
difference between zones at the later sample times. As with the beech blocks, 
and unlike the MC values, the outer tangential segment had a lower WC than the 
other segments in the same zone.

In Scots pine, the overall WC was lower than in the hardwoods, with, 
once again, differences between zones and between the outer tangential segment 
and the others in the same zone.
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Figure 37 shows graphs of average segment water content, plotted 
against sample time for the three species. In the beech blocks the WC
increased in the below ground zone only, and less rapidly than in birch, where 
all the zones increased in WC« In birch the rate of increase began to level 
off after 16 weeks at l*0“5Wf except in the above ground zone. The low WC 
of the outer tangential segment was very clear in both beech and birch. In 
the Scots pine blocks, the rate of water content increase was minimal, and only 
reached 15- 2$% after 18 weeks.

5.1*. Discussion
The considerable weight loss in the beech and birch blocks in the presence 

of only sporadic and minimal acetylene reduction activity indicates that the 
presence of nitrogen fixing organisms is not essential for the decay of these 
hardwoods by fungi.

Decay in birch occurred faster and to a greater extent than in beech, and 
in both species there was greater decay in the outer tangential face, which would 
have been closest to the cambium in the living tree. Perhaps there was a larger 
proportion of living, active or nutrient-containing cells in the outer sapwood 
than in the inner sapwood. Perhaps it reflected a greater permeability of 
those outer regions which allowed the faster penetration of water longitudinally 
and radially, carrying nutrients, fungal spores and bacteria which would accelerate 
colonisation and decay in the outer sapwood. The importance of water movement 
is illustrated by the weight gains observed, particularly in the above ground zones 
of all the wood species, presumably due to an influx of soil water containing 
soluble salts which were deposited in the wood above ground when the water 
evaporated. As decay proceeded in the hardwoods, the blocks lost weight, but in 
Scots pine, there were was less decay, the weight gains persisted in the above 
ground zone. This deposition of soil salts may well influence .decay, although 
little decay was recorded in Scots pine in this experiment.

In addition, little acetylene reduction activity was recorded in the Scots 
pine blocks, presumably because the soil or wood moisture content was too low for 
the colonisation of nitrogen fixing bacteria that was observed in previous 
experiments using this species. The implication is that nitrogen fixation may 
still be significant in the decay of softwoods, so that the weight loss observed 
in Scots pine would have been even higher in the presence of nitrogen fixing 
bacteria. The significance of this group of organisms to softwood decay still 
requires further investigation.
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The results illustrated the value of the exposure system and sampling 
procedure for the investigation of timber decay in ground contact. The 
ability to specify and control the soil moisture content ensured that different 
species of wood could be exposed to the same conditions and that any difference 
in their response could be detected. Sampling at regular intervals showed the 
difference in decay rate between birch and beech, and that the rate was linear 
initially, but reached a plateau eventually. The ability to monitor the amount 
of water, decay and AR activity in different zones and segments of the blocks 
showed how wood, soil, water and decay affected each other, e.g. water uptake 
may be important in transporting nutrients and propagules from the soil into 
the wood. Once the wood is wet, differences in moisture content could develop 
in zones below, at and above the ground line which could influence the onset and 
development of decay in these zones. Fungal decay could increase wood 
permeability allowing the wood to absorb more water, perhaps carrying more 
nutrients and propagules.

Obviously wood in ground contact is in a very complex environment and 
when and how it decays must depend upon a number of interacting factors. The 
effect of some of these factors, such as position within the tree, natural wood 
susceptibility, water uptake and supply, nutrient content and position relative 
to the ground line can be seen in this experiment. The technique would appear 
to be capable of providing considerable information on the relationship between 
these factors, particularly on the relationship between wood species, soil, 
soil water and decay.

Conclusions

The presence of nitrogen fixing bacteria is not essential for the decay 
of hardwoods in the soil used, but may be of significance in the decay of 
softwoods. Further investigations of softwood decay in the presence and absence 
of nitrogen fixing organisms would be of value in determining the significance 
of nitrogen fixing bacteria to timber decay in soil contact.
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6.1. Introduction

The aim of this experiment was to investigate how different soil moisture 
contents, (dry, moist and wet), affected the MC of Scots pine sapwood blocks 
exposed to soil and how the wood MC affected decay, measured by weight loss, 
and the occurrence of nitrogen fixing organisms, measured by the AR technique.

6.2. Materials and Methods
The preparation, setting-up, maintenance and sampling of the experiment 

were as described in Section 3. Blocks cut from the same plank were randomly 
assigned to one of three bin systems, containing soil maintained at 2f>% (dry),
35>% (moist) and 1+0% (wet). Table 10 gives the average values of the block 
weight and density, and the MC, theoretical void volume and maximum moisture 
content of the blocks. The nominal and actual soil MC are given together with 
the code number of blocks removed at each sample time. In the vessel containing 
soil at 2f>%, after 77 days the soil MC was increased to f>0% (waterlogged) by the 
addition of distilled water.

6.3. Results:Moisture Content - Figures 38 and 39
In the dry soil bin, the effect of increasing the moisture content of the 

soil after 11 weeks was apparent and obvious, an increase in the MC of all the 
wood segments in the 12 weeks sample. When exposed to dry soil, the MC of all 
the segments was very similar at around 2^-30% in all three zones, below, at and 
above the ground line. This increased only marginally to 27-32% after 10 weeks. 
After the soil had been wet to 5>0%, the MC of the wood increased to 120 to 200%. 
Although the overall MC of each zone was similar, there were differences in the 
MC of the segments within each zone. The outer segments (with a tangential face 
in soil contact) had a higher MC than the inner segments (with no exposed 
tangential faces). This difference in the MC of the segments was remarkably 
similar at 12 and at 16 weeks, although the absolute values were higher at 16 
weeks.

In the moist soil the MC of the blocks at 11+ days was similar to that of 
blocks in dry soil, but then the MC increased, particularly in the zones in soil 
contact. The outer tangential segment, which would have been closest to the 
cambium in the living tree was consistently wetter than the other segments in the 
same zone, while the segment which would have been closest to the heartwood was 
wetter than the two segments with no tangential face exposed, as was observed in



Table 10 Wood Block and Soil Data

Wood Species : Scots pine Soil Type : Loam
Initial Block Wt. : 9*42 + 0*3'5 g Initial Moist. Cont. : 9*3& %

Calc. Oven Dry Wt.: 8*61 g Void Volume : 61*73 M
Initial Density : 0*502 g cm Max. Moist. Cont. : 124*04 %
Soil Moisture Conditions
Nominal : 25 /- ( Dry ) 50 /- ( Waterlogged )
Calculated :

2 4 6 8 10 12 14 16 18 20 22 24 26 28 weeks
22 25 2 5 2 5 26 44 49 51

Code Number of Blocks Sampled at each Sample Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

ID29 ID18 IC33 ID04 ID25 IC13 IC06 33)11
IB20 ID20 ID13 IB14 ID19 IC05 ID32 IB23
IB33 IB15 IB34 IC14 IC29 IC07 1328 IC19
IB02 IB35 IC24

Wood Species : Scots pine Soil Type Loam
Initial Block Wt. : 9*42 + 0*35 g Initial Moist . Cont. : 9-36
Calc. Oven Dry Vt.: 8*61 g Void Volume 61*73 /
Initial Density : 0*502 g cm-^ Max. Moist. Cont. : 124*04 %

Soil Moisture Conditions
Nominal : 35 % ( Moist )
Calculated :

2 4 6 8 10 12 14 16 18 20 22 24 26 28
32 34 34 35 35 35 35 35

Code Number of Blocks Sampled at each Sample Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

1324 IE35 IE15 IC23 IC18 IC26 IE30 IB16
ID07 ID28 ID14 IE2S IC25 IB13 IB19 IC01
ID24 ID17 IC17 ID27 IC20 ID21 IB08 IB17
ID05 IE10 IB09

Wood Species : Scots pine Soil Type Loam
Initial Block Wt. : 9*42 + 0*35 g Initial Moist Cont. : 9-36
Calc.Oven Dry Wt. : 8*61 g Void Volume 61-73
Initial Density : 0*502 g cm-^ Max. Moist. CDnt. : 124-04 5..

28 weeks

28 weeks

28 weeks

Soil Moisture Conditions 
Nominal : 40 ( Wet )
Calculated :

2 4 6 3 10 12 14 16 18 20 22 24 26 23 weeks
37 38 38 39 36 38 38 39

Code Nuinbe:r of Blocks Sampled at each Sample Time
2 4 6 3 10 12 14 16 18 20 22 24 26 28 weeksIE16 ID09 IE14 IE03 IE20 ID 10 ID16 IB36

IB07 IM32 1321 IE13 IC03 IE21 ID31 IE27
1305 ID22 IC10 IS33 IS29 IB11 1008
1004 IC1o IS31
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the beech blocks in Section 9* The MC of the three zones was different, 
particularly at later sample times.

In the wet soil, the increase of MC with time was evident, although the 
increase levelled off after 10 weeks.

Figure 39 shows the graphs of moisture content in each of the 12 segments 
against sample time for the dry, moist and wet soils.

In the dry soil the MC after 2 weeks was 30-39% in all the segments. This 
level was maintained up to 10 weeks with only slight variations, presumably 
reflecting the different equilibrium moisture contents of the different segments 
and blocks. However, 7 days after the soil had been wetted to 90%» "the MC of 
all the segments had risen to around 190% and differences between the zones were 
apparent. Below ground there was no increase in MC with time although the MC in 
the segments became less variable. In the ground line zone the segment MC 
values became more variable with time, with some segments increasing and some 
decreasing in MC. Above ground, all the segments increased in MC.

In the moist soil the MC results were remarkably regular and consistent, 
with a uniform increase in MC in all the segments with time, and the difference 
in MC between the segments of the same zone being maintained as the blocks got 
wetter. The two buried zones had a similar MC, although the deeper zone was 
marginally wetter, while the zone above ground was distinctly drier. The MC 
after 2 weeks was, once again, 30-39% in all the segments, rising to 90-100% 
after 12 weeks.

In the wet soil, the results were again remarkably regular. The rate of 
MC increase was higher in the wet soil than in the moist soil, from a MC of 
33-^0% at 11; days to 100-190% after 10 weeks. The low values at 16 weeks may 
have been due to the lack of soil moisture content adjustment at 11; weeks which 
allowed the soil to dry slightly, and was reflected in a lower wood MC. As in 
the moist soil, the difference between zones became more marked as the blocks 
got wetter, with the outer tangential segment consistently the wettest in each 
zone.

Weight loss - Figures Li0 and Ul
At 11; days in all 3 treatments, the pattern of weight loss in each zone
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appeared very similar with the outer tangential segment having the highest WL, 
followed by the inner tangential, the outer central and lastly the inner central 
segment. This pattern was probably an artifact produced by variation in the 
density of each segment in a zone and the method of calculation of WL which 
assumed that each segment was of the same density as the entire block. Thus 
some of the variability in the WL results must have been due to differences in 
density within the block, rather than to weight loss due to decay.

Nevertheless, despite the variability, there appeared to be greater WL !
in the blocks exposed to moist soil than in those exposed to dry or wet soil, 
although even in the moist soil the WL was less than that found in Scots pine 
sapwood in Section £.

Figure k1 shows the graphs of weight loss in the segments taken from 
blocks exposed to dry, moist and wet soil. In dry soil, there was no more WL 
after 10 wks than after 2.After the soil had been wet, some segments showed an 
increase in weight, but at 16 and 18 weeks, weight loss had occurred. The 
weight change at 2 weeks ranged from a weight gain of ^  to a weight loss of 22%, 
and at 18 weeks ranged from 2 to 26% weight loss.

In moist soil, the weight losses were very variable with weight gain in 
some segments. The range of weight change was from a gain of 10% to a weight 
loss of 30% at 2 weeks, to a weight loss in the range 10-2l±% after 18 weeks, a 
definite, if slight, loss in weight.

In the wet soil the weight losses became less variable with time, changing 
from a range of weight gain of 8% and a weight loss of 28% at 2 weeks, to a weight ! 
loss of h-22% after 18 weeks, a definite weight loss, although- less than that 
found in moist soil.

i
Table 11 shows the average WL of the entire blocks at each sample time in 

the three soil systems. If the 2 week value is taken as datum, than a weight 
gain occurred in the moist soil initially, but became a weight loss greater than 
that found in dry and wet soil. The WL in the blocks exposed to very wet soil 
appeared to be increasing.



Ta.ble 11 Weight Loss ('■..) in Scots pine exposed to soil.

Soil Moisture Level
Weeks of Dry to Waterlogged Moist Wet
Exposure 2% 50P/S 3% 4<fc

2 10*65 8*61 10*75
4 9.96 9*15 7*64
6 13*01 9*54 12*16

8 11*28 1 0 * 1 2 8 * 1 2

10 11*99 13*79 11*14
1 2 10*07 13*51 10*31
14
16 13*03 19*14 16*00

18 15*92 17*07 13*00

Acetylene Reduction - Figures h2 and U3

Figure \\2 shows the acetylene reduction activity recorded in the 
segments taken from blocks exposed to dry, moist and wet soil. Significant 
activity was not recorded in the dry, moist or wet soil blocks, but was found 
after the dry soil moisture content had been increased to $0%, Some activity
was apparent at 12 weeks and increased considerably, particularly above the 
ground line, at 16 and 18 weeks.

Figure k3 shows the graphs of acetylene reduction rate in the segments.
The graphs have the same vertical scales. In the dry soil no activity was
recorded in the wood until after the soil was wet at 11 weeks, when a rate of 

-1 -3around 0.1 nMh cm was recorded in the upper 2 zones. Most activity was
recorded at 16 weeks, particularly in the above ground zone where the rate
ranged from 0.3 to 2.2. At 18 weeks, the difference between the zones was
obvious with the activity in the above ground zone ranging from 0.8 to 1 .3* at

-1 “ 3the ground line from 0.3 to 0.U and below ground only up to 0.2 nMh cm .

—1 —3In the moist soil the highest activity recorded was only O.IO^nMh. cm .
Activity was detectable at 2 weeks and its amount and occurrence increased with
time up to 12 weeks, particularly in the above ground zone. The activity

—1 —3decreased at 16 or 18 weeks to only 0.01 nMh cm .
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In the wet soil the highest activity recorded was 0.07. Activity
was first detected at 6 weeks in the buried zones, which increased up to 12
weeks but was slightly lower at 16 and 18 weeks. The above ground zone
exhibited a higher rate of activity than the two buried zones. The overall

—1 —3rate was approximately 0.0075 nMh cm J  ,too low to be plotted on Figure i;3»

Water content - Figure hit

Figure 1+h shows the water content (the weight of water expressed as a 
percentage of the wood volume) of the segments taken from blocks exposed to dry 
moist and wet soil.

In the dry soil, which was wet at 11 weeks to 50% soil moisture content, 
the increase in wood water content was obvious. At 2 weeks, segments 2, 6 and 
10 had a higher WC than the other segments in the same zone. This was an effect 
of low density in these segments relative to the others, which artificially 
increased their value of yc* At 12 weeks the WC was similar in all 12 segments, 
unlike the MC values at the same time (see Figure 38)*

The effect of a high soil moisture content was apparent from the blocks 
exposed to moist soil, where the WC increased with time. At 12 weeks, the outer 
tangential segment was wettest and the overall water distribution was the same as 
observed using moisture content as a criterion. Water content was of particular 
interest where massive decay had occurred, but in the absence of marked decay and 
weight loss, moisture content was adequate to describe and evaluate the water 
distribution and content. In the very wet soil the wood must have been approaching 
saturation, as the wood WC exceeded the average theoretical maximum of 56.$6% .

6 .b ' Discussion
This experiment showed that there is a definite, if complex and indirect, 

relationship between wood moisture content and soil moisture content. If the 
rate of change of wood moisture content is plotted against soil moisture content, 
(Figure 1*5) > the rate for the first 2 weeks of exposure is very similar in dry, 
moist and wet soils at around 2.5% d . This implies that the initial uptake 
is independent of soil moisture content and determined by the wood. The MC 
after the first 2 weeks is around 30% in all three soils. However if the rate 
for 2 to 10 weeks is plotted for dry, moist and wet soils, together with the rate 
over the first 7 days exposure to waterlogged soil, the rates for the four soil 
moisture levels are different. There appears to be an exponential relationship
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between the rate of wood MC increase and the soil moisture content. If the 
rate of water uptake in g d~^ is plotted against soil moisture content (Figure 1*6), 
the relationship between the rate of water uptake and soil MC is also exponential. 
Now if the final MC of the wood is plotted against soil MC, (Figure 1*7)» the 
relationship is sigmoid. The inference is that wood has a maximum moisture 
content, presumably at saturation, which cannot be exceeded, and is only 
approached in wet soil but reached in waterlogged soil.

The implication of these results is that there is a precise relationship 
between wood MC and soil MC even above the water holding capacity of the soil, 
and that wood and soil interact to define the rate of uptake of water by wood in 
soil contact, and its final moisture content.

The uptake of water by wood in soil content can be divided into three 
phases on the basis of the results presented above (Figure 1*8). The initial 
wetting-up phase to around 30% is controlled by the wood. The closeness of this 
value to fibre saturation point (28%) may not be coincidental if this phase 
represents the wetting of the cell wall at a rate which is independent of the 
amount of water in the soil. In the second phase the rate of wetting-up is 
mainly controlled by the soil, presumably by the interaction of the water-filled 
capillaries and pores of the soil with the capillaries and pores in the wood.
The rate of uptake of water by wood in this phase is dependent on the way the 
soil pores in contact with the wood»transport, retain and lose water. The 
implication is that the amount of available water and the way in which that water 
is held in the soil at any particular soil MC is of more importance in determining 
water uptake than is the total amount of moisture in the soil, i.e. its moisture 
content. Unfortunately, soil MC is considerably easier to measure and visualise 
than "available water", which has matric, gravitational, hydraulic and osmotic 
components. In Figure 1*8 the rate of MC increase would appear to be proportional 
to the amount of available water in the soil, rather than the soil MC.

The time taken to reach the equilibrium moisture content (EMC) of the wood 
in the soil is proportional to the amount of available water in the soil, so that 
the more water there is available in soil, the faster equilibrium is reached.
The third phase is characterised by the attainment of EMC, where presumably the 
water-filled pores of the wood are in equilibrium with the water filled pores of 
the soil. The amount of water in the wood at this equilibrium point depends 
upon the amount of available water in the soil, so that the final MC of the wood 
between FSP (around 30%), and saturation (around 120% for Scots pine sapwood) is 
proportional to the water availability of the soil.
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Figure 47 Final wood moisture content against soil moisture content.

Figure 48 The uptake of water by wood in soil contact.



However, although the relationship between the average overall MC of 
a block of Scots pine sapwood and the surrounding soil moisture can be described, 
within the block the MC in zones above, at and below the ground line are 
different, and the MC differs in different segments of the same zone. There is 
a recurrent pattern of MC distribution within the blocks, represented in Figure b9*

Figure 49 Relative moisture content distribution in segments of Scots 
pine blocks after partial exposure to soil contact.

The distribution of MC has radial and longitudinal components. Within 
each zone the MC of the segment which would have been closest to the cambium in 
the living tree has the highest moisture content, with the MC of the adjacent 
segment rather less, and the next adjacent segment still less. The segment which 
was closest to the heartwood in the living tree has a MC similar to the wetter of 
the two inner segments. This distribution may be due to differences in segment 
density (so that different segments absorb different amounts of water)or to the way 
in which water penetrates in the radial direction. If water penetrated more 
easily from the cambium to the heartwood, than it did in the opposite direction, 
this would explain the observed distribution. The longitudinal component is 
shown by the difference in M3 between zones. As there is less difference between 
longitudinally adjacent segments than between radially adjacent segments, the 
inference is that longitudinal water movement is greater than radial movement.
The high MC in the above ground zone indicates that the buried zones influence
the MC of the zone above ground, which must be achieved by longitudinal water flow.

Thus the MC of an area of wood, part of which is exposed to soil contact,
is not random, but is precisely determined by an interaction of the wood and the 
soil. The implication is that the MC in wood exposed to soil can be predicted 
and controlled from a knowledge of some physical properties of the wood and the 
soil.



However, the relationship is complicated by the effect of micro-organisms 
on the wood, as bacteria can increase wood permeability and deca,y, and fungi can 
increase the ability of wood to hold water. The importance of wood MC to decay 
organisms is shown by the greater decay observed in the moist soil than in dry or 
wet soils. Presumably better conditions for decay occurred in this system than 
in the other soil systems. The effect of increasing soil MG upon the occurrence 
and activity of nitrogen-fixing bacteria was dramatic, with some evidence of 
enhanced decay in the presence of these bacteria. The greatest occurrence of 
these anaerobic bacteria above ground, which is presumably the least anaerobic 
zone, may be explained by the mechanism of their transport through the wood. If 
they are carried into and through the wood by water flow, and if the water 
evaporates above ground to be replaced by water from the buried zones and 
ultimately the soil, then the bacteria would be concentrated in the evaporation 
zone above ground. The loss of water from the bin system by evaporation and 
the drying of the surface layers of the soil is evidence of this evaporative 
flow through the soil, and presumably also the wood.

Changes in soil MC and wood MC have a profound effect on the activity of 
nitrogen fixing bacteria, and perhaps on the activity of other flora and fauna 
in the wood. Obviously soil MC and its effect on timber decay and nitrogen 
fixing bacteria requires further investigation. The effect of wetting the soil, 
exposure to already wet soil, and the effect of soil drying upon wood MC, 
nitrogen fixing activity and decay could be investigated using the bin exposure 
system, and combined with the exposure of Scots pine heartwood, (which is less 
permeable and more durable than sapwood) would supply considerable information on 
the relationship between wood moisture content, soil moisture content, water 
availability, nitrogen fixing activity and decay.

6.5>» Conclusion
There is a definite, if complex and indirect^relationship between wood 

moisture content and soil moisture content. The uptake of water by wood in soil 
can be divided into three phases, the first up to Q̂P/q MC controlled by the wood, 
the second controlled by the interaction of wood and soil capillaries and pores, 
and the third by the woodfs equilibrium moisture content in the soil. The 
amount of available water in the soil at any particular soil moisture content is 
of more importance in determining the rate of water uptake and wood MC than soil 
moisture content. The distribution of MC within the wood is dependent upon both 
radial and longitudinal components of water penetration. Although very variable, 
greatest decay was recorded in moist, rather than dry or wet soil. The occurrence 
and activity of nitrogen fixing bacteria was confined to very wet soil, and may 
increase decay under these conditions. The observed distribution of these 
bacteria in wood may be due to the longitudinal flow of water through the wood.



7- THE EFFECTS OF CHANGING SOIL MOISTURE CONTENT ON SCOTS PINE 
SAPWOOD AMD HEARTWOOD

7.1 Introduction
The aim of this experiment was to examine "both the effect of 

increasing the soil MC upon the MC, decay and AR rate in Scots pine sapwood (i.e. 
to repeat part of the previous experiment) and the effect of drying the soil 

upon these measurements. As a comparison,blocks of Scots pine heartwood, which 
is more resistant to decay and difficult to treat with preservatives (being less 
permeable), was also to be exposed to moist soil and to the effect of increasing 
soil MC.

7.2 Materials and Methods
Blocks of Scots pine sapwood were cut from planks from the same source 

and treated in the same way as described in Section 3. The Scots pine 
heartwood blocks were cut from a i|"x 3" P.A.R. plank of pine purchased from 
Sandell Perkins Ltd., London and bore the shipping mark *'+ TVA +” denoting 
that the wood was imported from Sweden. The plank was selected for its large 
proportion of heartwood, made visible by the heartwood staining reagent ff-anisidine 
(Stalker, 1971)*

Table 12 shows the average values of the block weight and density of the sets 
of blocks, and the MC,void volume,and maximum theoretical moisture content of 
the blocks. The nominal and actual soil MC are given together with the number 
and code number of blocks removed at each sample time. One set of Scots pine 
blocks were exposed to soil maintained at 35% MC until the U9th day, then the 
soil MC was increased to 1;5%» The heartwood blocks were maintained at 35% soil 
MC until the 114.7th day, when the soil MC was increased to 1|0%. The second set 
of sapwood blocks were maintained at U5% soil MC for 8I4 days before the soil 
was allowed to dry to 30% soil MC.

7.3 Results
Moisture content : Figure 50
The MC of Scots sapwood after 6 weeks at 35% soil MC was very 

similar to the 1+2 day sample values obtained in the previous experiment.
A t-test showed no significant difference between the two sets of values.
After the soil MC was increased at 7 weeks , the MC increased, particularly in the 
below ground zones and in the segments with exposed tangential faces. The MC



Table 12 Wood Block and Soil Data
152

Wood Species : Scots pine Soil Type Loam
Initial Block Wt. : 9*42 + 0*35 g Initial Moist. Cont • • 9-36 c.'
Calc. Oven Dry Wt.: 8*61 g Void Volume 61*72 V:'i
Initial Dendity : 0*502 g cm""̂ Max. Moist. Cont. 124*04 R/,
Soil Moisture Conditions 
Nominal : 35fc (Moist) 
Calculated :

45 % (Very wet)
2 4 6 8 10 12 14 16 18 20 22 24 26 28

35 37 42 45 45 45 45
Code Number of Blocks Sampled at each Sample Time

2 4 6 8 10 1 2 14 16 18 20 22 24 26 28
1318 IE11 ID02 IE34 IC30 IB06 ID 30
IC02 IC28 IB31 IC09 IE07 IC32 IE09
IE06 ID15 ID08 ID23 
IE24 IB30 IC11

1305 IE25 IE02

, 0 . Scots pine V/ood Species : TT , r ,Heartwood Soil Type : Loam

28 weeks

Initial Block Wt. 
Calc. Oven Dry Wt. 
Initial Density
Soil Moisture Conditions

9*725 + 0*22 g Initial Moist. Cont.
8*94 g
0*519 g cm

Void Volume
Max. Moist. Cont.

8*86 ̂  
60*65 

119*84 >S

Nominal : 35 % (Moist) 45 (Very wet)
2 4 6 8 10 12 14 16 18 20 22 24 26 26 weeks
32 30 35 34 34 35 35 35 35 44 44 44 45

Code Number of Blocks Sampled at Each Samcle Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

XA01 KA05 ICA08 KA09 KA11 KA14 KA16 0 0 4 KB06 KB08 KB10 X312 KB 14
KAO 3 KAO 6 KA07 KA10 KA12 KA15 KA17 KB05 KB07 XB09 KB11 XB13 .•315KA04 KA13

Wood Species : Scots pine
Initial Block \'t. : 9*798 + 0*43 
Calc. Oven Dry Wt.: 9*10 g 
Initial Density : 0 * 5 2 2 g cm 
Soil Moisture Conditions

-2

Nominal : 45 % (Very wet) 
Calculated :

2 4 6 8 10 12
32 43 45 45 45 45

14
30

Soil Type
Initial Moist. Cont.
Void Volume
Max. Moist. Cont.

28
16
31

; (Dry)
18 20

30
Code Number of Blocks Sampled at each Samnle Time

2 4 6 8 10 12
MB09 Mb16 HB04 MC02 MB06 KC04 MC17 KC07 
MC09 MC15 MB08 MC20 MB03 MB 17 MB20 
MB05 MC06 MB18 MB02 MC16

14 16 18 20
MC17 MC07 MC05
MB 20 MC01 MC03

Loam 
8*04 /- 
60 *80 
99-20 ^

22 24 26 28 week*

22 24 26 23
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of the zone above ground was higher than at 6 weeks, (but lower than the 
buried zones) and the segments with exposed tangential faces were drier 
than the inner two segments. At 10 and 12 weeks, the rate of increase had 
levelled off and the above ground zone was wetter than those below ground.
The effect of tangential penetration of water making the outer segments 
wetter than the inner segments, and the greater penetration from the outer 
tangential face was apparent at 10 weeks. Although the 16 week samples 
were wetter than the 70 and 81+ day samples, the 18 and 20 week samples were at 
the same level of MC.

In the Scots pine heartwood exposed to soil MC there was a distinct 
difference between the buried zones and the upper zone, particularly after 
8 weeks. Also, the pattern of MC within the buried zones was opposite to that 
found in sapwood, the segment with the inner tangential face having the highest 
MC, followed by the adjacent inner segment and then the next, with the outer 
tangential segment being slightly wetter, as at 81; days. After 21 weeks, when 
the soil MC was increased from 35 to 1*5$>» the deepest zone appeared to dry a 
little, while the ground line zone MC increased, and the increase in the above 
ground zone was quite distinct. Both buried zones increased their MC at 
subsequent sample times while the above ground zone MC increased only slightly. 
The large difference in MC between buried and exposed zones was maintained up to 
28 weeks.

In the Scots pine sapwood blocks exposed to soil at 1;5% MC, the buried 
zones had reached 150% after only 2 weeks and their MC increased only slightly 
up to 10 weeks. The above ground zone was at 75-100^ after 2 weeks, and 
increased MC with time. All the segments reached a similar MC at 10 weeks and 
after the soil began to dry out, the MC of all the segments decreased drastically.

Figure 51 shows the graphs of segment moisture content against time.
In the sapwood exposed to moist soil the wood MC in all segments was around 
50% after 6 weeks, similar to that found in the previous experiment in the same 
soil maintained at the same MC. After the soil was wet to "the wood MC
increased before levelling off at around 16C$>. The high value of MC recorded 
at 16 weeks may be an artifact of the exposure system and the way in which the 
soil MC was maintained. The weight of water lost by evaporation was replaced
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"before the blocks to be sampled were removed. Periiaps the sampled 
blocks had taken up the applied water very rapidly, resulting in an 
artificially high and unrealistic MC in the wood.

In the heartwood the MC was around 30% at 2 weeks but increased 
slowly to 80% in the buried zones at 20 weeks. The above ground zone was 
very much drier at around 1+0%. The high values recorded at 16 weeks may be 
an artifact of the experimental method.After the soil was wet to 1*0% soil MC, 
the MC of all the segments increased, particularly in the buried zones, 
levelling off at around 170% below ground and 'JQP/o above ground.

In the sapwood exposed to very wet soil, the increase in wood MC 
was rapid, reaching 1^0% below ground and over 10Ofc above ground after 
2 weeks. At h weeks, all three zones were equally wet and the MC levelled 
off at around 180%. When the soil was allowed to dry, from 91 to 98 days, 
the sample at 11*. weeks had a low MC in all segments (around 8096) which 
increased slightly at 16 weeks.

Weight loss : Figure 52
In the sapwood exposed to moist soil the overall weight loss was as 

observed in the previous experiment except that there were no initial weight 
gains. At 6 weeks, the first sample time, there was a distinct pattern of WL 
in each zone; decreasing values of WL from the outer to the inner tangential 
segment. At later time periods and in wet soil the inner tangential segment 
has the greatest WL although there was considerable overall variation. In the 
heartwood there was variation and no apparent trend of increasing WL with time 
although segments I+, 8 and 12 had lower and more consistent weight losses than 
the other segments.

In the sapwood exposed to very wet soil the overall pattern was of 
increasing WL in segments 1, I4. and 8 and the possibility that higher weight 
losses were recorded after the soil was dried than before, although the results 
were very variable and conclusions difficult to draw.

These trends were confirmed when the graphs of weight loss were 
compared (Figure 93) • Variation was high, particularly in the Scots pine 
heartwood which looked uncolonised and undecayed even after 7 months in soil 
contact. The increase in WL at 112 days in the sapwood exposed to very wet, 
then dry, soil was quite distinct.
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Acetylene reduction rate : Figure 5U
As in the previous experiment, no AR activity was recorded in the 

sapwood blocks exposed to soil at 35$ MC, and only after the soil was wet 
to hB/o was any activity recorded. Activity increased in all segments with 
time, particularly in the above ground zone, up to 16 weeks, and then decreased.

*

m-

In Scots pine heartwood blocks, no appreciable AR activity was found 
at any sample time either before or after the soil MC was increased.

In the sapwood blocks exposed to soil MC some activity was 
detected at 2 weeks in the outer tangential segment of each zone. Activity 
was detected in all segments at i; weeks and increased below ground at 6 weeks. 
By 10 weeks, most of the segments exhibited activity (some off scale in 
Figure 51*), but after the soil MC was reduced, AR activity decreased.

The graphs of AR rate against time are shown in Figure 55* In the 
sapwood blocks in moist soil, there was no AR activity. After wetting to 1*5$ 
the rate increased with time, notably in the 16 week sample which was wettest. 
Most activity was recorded in the above ground zone.

In the heartwood, only one segment showed any activity, either 
before or after the soil MC was increased.

In the sapwood exposed to very wet soil, activity was detected at 
11* days below ground and increased to a higher level than in the wetting 
experiment above, but decreased after the soil was allowed to dry out. The 
rate appeared to increase a^ain with time in the drier soil.

Water content ; Figure 56
The water content of undecayed wood had a very similar pattern to 

moisture content and only the graphs of water content are shown in Figure 56. 
They show the two sets of sapwood blocks approaching the theoretical maximum 
water content of 57 % in very wet soil, while the heartwood reached only 
20-1*0% after 12 weeks. After the soil MC surrounding the heartwood was 
increased to 1+096, the WC of the buried zones increased to 60-80%, 
at the theoretical maximum of 57%»
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7-U Discussion
The rate of water uptake exhibited by the sapwood and heartwood 

exposed to different soil moisture contents is shown in Table 13 together 
with the results from the previous experiment described in Section 6.

Table 15 Hate of water uptake from soil in Scots pine sapwood and heartwood.

Initial noil 
Moisture Content

Final Soil 
Moisture Content

Time
(weeks)

Rate of 'Water 
Uptake (g d" )

From Section 6 Scots pine sapwood
25 Dry 25 Dry 2 - 1 0 0*009
35 Moist 35 Moist 2 - 1 0 0*034
40?- Wet 40% Wet 2 - 1 0 0*127
25? Dry 50̂  Wat erlog;ed 11 - 12 1*195

From Section 7 Scots pine sapwood
35 • Moist 35 Moist 0 - 6 0*052
35 Koi3t 45 Very Wet 7 - 8 0*347
45% Very Wet 45% Very Wet 0 - 2 0*679
45% Very Wet 30% Dry 13 - 14 -1*211

From Section 7 Scots pine heartwood
39% Moist 35% Moist 2 - 1 0 0*021
35% Moist 35'- Moist 10 - 20 0*031
39, Moist 4<5 Wet 21 - 22 0*243

In this series of experiments the rate of water uptake in moist 
—1soil was 0.0S>2 gd , compared to 0.031* in the previous series. (The former 

value was taken over 0-1*2 days exposure period while the latter was taken 
over 1l*-70 days). The former, higher value includes the initial wetting 
up phase from air dry to around 1*0%, while the latter, lower, value excludes 
this phase. The rate of uptake when the soil was wetted to 1*9% was 0.81*7 gd*" , 
compared with 1 .19 5 gd in the previous experiment where the soil was wet 
to 90%. The value of 0.81*7 fits the exponential relationship in Figure 39 
and shows that there is a relationship between the rate of water uptake 
by wood from soil (even above the water holding capacity of the soil) and 
soil moisture content, although the soil water availability is more relevant,



as explained in Section 6. The rate of uptake in air dry wood exposed 
to soil at U /̂o was 0.679 gd which was lower than the rate when wood 
at around 1+096 MC was exposed to soil at 1+5% (0.81*7 gd” )• However, the 
latter was calculated over 1+9-56 days, and excluding the initial wetting 
up phase, while the former was calculated over 0-11+ days, a longer time 
period including the initial wetting up phase. This difference indicates 
the importance of initial wood MC in determining water uptake rate, in that 
air dry wood apparently has to reach f.s.p. "before rapid uptake can occur, 
while wood at f.s.p. can take up water rapidly and immediately.

The effect of soil drying upon the wood MC was as dramatic as was 
wetting soil. After only 7 days with the lid removed, the bin system lost 
1+21 g of water by evaporation, and the wood lost water at the rate of 1.211 gd” 
This rate is remarkably similar to the maximal rate of uptake observed, 
implying that, under drying conditions, wood exposed to waterlogged soil 
could lose water as fast as it can be taken up and that over 1g of water per 
day could be passing through the wood. Such a flow of water through partially 
buried wood could be of major importance in timber decay. It could explain 
the movement of bacteria through wood and their occurrence above ground. It 
could assist the colonisation of wood by micro-organisms and also, and 
perhaps most intriguingly, carry nutrients from the soil into the wood.
Perhaps this flow of water through wood caused by evaporation of water above 
ground into the air is an additional source of nitrogen for decay micro
organisms? The wood MC seems particularly sensitive to the "evaporating power" 
of the air, as the MC of the wood increased when the lid was replaced on the 
system, which presumably increased the EH of the air around the zone above 
ground. The high final MC of the wood at around 8096 when exposed to soil at 
around 30% suggests that the wood is able to retain water better than soil 
and that the hysteresis effect can occur in wood in soil contact at a MC 
greater than f.s.p.

The Scots pine heartwood was less permeable than the sapwood with 
the rate of uptake over the first 70 days being 0.021 gd and the average 
MC of the wood around hT%» But for 70 to 11+0 days, the MC increased to 89%,

_ - jwhich was wetter than sapwood after 70 days, at a rate of 0.031 gd . When 
this result is compared with the observation that in both this and the previous
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experiment, the ’'final" MC or equilibrium moisture content of wood in soil 
appeared to increase at successive sample times, it would appear that 
equilibrium can take a long time to be achieved. Apparently the increase in 
EMC is not due to the amount of water available but to a slow change in the 
nature of the wood, which allows more water to be taken up as exposure 
continues. Because in the heartwood there was no visible decay, the 
implication is that the wood is not totally inert in soil contact, and that 
one of its physical properties, its ability to hold water, changes with time.

The effect of wetting the soil around the Scots pine heartwood was 
to increase the wood MC at a rate of water uptake of 0.21+3 gd , which was

_ - j

faster than sapwood (0.127 gd” ). However, the latter figure includes the 
initial wetting up phase so that in sapwood the rate of water uptake would 
be faster than heartwood if the sapwood was above f.s.p.

The results are consistent with the relationship between wood MC and 
soil water availability depicted in Figure l+8. The lack of results for the period 
0-1 k days during the initial wetting up phase is regrettable, so that this 
part of the relationship is merely speculative. The other two phases have been 
confirmed in this experiment.

The inference from the drying experiment, that may be of major 
significance, is that there is a dynamic equilibrium between soil and wood, 
and that the MC in the wood merely represents a single instant in the 
achievement or adjustment of equilibrium, rather than a fixed, final, static 
equilibrium value. The equilibrium is affected by changes in soil, wood, 
water supply, evaporating power of the air and the effect of micro-organisms, 
so that it is far from a simple equilibrium.

The measured weight losses in the heartwood, which showed no visible 
sign of decay, indicated that the method of estimating loss is not sufficiently 
sensitive to monitor the effect of the presence and absence of nitrogen-fixing 
bacteria upon fungal decay, as the density and volume of the wood segments would 
need to be measured more accurately in order to detect minor differences between 
treatments. However, the technique is capable of detecting pronounced decay, as 
in hardwood in Section 5* In this experiment, in Scots pine sapwood, the 
presence of nitrogen fixing bacteria was not associated with major decay. In 
heartwood, there was no decay and nitrogen fixing bacteria were absent. Obviously



further work is necessary to evaluate the role of nitrogen fixing bacteria 
in timber decay in wet soil, where they occur most reliably and with greater 
activity, and in the field under more realistic, if less controlled, 
conditions. The exposure of hardwoods, particularly birch, to wet soil 
would be of interest, while the exposure of a different softwood, such as 
spruce could assist in the investigation of the effect of nitrogen fixing 
bacteria on timber decay.

7.5 Conclusion

The results are consistent with the relationship between soil and wood 
depicted in Figure 1+8 and described in Section 6. The inference from the 
drying experiment is that water could move through partially buried wood at a 
rate determined by the evaporative power of the air, and that a dynamic and 
sensitive equilibrium exists between wood MC, soil water and the relative 
humidity of the air. The bin exposure technique is adequate for the 
examination of the water balance of wood in soil contact but not of its decay 
rate. The results do reveal the lower relative permeability and greater 
durability of heartwood compared to sapwood.



8. THE EFFECT OF WET SOIL ON THE DECAY OF BIRCH AND SPRUCE

8.1 Introduction
The aim of this experiment was to investigate the MC, AH rate and decay 

of birch sapwood in moist and wet soils to allow comparison with the results 
obtained in dry soil and described in Section The effect of wet soil upon 
MC, AR rate and decay in another softwood, spruce, a refractory timber,was 
to be compared with Scots pine exposed to wet soil, described in Section 6. 
Further information was to be collected on the relationship between wood and 
soil moisture in species other than Scots pine.

8.2 Material.s and Methods
Table 11* gives the average value of the block weight and density

of the sets of blocks, and the MC, void volume and maximum MC of the blocks.
The nominal and calculated soil MC are given together with the number and 
code number of blocks removed at each sample time. Birch blocks were exposed 
to either soil maintained at 35% soil MC (moist) or at 1*5% (very wet). Spruce 
blocks were exposed to soil maintained at 1*5% (very wet).

8.3 Results - Moisture Content - Figure 57

In the birch blocks exposed to moist soil, by 1* weeks the usual 
pattern of MC distribution was apparent, with a distinct difference between 
zones below at and above the ground line, and with the outer segments in 
the zone at the ground line having a higher MC than the inner segments.
After 8 weeks, in this zone, and from 1* weeks in the deepest zone, this 
pattern within the zones was not apparent, yet the pattern of MC within the 
segments was apparent again after 16 weeks.

In birch blocks exposed to wet soil, a high overall MC and 
the rapid increase of MC in all three zones was apparent. The zone below 
ground had the highest MC soonest, followed by the zone at the ground line 
and then the zone above ground. After 6 weeks the zones and segments had 
a very similar, high, MC.

In spruce blocks exposed to wet soil, at 2 weeks the pattern of 
MC distribution in all zones was distinct with the highest MC in the 
inner tangential segment, with decreasing MC towards the outer tangential 
segment. All three zones had a similar pattern of MC. After only 1* weeks 
all the zones had a similar, high MC.
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Table 14 Wood Block and Soil Data

♦

Wood Species : Scots pine Soil Type Loam
Initial Block Wt. : 12*962 + 0*37 g Initial Moist. Cont. 9-19 >•-
Calc. Oven Dry Wt. : 11*87 g Void Volume 47-41 g
Initial Density : 0*691 g cm-^ Max. Moist. Cont. 100*71 >
Soil Moisture Conditions
Nominal : 35 % ( Moist )
Ca^cula^ed g 10 12 14 16 18 20 22 24 26 28

30 29 34 35 35 35 35 35 36 35
Code Number of Blocks Sampled at each Sample Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

LB03 LC04 LC05 LB07 LC08 LB14 LB12 LC17 LC20 LB22
LC03 LB05 LB06 LB08 LC10 LC12 LC14 LB18 LB21 LC22
LB04 LC11 LC13 LC16 LC18 LC21 LE23

Wood Species Birch Soil Type Loam
Initial Block Wt. 11*032 + 0*49 g Initial Moist. Cont • 6*56 •'
Calc. Oven Dry Wt. 10*37 g Void Volume 56*59 •
Initial Density 0*588 g cm ^ Max. Moist. Cont. 99-20 4
Soil Moisture Conditions 
Nominal : 45g ( Very wet )
Calculated :

2 4 6 8 10 12 14 16 18 20 22 24 26 28
36 40 42 45 45 44 45 43

Code Number of Blocks Sampled at each Sample Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

N327 NA33 NB03 NA30 NA14 NA04 NB31 NA03 N332
NA31 NB26 NAO1 NB04 NA03 NBO1 NA18 
NA10 HA06 NAO 5 1:1330

NA02 NA12

NA15

Wood Species Spruce Soil Type Loam
Initial Block Wt. 7*878 + 0*39 g Initial Mo ist. Cont • 7-38 •:
Calc. Oven Dry Wt. 7-34 g Void Volume 68*70 v.
Initial Density 0*420 g cm ^ Max. Moist. Cont. 166*48 y.
Soil Moisture Conditions 
Nominal : 45 g ( Very Wet )
Calculated :
2 4 6 8 10 12 14 16 18 20 22 24 26 28
35 39 43 44 44 45 44 45 45

Code Number of Blocks Sampled at each Sample Time
2 4 6 8 10 12 14 16 18 20 22 24 26 28

PB34 PC09 PB02 PB27 PB22 PC16 PC05 PC19 PB21
PC22 PC33 PC08 PB03 PB19 PB30 PB01 PC23 PB31

28 weeks

28 weeks

PC31 PC14 PB23 PC10



Figure 57



Figure £8 shows the graphs of MC in the three systems. In the 
birch exposed to moist and wet soils the difference in the rate of increase of*
MC was apparent, as was the difference in final MC reached by the different 
segments and zones. The difference in MC between the zones was established at 
2 weeks and was maintained throughout the period of exposure, although the 
zone above ground was usually considerably drier than the two buried zones, 
which.had a similar MC.

In the spruce exposed to wet soil the rate of MC increase was very 
high, and the final MC reached by the segments was very high at around 2 x~>QP/o.

There was little difference between the zones, all having a similar MC, often 
with the ground line zone having the lowest MC of the three.

Weight loss - Figure 59

In the birch blocks exposed to moist soil the pattern of weight 
change, repeated in all 3 zones, suggested differences in density existed within 
each zone. These differences in weight loss were mainxained throughout the 
exposure period, although each segment lost weight during exposure. In the 
blocks exposed to wet soil, the WL was very variable, although there appeared 
to be a slight change from weight gain to weight loss after 20 weeks exposure.
In the spruce blocks in wet soil the weight gains after 11; days became weight 
losses after 20 weeks.

Figure 60 shows the weight loss graphs for the three systems. In 
the birch exposed to moist soil the increase of weight loss with time was apparent 
reaching around 2QP/o after 22 weeks, considerably less than that observed in 
birch exposed to dry soil (Section 5). The above ground zone exhibited weight 
gain at 2 weeks which became a weight loss with time. Greatest decay was found 
in the below ground zone, and least in the zone above ground.

In the wet soil, WL was more variable, and weight gains were 
found up to 12 weeks. There appeared to be less decay in the wet soil than 
in moist soil. In the spruce exposed to wet soil, there appeared to be no 
decay, as the weight losses were maintained throughout the period of exposure 
with no indication of increasing weight loss with time.
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♦

«

Acetylene Reduction - Figure 61
In the birch sapwood exposed to. moist soil, only marginal AR activity 

was recorded, usually in below ground zones. In the birch exposed to wet soil, 
some activity was recorded after 2 weeks, and considerable activity at later 
times. The highest activity was recorded at 1* weeks in the segments having a 
high MC. At later times the activity was variable and found throughout the 
block.

In the spruce sapwood blocks exposed to wet soil, some activity was 
recorded at 6 weeks and rather more activity throughout the block at 10 weeks.
At 11* weeks no activity was recorded above ground, unlike at 16 and 18 weeks 
where activity was found chiefly above ground. The rates were considerably less 
than those found in birch at the same soil MC.

♦

*

*

The graphs of AR rate against time are shown in Figure 62. In birch
—1 — “3exposed to moist soil very little activity (around 0.1nMh~ cm""J>) was recorded in

the wood, and only in the buried zones. This contrasted strongly with the same
wood exposed to wet soil where rates of up to 7*0 nMh cm '))were recorded. At
most sample times after 2 weeks the rates observed in all segments exceeded 

- 1 - 30.1 nMh cm , and were greatest below ground and least in the above ground zone.

The activity in spruce exposed to wet soil was less than in birch and
less than found in Scots pine at the same soil MC (see Figure 1*3). The highest 

—1 —3rate (1.J nMh cm was found in the above ground zone at 10 weeks. The below 
ground zone had the least activity.

Water content - Figure 63

The graphs of water content against time show the gradual increase 
of WC in birch exposed to moist soil and contrasts with the rapid rise to 80-100% 
found in birch exposed to very wet soil. Spruce exhibited a rapid rise to 
80-100% water content, a value in excess of its theoretical maximum water content
(65 %)■
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8.U« Discussion
If the results for birch exposed to dry soil, described in Section 5>, 

are compared with the results for birch in this experiment, Table 1£, the 
«  interrelationship of soil moisture, wood moisture content and decay can be

examined.
Table 15 Birch : Soil Moisture, Wood moisture content and Weight Loss,

Weight loss was greatest in the day soil reaching bP/o after 
22 weeks, with lower weight loss in moist soil (27.0896) and least in very 
wet soil (2l4,.Ol$). The final MC of the birch blocks after 10 weeks in 
dry soil was higher than in moist soil and very high in the very wet soil,
The implication of these results is that decay affects the precise relationship 
between wood moisture content and soil water availability described in 
Section 6 for Scots pine, where there was minimal weight loss.

Presumably, in the dry soil, the amount of available water in the soil was 
sufficient to allow the wood to reach a MC above that necessary for colonisation 
and decay to occur. As a consequence of decay, the amount of water in the 
block increased to around %% after 10 weeks, partly due to the water produced 
from substrate utilisation, partly due to further uptake as the permeability 
of the wood was increased by ray and pit membrane breakdown and partly due to
an increase of cell wall permeability due to fungal attack. Prom 10 to 22 weeks
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decay continued and the MC of the wood increased further, so that the rate
—1 —1of MC change went from 0.953% d over the first 10 weeks to 1.373% d from

10 to 22 weeks. As explained in Section 3> MC is not a reliable measure of the 
water uptake of decaying wood so that when the rate of water uptake is compared 
up to, and after, 10 weeks, the rate of water uptake decreased as saturation of the 
decayed block approached.

In moist soil, where the amount of available water was higher than in 
dry soil, the MC of the wood presumably reached a higher level more rapidly than in 
dry soil, producing conditions in the wood which were not optimal for decay. In the 
absence of rapid decay, the wood MC increased less than in dry soil, reaching only 
1*3% after 10 weeks, with a lower rate of water uptake than.in dry soil. After 
10 weeks the rate of water uptake decreased considerably as the block approached 
equilibrium with its surroundings, the final MC after 22 weeks being 95%*

In the very wet soil, with a considerable amount of water available,the 
wood rapidly took up water (0.125 gd ) reaching 101% MC after 10 weeks, 
presumably producing conditions in the wood which discouraged fungal attack. From 
10 to 22 weeks the MC increased to 221% while the rate of uptake of water decreased 
considerably (0.001 gd ).

Obviously decay profoundly changes the properties of the wood, which 
complicates its water relations and affects the precise relationship between soil 
water, wood and wood MC derived for undecayed Scots pine. Although decay can 
itself result in a high MC in the wood, the imposition of the same high MC on 
undecayed wood discourages decay. However, soil water availability remains an 
important concept, as it can still be regarded as determining initial wood MC 
(which determines whether colonisation and decay can occur), and also the 
equilibrium wood MC as decay occurs.

The properties of decaying wood do not remain constant during exposure, 
so that the precise relationship described in Section 6 is adequate for 
undecayed wood or the initial stages of exposure, but if decay occurs, the wood 
changes and a different equilibrium must be established. This is illustrated by the 
MC of the wood exposed to soil exceeding the theoretical maximum MC of the wood.
Wood can be regarded as in a dynamic state during soil exposure. Soil water 
availability, wood permeability, wood moisture content and susceptibility all 
affect each other and each affects decay rate. One implication of this is that if



decay can be regarded as a complex and dynamic process then the comparison 
of decay in different species with different treatments becomes particularly 
difficult i.e. the final MC at the end of an exposure period may not necessarily 
be a measure of MC throughout exposure, and may not be related to the critical MC 
which determines the onset of fungal attack. Similarly, final weight loss after 
a period of exposure may not be a valid comparison of decay rate in two species 
or treatments. Sampling at intervals throughout an exposure period is desirable, 
if not essential, to compare and contrast the rate of decay.

The mechanism of decay limitation in very wet soil may be related to the 
"wick action", where water flows through partially buried wood, acting as a wick, 
driven by the "evaporating power" of the air. The effect of wick action in dry 
soil, where presumably oxygen is dissolved in the soil water from air filled 
pores connected ultimately to the atmosphere, may be to supply oxygenated water 
to the wood. In very wet soil, where there are no air filled pores and the soil 
water is oxygen deficient, wick action may supply no oxygen. Some evidence for 
the aerobic/anaerobic nature of dry and very wet soils is produced by the 
occurrence of anaerobic nitrogen fixing bacteria in the wood, which do not occur 
in wood exposed to dry soil, but are common in wood exposed to very wet soil.
The implication is that the conditions in very wet soil, and in wood exposed to very 
wet soil, are anaerobic, but aerobic in dry soil and wood exposed to dry soil. 
Although this work illustrates the possible interdependence of soil MC, wood MC, 
oxygen supply and decay, further work on the oxygen tension inside wood exposed 
to dry moist and very wet soils would be desirable.

The "response" of different wood species to the same soil MC is 
shown in Table 16, a comparison of water uptake in Scots pane, birch and spruce 
exposed to very wet soil.

Table 16 Comparison of water uptake rate in birch, spruce and Scots pine
exposed to very wet soil.

Uptake Rate (g d" )
Birch 0*126
Spruce 1*000
Scots pine 0*847
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Spruce takes up water more quickly than Scots pine, while both 
softwoods are faster than birch. The implication of these results is in the 
treatment of timbers with preservatives, where Scots pine is classified as permeable 
while spruce is classified as only moderately permeable, despite their superficial 
anatomical similarity. These results indicate that the longitudinal flow of 
water through spruce is higher than in pine, so that perhaps spruce would be 
treated more effectively by longitudinal flow than by conventional tangential and 
radial penetration.

The occurrence of the highest AH rate in those segments above ground in 
spruce indicates that wick action was occurring, carrying the bacteria through 
the wood, resulting in their accumulation above ground. Alternatively the bacteria 
could be utilising nutrients in the water transported through the wood from the 
soil, which could also be accumulating above ground, producing the weight gain 
observed in above ground segments.

♦

%

%

Nitrogen fixing bacteria appear not to be significant in the decay 
of birch and spruce, as considerable decay was found in birch in the absence of 
nitrogen fixing bacteria, while in the spruce and birch exposed to very wet 
soil and with considerable AR activity, little decay was recorded. Presumably, 
nitrogen was not limiting in birch in dry soil, and the conditions limited decay 
in spruce and birch in very wet soil. If the level of nutrients in the soil can 
affect the decay of wood when they are transported into the wood by wick action, 
it would be of interest to examine decay rate in a soil with a higher level of 
nitrogen fixing activity and a higher level of soil nitrogen.

The occurrence of greatest decay in the dry soil, with least decay in the 
moist and very wet soils may indicate that the organisms responsible for decay are 
adapted to dry soil conditions because these conditions are usual in the field.
The examination of timber exposed in the field would allow the comparison of the 
laboratory soil exposure system to realistic exposure in the field and the 
investigation of the significance of nitrogen fixing bacteria to decay under 
realistic conditions.
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8.5 Conclusions
The decay of wood in soil contact is complex and dynamic. It is 

dependent on the interaction between wood, soil, water and soil microorganisms. 
Wood moisture content is affected by decay and by soil MC, and decay is affected 
by soil MC and perhaps oxygen tension. Differences exist in the water relations 
of different wood species in soil contact, which may be of relevance in the 
performance and treatability of these species.

Any significance of nitrogen fixing bacteria to the decay of spruce and 
birch have not been detected in this experiment. The distribution of bacteria 
may be a measure of the occurrence of wick action and of the presence of anaerobic 
conditions in the soil and wood.

Further work is necessary on decay in different soils, and on decay 
rate and nitrogen fixing activity under realistic field exposure in order to 
assess the significance of nitrogen fixing bacteria to timber decay in soil 
contact.

*

*
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9. THE EFFECT OF ANOTHER SOIL TYPE UPON BIRCH AND SCOTS PINE

♦

♦

♦

#

9.1. Introduction
This experiment was to examine the AR rate and decay rate in 

birch and Scots pine blocks exposed to a soil with a high level of 
AR activity, implying a large population of active nitrogen-fixing 
organisms. Vet soil was used as this had been found to encourage the 
development and colonisation of wood by nitrogen fixing bacteria. To 
examine the effect of soil drying upon AR activity and decay, the soil 
was allowed to dry out.

9.2. Materials and Methods

The soil was a clay from the South Croydon area of London which 
had been used previously as an example of a fertile soil having nitrogen
fixing (AR) activity (j.W. Millbank pers. comm.). The soil was set up 
and maintained at 35$ (moist) and the method of wood preparation and 
exposure was as described in Section 3- Table 17 gives the average 
value of the block weight and density of the sets of blocks, and the 
MC, void volume and maximum MC of the blocks. The nominal and 
calculated soil MC are given together with the number and code number 
of blocks removed at each sample time. After 119 days, the lids were 
left off both systems for one week, and were then replaced.

9.3* Moisture Content - Figure 6k
In Scots pine after 1+ weeks there was a distinct difference in 

the zones above and below ground although there was little difference 
between the zones after 8 weeks. When the soil was allowed to dry, 
the MC of the wood decreased dramatically. By 26 weeks there was once 
again a distinct difference between the zones.

In the birch blocks the difference in MC between the zones was 
distinct at 1; and 8 weeks but less distinct at 12 weeks, while at 16 
weeks the above ground zone was wetter than the zones below ground.
The outer tangential segments were usually wetter than the inner segments. 
After the dramatic reduction in wood MC after the soil had dried, the 
wood MC increased slightly, with the MC in all 12 segments being 
remarkably similar at 2i| weeks.

The graphs of MC against time, Figure 65, shows the rapid increase
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Table 17 Wood Block and Soil Data.

t

*

*

*

*

Y/ood Species : Scots pine Soil Type Clay
Initial Block Wt. : 10*62 + 0*24 g Initial Moist. Cont • s 8*48 %
Calc. Oven Dry Y/t.s 9*79 g Void Volume 57-28 %
Initial Density : 0*566 g cm”’̂ Max. Moist. Cont. 104-20
Soil Moisture Conditions
Nominal : 35 % ( Very Wet ) 25 /-• ( Moist )
Calculated :

2 4 6 8 10 12 14 16 18 20 22 24 26 280N'NON~\ 54 35 27 26 25
Code Number of Blocks Sampled at each Sample Time

2 4 6 8 10 12 14 16 18 20 22 24 26 28
JD29 JC26 JD34 JD31 JC15 JC16■ • JD32
JC21 JD26 JD22 JD27 JC14 JD21
JC16 JD35 JC30 JD23

JC35
JD24

Wood Species : Birch Soil Type Clay
Initial Block Wt. : 12*56 + 0*38 g Initial Moist. Cont • • 7-47 %
Calc.Oven Dry Wt. : 11*69 g Void Volume 50*01 $0

28 weeks

28 weeks

Initial Density 0670 g cm _ x Max. Moist. Cont. 77-45 %
Soil Moisture Conditions
Nominal : 35 % ( Very Wet ) 25 % ( Moist )
Calculated :
2 4 6 8 10 12 14 16 18 20 22 24 26 28 weeks

51 31 32 35 20 24 25
Code Number of Blocks Sampled at <each Sample Time

2 4 6 8 10 12 14 16 18 20 22 24 26 28 weeks
LD26 LD20 LEO 5 LE10 LE12 LE15 LE19
LE22 LE17 LD15 LE20 LE09 LE24
LE13 LE04 LD24 LE18

LE16
LD19

*
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in wood MC after exposure, reaching a plateau after only 8 weeks, 
presumably as the wood became saturated at around 130-15>096. After 
the soil was allowed to dry, the MC of all 12 segments had decreased 
to 30-5>0#> after only 7 days. The MC increased slightly when the lid 
was replaced, and a difference between buried and unburied zones was 
apparent at 21; weeks.

In the birch blocks, the maximum MC was reached more slowly, and 
was slightly lower than in Scots pine. When the soil dried out, the 
wood MC only decreased to l;0-60% before the lid was replaced, and then 
the wood MC increased to which was maintained up to 21; weeks.

Weight Loss - Figure 66

In Scots pine, after 1; weeks, segments 1 and 3* £ and 7> and 9 
and 11 had. weight losses, while the remaining 6 segments had weight 
gains, presumably due to density variation within the block. This 
variation in density, added to the natural variation to be expected in 
the decay of wood exposed to soil, obscured any increase in WL with 
time in the three-dimensional representations, although at 21; weeks 
the WL values were consistently higher than at any previous sample time.

In birch, the WL values were even more variable than in Scots 
pine although there were more segments exhibiting weight loss after 
18 weeks when the soil was dry, than when the soil was wet.

The graphs of weight loss against time, Figure 67, show that in 
pine there was no increase in WL in the wet soil, but in dry soil there 
was a slight increase in WL with time.

In birch there was a marginal increase in weight loss with time in 
the wet soil, but after the soil was allowed to dry, the weight loss 
increased noticeably with time.

Acetylene Reduction Rate - Figure 68
In Scots pine after h weeks, most activity was recorded in the 

below ground zones. In the deepest zone most activity was found in the 
outer segments, while in the zone at the ground line most activity was in 
the outer tangential segment. The segment immediately above this was 
the only segment in the above ground zone to exhibit AR activity, the 
inference being that the bacteria were moving longitudinally more easily
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than radially, as found in Section 1.1*. By 8 weeks, activity was
recorded throughout the block. By 12 and 16 weeks activity was 

-1 -3greater than $ nMh cm in some segments below ground and even above 
ground some of the highest values recorded in this series of 
experiments were found. After the soil was allowed to dry the AR 
rate in the above ground zone decreased dramatically, while some 
segments below ground still showed considerable activity.

In the birch blocks after 1* weeks there was activity in all the 
segments in the zone below ground, but only in the outer segments in the 
zone at the ground line, and no activity was recorded in the zone above 
ground. At 8 weeks, activity was recorded in all the segments, but 
with most activity in the inner tangential segment of each zone. At 
12 weeks, activity was very high in the deepest zone and least in the 
ground line zone, decreasing slightly at 16 weeks. After the soil had 
dried, activity decreased drastically, particularly in the zone above 
ground.

The graphs of AR against time, Figure 69, for Scots pine, show the
increase of AR activity in all segments with time, reaching a maximum of 

—1 —312.9 nMh cm J  in segment 10 after 12 weeks. At 16 weeks all segments 
exhibited a high rate between 1.2 and 10. After the soil was dried, 
the rate decreased particularly above ground, but then increased slightly 
in the deepest zone up to 21* weeks.

In birch the AR activity increased more rapidly than in Scots
—1 —3pine, particularly below ground, reaching 11* nMh cm J  after 16 weeks 

in segment 7» After the soil was dried the rate decreased dramatically, 
and as in Scots pine, increased once more at 20 and 21* weeks.

Water Content - Figure 70
In Scots pine the difference in WC between the zones above ground 

and the zones below ground was apparent at 1* weeks, but not at later 
times, while the decrease in WC after the soil dried was obvious.

In birch the distinction between the zones was very noticeable at 
1* weeks and was maintained up to 12 weeks, where the WC was very similar 
in all except the inner tangential segment of each zone. At 16 weeks 
this distribution was even more marked, while the drop in WC after the
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soil was dried was again obvious.

The graph of WC against time, Figure 71 > shows the rapid increase 
in WC during the first 1+ weeks in both species, although the WC of birch 
increased faster than Scots pine initially. In Scots pine the plateau 
was reached at around 70# in all 12 segments, while in birch the WC was 
more variable over a range from 59 to 78%* After drying, the WC of 
birch was higher at 25-39% than in Scots pine (18-25%), a difference 
that was maintained up to 21+ weeks.

9.1+. Discussion
Although the prime aim of this experiment was to examine the 

effect of a different soil type, with high AR activity, upon the decay of 
pine and birch, the value of soil water availability as a criterion of the 
MC of soil is immediately apparent. The brown loam soil used in the 
previous experiments was "wet” at 39% MC, while the clay used in this 
experiment at 39% MC was "waterlogged", and should be compared with the 
brown loam at 1+9% MC* Once again the familiar pattern of the moisture 
relations of wood and soil is apparent. Both species wetted up rapidly 
in the soil (with a considerable amount of available water) and rapidly 
approached saturation. TJnder these conditions, decay was minimal, while 
nitrogen fixing bacteria were encouraged and AR activity in the wood was 
high. The highest AR values recorded are presumably due to the large 
population of organisms in the soil which provided a large inoculum 
for the colonisation of the wood. After the soil was allowed to dry out, 
both species lost water rapidly by evaporation (pine faster than birch) 
until the lid was replaced and the R.H. around the exposed portion of 
the blocks increased, when the MC of the wood increased slightly.
Under these conditions, AR activity decreased and it appeared that weight 
loss increased as decay began. Once again the close relationship between 
the wood and the water availability of its surroundings was revealed, 
together with the effect of soil conditions upon wood moisture content,
AR activity, and decay. Wood decay remains a complex and dynamic 
process, and the wood is in a dynamic equilibrium with its surroundings, 
but it would appear that the general principles derived in one soil can 
be related to another soil, which is encouraging for the investigation of 
timber in soil contact.

In addition, this experiment provides some interesting observations 
which are of relevance to the concept of wick action in wood. A
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difference in MC between buried and unburied zones was apparent 
initially, but then disappeared as all 12 segments reached the same 
MC. When the lid was removed from the system, the wet blocks 
rapidly lost water, particularly from the above ground zone and less 
from the zones below ground. The AR activity in the above ground 
zone stopped, while the buried zones continued to exhibit activity.
Once the lid was replaced, the MC increased and AR activity returned 
to the zone above ground.

The implication of these results is that wick action occurs in 
the wood and is important in determining the MC of the wood. If 
during the wetting-up phase the rate of evaporation exceeds the rate 
of water supply, because the wood is relatively dry and not very 
permeable, then a marked difference in MC between the buried and unburied 
zones would occur. Once the zones below ground were wet, permeable and 
able to transport water, then the rate of supply would exceed the rate of 
evaporation and the entire block could become wet and the 12 segments 
would all i?ave the same MC. If then the rate of evaporation exceeds 
the maximum rate of supply, such as when the lid is removed, the zone 
above ground loses water more rapidly than it can be supplied, and dries 
out, leaving the water in the buried zones relatively undisturbed, and 
allowing nitrogen fixing activity to continue. Once the lid is replaced 
and the rate of evaporation reduced, the rate of water supply can exceed 
the rate of evaporation once more and the zone above ground gets wetter, 
carrying organisms longitudinally from below to above ground. Presumably 
the water vapour leaving the wood and soil rapidly produces a high 
relative humidity around the wood which allows the wood MC to be maintained. 
The rate at which wetting-up and drying occurs in the wood depends on 
wood permeability, and as birch and pine have different permeabilities, 
it is hardly surprising that their rate of wetting and drying differs.
This experiment provides furthe r evidence for the existence of wick 
action and indicates that it may be very important in determining wood 
moisture content, the existence of a dynamic equilibrium between soil, 
water, wood MC and the relative humidity of the air, and be of significance 
in determining the decay of timber in soil contact.

The occurrence of high AR rates in both birch and pine indicates 
that it is the soil conditions, rather than the wood species, which 
determines the occurrence of nitrogen fixing bacteria in the wood. The
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indication is that if the soil conditions are suitable, then 
nitrogen fixing bacteria can proliferate in the soil and colonise 
wood. However, as in the previous experiment, there is no obvious 
correlation between AR activity and weight loss, partly due to the 
extreme variability of both AR and weight loss.

From the results of this experiment it would seem unlikely that 
the presence of nitrogen fixing bacteria are a pre-requisite of decay, 
because these bacteria occur in the absence of decay and decay can occur 
in their absence, as in the previous experiments. However, there is 
the possibility that in fluctuating conditions, such as those artificially 
created in this experiment, which may occur under realistic conditions in 
the field, nitrogen fixing bacteria may be active in wood when the soil 
is very wet. On drying, the bacteria may die, releasing nitrogen into 
the wood which may be available to fungi which prefer the drier 
conditions. Fluctuating conditions may be of great significance in 
the decay of timber in soil contact, but have not been investigated, 
presumably because the monitoring of decay under controlled but fluctuating 
conditions in a system with a high level of inherent variability, is 
likely to be particularly difficult. Similarly, the use of constant 
conditions in the laboratory, although reducing variability, may be 
unrealistic as it eliminates the seemingly vital fluctuations which 
occur in the field. Obviously the comparison of decay in the laboratory 
and in the field would be of value in investigating the significance of 
fluctuations in soil moisture content and relative humidity.

It is encouraging that the principles evolved from one soil and 
one timber species can be extended to other species and another soil.
The implication is that the relationship between soil water availability 
and wood moisture content could be applied generally to all situations 
in which wood is exposed to soil contact, if not to all situations in 
which timber is used.

9*5* Conclusion
This experiment, involving the exposure of Scots pine and birch 

to a waterlogged clay soil which was then allowed to dry out, has 
confirmed that a general relationship between soil water availability 
and wood moisture content exists and that it could be of significance in 
determining the MC of timber in service, which affects its susceptibility 
to decey.
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The results imply that wick action was occurring in the wood, 
as the observations on changes in wood moisture content and acetylene 
reduction activity may be explained if wick action had occurred*
The occurrence of high AR activity in the wood revealed the effect of 
a large population in the soil and the importance of the soil in 
determining both the conditions and the occurrence of organisms in the 
wood. Prom the results presented, there would appear to be no correlation 
between the occurrence of nitrogen fixing bacteria and decay in the wood. 
Nevertheless, both the water relations of wood and wick action are 
potentially of great significance in the decay of timber in soil 
contact.

♦

*
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SUMMARY AND DISCUSSION OF LABORATORY SOIL EXPOSURE 
EXPERIMENTS
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The original aim of the series of experiments described 
in sections 1 to 9 was to determine the significance of nitrogen 
fixing organisms to timber decay in soil contact. Prom the results 
described it is apparent that the occurrence of nitrogen fixing 
bacteria in wood in soil contact is determined by soil conditions 
more than by timber species, in that both hardwoods and softwoods 
are colonised if the soil is very wet or waterlogged. There is 
no direct correlation of weight loss and decay with acetylene 
reduction rate, as there is decay in the absence of AR in dry soil, 
decay and AR in moist and wet soils, and minimal decay with maximal 
AR in very wet and waterlogged soils. Thus overall, on the basis 
of these results it would seem unlikely that the presence of 
nitrogen fixing bacteria is essential for the decay of timber in 
soil contact. When the rate of AR is converted to amounts of 
nitrogen fixed, assuming that the conversion is valid (see Section 
2.1*. 6), and that the hourly rate is maintained for weeks and months, 
the increase in the nitrogen content of the wood may be only 
0.001* % per day or 1.1*6 % per year. Obviously nitrogen fixing 
bacteria are a part of the decay ecosystem as they occur in wood 
exposed to wet, almost waterlogged, soil, but their significance 
depends upon how important to the decay organisms is an approximate 
1 % increase in wood nitrogen content.

Nitrogen can increase decay as shown by the impregnation 
of wood with Abram's (191*8) salts (Savory, 1951*) which considerably 
increases the nitrogen content and promotes decay.
King, Oxley and Long (1976) found that differences of 100% in the nitrogen 
content of wood affected the amount of soft rot decay, and Merrill and 
Cowling (1966) found that similar differences in the natural nitrogen 
content of wood affected the amount of weight loss. Butcher (1975) 
found that the impregnation of veneers with solutions containing 0.2£g/l 
nitrogen produced maximum soft rot attack. Thus the addition of nitrogen 
to wood increases fungal attack, and small additions of nitrogen could be
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important for decay organisms, so that even the relatively small 
amount supplied by nitrogen fixing bacteria could be significant.

However, problems still exist in estimating the significance 
of these bacteria. Prom the results it appears that most decay was in dry 
soil, and most AR in wet soil, implying that decay and AR were mutually 
exclusive. Presumably, decay fungi are aerobic, being most active in 
oxygenated, dry soil, while the bacteria are anaerobic, being most active 
in oxygen depleted, wet soil. Thus in order for the nitrogen fixed by 
the bacteria to be available to the fungi, either the fixed nitrogen must 
be transported to the fungi from the bacteria, (which are active at 
different sites in the wood),or the conditions in the wood must fluctuate, 
allowing bacteria to be active in anaerobic, wet, conditions, and then 
fungi to be active when conditions are aerobic and drier. Although 
there is some evidence for an effect of this cyclic fluctuation in 
conditions upon decay from these experiments under artificially imposed 
conditions in the laboratory, the occurrence and effect of such 
fluctuations upon decay and AR can only realistically be investigated 
in the field (See Section 12).

Conceivably, nitrogen fixed by bacteria in the wood below 
ground could be transported to fungi active at the ground line, by wick 
action, although there is no evidence from these experiments that 
nitrogen fixing bacteria are confined to the zone below ground, and fungi 
to the ground line zone.

An additional problem is that the fixed nitrogen is incorporated 
into bacterial cells rather than being freely available in the water in 
the wood. Although cells may "leak” nitrogen, large amounts of nitrogen 
may only be available when the bacteria die. Of course, the nitrogenous 
products of bacterial death and those liberated by "leakage" must be 
assimilable and utilisable by the fungi for the products to be of 
significance in their nitrogen nutrition.

A third possibility is that the nitrogen fixing bacteria and 
fungi are "symbiotic" in the wood, with the fungi and bacteria living 
close together, with the fungi utilising the oxygen, reducing the oxygen 
concentration around the bacteria, and effectively creating an 
anaerobic environment. Line and Loutit (1973) describe some experiments



in which Clostridium and Pseudomonas species have this "symbiotic" 
relationship. N0 evidence is available from these experiments 
concerning this possibility.

Thus this series of experiments has shown that nitrogen 
fixing bacteria can occur in wood in soil under some conditions and that 
they may be capable of increasing the overall nitrogen content of the 
wood by around 1% per year. Further work would be required to determine 
whether this amount of fixed nitrogen is significant to the nitrogen 
economy of the decaying wood and specifically to the decay fungi.

The technique for the exposure of wood to soil contact -under 
controlled conditions in the laboratory, described in Section 3> has 
been shown to be useful for the collection of data concerning the decay 
of wood in soil contact. The use of partially buried, rather than 
totally buried, wood, is potentially of great importance in the realistic 
simulation of ground contact exposure. The analysis of 3 separate zones has 
been important, although the two buried zones were broadly similar but 
often very different from the zone above ground. Information on the 
longitudinal penetration of both water and nitrogen fixing organisms 
has been obtained by sampling the three zones. The analysis of four 
segments within each zone has provided new information on the penetration 
of water and organisms into wood in soil contact, where the outer segments 
are more permeable and more susceptible to decay than the inner segments.
No information on tangential penetration was obtained from this technique.

The cutting of the block into segments with knives was simple 
in theory but caused problems in practice. As the blocks did not split 
regularly, particularly at early sample times when dry and undecayed, the 
segments were not all the same volume. In addition, the density of the 
wood varied across one zone so that the results for weight loss (which 
depends on wood density and segment volume) and water content and AR rate 
(which depends on wood volume) were not always precise. The values of 
MC were precise as it is independent of wood volume and density but is 
affected by decay, and can give a misleading impression of the amount of 
water in the wood. These problems could have been overcome by measuring 
the volume of each segment after cutting each zone into segments but 
before each segment was sliced. Fortunately, the weight loss of the 
entire block could be calculated^ providing a measure of the amount 
of decay.
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The use of regularly spaced sample times has allowed the 

moisture content, water content and acetylene reduction rate to be 
monitored against time of exposure, allowing rates of water uptake 
and decay to be compared and contrasted. This would not have been 
possible if there had been only one sample time. It would appear 
that the rate of decay is controlled, by the soil conditions in that 
very dry soil or very wet soil preclude decay, while intermediate 
levels of water allow decay but can affect decay rate.

The technique for the maintenance and control of soil MC, 
although rather tedious, has been shown to be vital for the investigation 
of the decay of timber in soil contact. Changes in soil moisture 
content, which may occur in the field, profoundly affect the MC of the 
wood exposed to soil, and the activity of organisms in the wood.
Further work is required to examine the occurrence and significance 
of fluctuating soil moisture conditions in the field and their relevance 
to the laboratory exposure system. (See Section 12).

Overall, despite the complexity of the procedure and the 
inaccuracies and variability of the results, the measurement of moisture 
content, water content, weight loss and acetylene reduction rate in beech, 
birch, Scots pine and spruce at different soil MC and in two different 
soils has provided considerable information on the decay of timber in 
soil contact. However, in addition to the subjective description of 
the differences in performance of the four wood species, and of the effect 
of soil conditions upon decay, the results reveal the existence of some 
fundamental concepts which are potentially of great significance, as they 
are involved in the decay of timber in soil contact and have far-reaching 
implications for timber decay in general.

These major concepts are, that there is a relationship between 
soil MC and wood MC and that this relationship can be expressed as a 
mathematical model, that a dynamic equilibrium exists between the soil 
water and the water in the wood, and that wick action is occurring in 
wood in soil contact.

The relationship between wood MC and the relative humidity of 
the atmosphere to which it is exposed, is well documented (e.g. Stamm, 
196U) and the significance of the relationship is well appreciated, as it 
affects dimensional change and the decay and the strength of the wood.
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However, the existence of a similar, well-defined relationship above 
f.s.p., between the MC of the wood and the MC of its surroundings has 
not been investigated, or appreciated. Its significance lies in its 
importance in determining the MC of the wood, which affects the onset 
and development of decay, and in affecting wick action, which is 
discussed later. Obviously the performance of wood in soil contact 
is affected by the MC of the wood and the implication is that a knowledge 
of this relationship for either treated or untreated wood could assist 
in predicting the performance of timber in the field. The uptake of 
water by wood is of particular relevance to the treatment of timber with 
water-borne preservatives. This relationship and its significance is 
discussed in more detail in Section 11.

In addition, this quantitative approach to the relationship 
between wood and the moisture content of its surroundings, allows the 
first tentative step toward a mathematical model of timber decay in soil 
contact. There is sufficient information available from this series of 
experiments to allow a model to be constructed which quantifies the 
wetting-up of wood in soil contact and allows the effect of differences in 
wood permeability and of decay to be incorporated. This model is 
described in greater detail in Section 11. The ability to construct 
even this basic model is of great significance as it implies that a 
reasonable level of understanding of the moisture relationship of wood 
and soil has been reached.

The existence of a dynamic equilibrium between soil water, the 
water in the wood and the relative humidity of the atmosphere is 
significant. As the weather conditions surrounding the wood change and 
the soil conditions change, the wood exposed to these conditions will 
rapidly adjust as it remains in equilibrium with its surroundings. The 
effect of fluctuating moisture conditions in the wood upon the onset and 
development of decay has not been critically investigated, but the 
indication from this series of experiments is that fluctuating conditions 
profoundly affect the conditions inside the wood and the activity of 
organisms in the wood.

Perhaps the most important concept which has emerged from these 
experiments is that wick action is occurring in the wood exposed to soil 
contact. Its importance is that it is involved in maintaining the
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dynamic equilibrium between wood and soil and air, and. potentially 
in the transport of organisms, nutrients and oxygen from the soil 
into the wood. Further work would be required to examine the 
influence of wick action upon nutrient distribution in the wood and 

^ the effect of that distribution upon the distribution of organisms
and their activity. Potentially wick action is of major significance 
and must be considered as a fundamental and vital process which occurs 
in wood in soil contact and could profoundly affect the performance 
of timber in ground contact.

Thus in addition to a quantification of nitrogen fixing 
activity in wood in soil contact, this series of experiments has 
provided an insight into the methods necessary to investigate timber 

$ decay in ground contact and introduced a number of concepts which
extend our understanding of how timber decays in ground contact.
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11. THE RELATIONSHIP BETWEEN WOOD MOISTURE CONTENT AND SOIL 
MOISTPBE CONTENT
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11.1 Introduction
The results from the experiments described in sections I4. 

to 9 1 and summarised in section 10 indicated that there was a 
relationship between the soil moisture content of wood and the moisture 
content of the soil to which it was exposed. This relationship 
appeared to determine the rate and amount of decay occurring in the 
wood as well as the occurrence and rate of activity of nitrogen fixing 
bacteria in the wood. As it seemed likely that this relationship was 
of fundamental importance to the performance of timber in soil contact 
and to the assessment of the significance of nitrogen fixing bacteria 
to the decay of wood, it was decided to examine this relationship 
further. There were two approaches.

The first was theoretical, in which the curves of moisture 
content against time obtained in sections U to 9 were analysed statistically 
and mathematically to attempt to derive a mathematical equation, or "model'*, 
which would describe, and also predict, the moisture content of wood 
after increasing periods of soil exposure. A model based on linear 
equations was examined first, and then a number of non-linear equations 
examined for their applicability. A Gompertz curve was chosen as being 
the most applicable and a least squares technique used to fit a curve to 
the data. The relevance of this model to the relationship between wood 
moisture content and soil moisture content are briefly discussed.

The second approach was experimental; to monitor the wood 
moisture content at different soil moisture contents. This involved 
the development of an artificial soil with more controllable and 
definable moisture retaining properties than natural soil. The concepts 
of moisture holding capacity, moisture content, capillarity and pore 
size, and water potential (which may be unfamiliar when applied to wood 
in soil contact) were of value in describing the relationship between 
soil moisture content and wood moisture content, so a brief introduction 
to these concepts has been included in this second approach.

The two approaches were then combined in an attempt to produce 
a coherent and general theory, summary, or model, of the relationship 
between wood moisture content and soil moisture content.



11.2 Theoretical Approach
11.2.1. Linear Analysis - Introduction

The simplest mathematical approach to the derivation of 
an equation or model from data is regression analysis. Analysis 
of variance applied to regression analysis allows the data to he 
examined for a linear increase in both variables, for the amount of 
deviation from the calculated straight line, and for the calculation 
of the confidence limits of the constants in the derived equation 
(Sokal and Rohlf,1969)»

The aim was to use regression to derive an equation for the 
water content of a segment after increasing periods of exposure.
Each segment would have slightly different constants in the equation, 
while the differences between the three soil moisture contents were 
expected to be large. The intention was to be able to predict the 
water content of a segment at any soil moisture content and after any 
period of exposure.

Materials and Methods
The results obtained from the exposure of Scots pine sapwood 

blocks to soil moisture contents of 25, 35 and 1*0% (Section 6) were 
selected. The water content values were chosen, rather than MC, as 
being most reliable, least variable, and of the most relevance to the 
relationship between wood and soil moisture content. The curve of 
water content against time of exposure appeared linear from 2 to 10 
weeks and differed considerably at the three soil moisture contents.
(Figure 72). The analysis of only segment 9 is shown in detail, 
although the other eleven segments were analysed similarly. A regression 
was performed on the data, using the programme described by Sokal and Rohlf 
0969XkINREG1 , in Appendix 1), to obtain an equation for the line 
which best fitted the data points (Figure 73). This was tested by 
the analysis of variance and found to be significant at 35 and 1*0% 
soil moisture content, but not at 25%, due to the low rate of water 
uptake at this soil moisture content. Water uptake was probably non
linear at the beginning and end of the exposure period, but was linear 
from 2 to 10 weeks. The regression equations derived at each soil 
moisture content describe the relationship between the water content in 
segment nine and time of exposure.
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3''igure 72 Water content in Scots pine sapwood against time of 

exposure to soil at 25, 35 and 40 % moisture content.

%

Figure 75 'Water content in Scots pine sapwood against time of
exposure to soil at 25, 35 and 40 z/z- moisture content.
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If the initial water content of the block - a %

and time of exposure = t days

then water content at 2%% (nominal) = a + 0.031 t
= a + 0.206 t
= a + 0.700 t

Thus the value of the water content in segment nine at 
any time between 11* and 70 days at 2£, 35 or 1*096 soil moisture 
content could he predicted by the substitution of the time of exposure 
in the appropriate equation.

The gradient of the line represents the rate of water 
uptake at different soil moisture contents. The gradient varies 
with the position of the segment within the block, so that the rate 
of uptake and the gradient is highest in the segment with the largest 
surface area exposed to the soil,and lowest in the adjacent, inner 
segments, decreasing toward the ground line and above it. The 
gradients for each segment at each soil moisture content are shown 
in Table 18.
.ffable 18 Regression line gradient in the twelve segments of a block 

exposed to soil at different moisture contents.

Dry Soil Moist Soil Wet Soil
Segment 1 2 3 4 1 2 3 4 1 2 3 4
Gradient •03 •03 •01 •05 ■ -1 1 •07 •12 •16 •40 •43 •43 •55
Segment 5 6 7 8 5 6 7 8 5 6 7 8
Gradient •07 •02 •05 •05 •19 •10 •10 •25 • 63 • 56 •45 •93
Segment 9 10 11 12 9 10 11 12 9 10 11 12
Gradient •03 •01 •03 •05 •21 •13 •16 •26 •70 •69 •55 •95

If the gradient of the line is plotted against soil moisture 
content, e.g. in segment nine, Figure 7l|A, the relationship appears 
exponential, and a log transform of the values produced a straight 
line (Figure TUB), from which a further regression equation was 
derived. This equation described the relationship between the rate 
of water uptake and the soil moisture content for segment nine.
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Figure 74 A : Gradient of the regression line of water content 
against time of exposure at each soil moisture 
content, against soil moisture content.

B : Log^ transformation of gradient against log.^ 
soil moisture content.
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When the same procedure was applied to the other 11 segments,
each equation allowed the rate of water uptake at any moisture content
to be predicted, and given the soil moisture content and the time of
exposure, the water content of a segment could be predicted. When
the intercept and the gradient of each of the 12 equations were plotted
against each other (Figure 75)» a straight line was produced.
Figure 75 Intercept against gradient of regression line for log.j 

gradient against log^ soil moisture content, for 
segments 1 to 12.

Gradient
The implication of this relationship is that a segment which 

has a low rate of uptake at low soil moisture content has a high rate 
of uptake at high soil moisture content, although it must be interpreted
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with caution because each of the 12 points is derived from a straight 
line regression which was fitted to only three points. Prom a 
regression of the line in Figure 75»

t If the gradient = m and the intercept = y
then y = 0.571* - 1-563 m

Thus the relationship between the water content of a segment, 
the soil moisture content, and time, can be defined by a single index, 
here called i for each segment (Table 19).

Table 19 Index values relating soil moisture content and time of
exposure for segments 1 to 12 of Scots pine sapwood blocks 
exposed to soil.

Segment
Number i value

Segment
Number i value

Segment
Number i value

1 4.87 5 4.32 9 6.46
2 4.77 6 6.98 10 8.16
3 7.61 7 4.21 11 6.22
4 4.89 8 5.75 12 5.84

Prom this index value, the water content can be predicted in a segment 
at soil moisture contents between 2$ and 1*0% and at any time from 11* to 
70 days.

«

♦

Water content = a + antilog £(( - 0.571* - 1-563 i ) + (log s))J t

The accuracy of this predictive equation was tested. Values 
were calculated, using the equation, for the water content in each of 
the 12 segments of Scots pine after exposure to soil at 35% moisture 
content for 1*2 days.

These values were compared with those of the blocks removed 
from the soil at 35% MC after 6 weeks exposure, described in Section 7- 
A t- test of the observed and predicted values revealed that there was 
no significant difference between the values at the 0.05 probability level.

Discussion
The i values represent a combination of physical factors such
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as the nature and extent of the wood surface exposed to soil contact, 
and permeability, and biological factors such as membrane breakdown 

or the degree of cell colonisation and degrade, all of which could 
affect the value of i. Even though the 12 i values are the summary 
of some 500 experimental points, there is insufficient information to 
determine why the i values differ in different segments.

However, the analysis has revealed a number of concepts.
Firstly it has shown that reliable, reproducible, quantitative results 
can be obtained from a soil and wood system despite its notorious 
variability. Secondly it has shown that the relationship between soil, 
wood and water can be quantified, albeit empirically. Thirdly it has 
shown the severe limitation of empirical mathematical analysis; the final 
equation can only be used in a limited set of closely defined conditions. 
The analysis provides no fundamental understanding of the biological or 
physical difference in the index values or of the relationship between 
soil moisture, wood, water uptake and wood moisture content. The 
almost arbitary reduction of the data to a single empirical index value 
is unsatisfactory.

However, a less empirical analysis of the data, which 
incorporated the entire exposure period, the difference in rate of uptake 
at different soil moisture contents, and the difference between wood 
species would seem possible and desirable, if not essential, to understand, 
describe, and predict,the relationship between wood and soil moisture 
content.

Conclusion
The analysis has shown that a mathematical approach to the 

relationship between wood and soil moisture content is possible although 
the derived expression is only applicable to one soil, one wood species, 
a small range of soil moisture content and exposure times of only 2-10 
weeks. A less empirical approach is required to improve the generality 
of the model and to improve understanding of the fundamental background 
to the relationship.



11.2.2. Trend analysis - Introduction

This section is a further analysis of the water content 
against time graph. The relationship was obviously non-linear at 
the beginning and end of the exposure period and a curve would seem 
more appropriate than a straight line. Deciding which curve to fit 
can be either arbitary, or by testing the accuracy with which a curve 
fits the data after transformation of one or both axes by regression 
analysis. In a technique described by Gregg, Hossell and Richardson 
(196b.) any arbitary judgement is eliminated. Their method is 
primarily intended to fit a curve to data on commodity demand, allowing 
the future demand to be forecasted from the equation of the curve.
Their technique allows the ’’goodness of fit" of a number of types of 
curve (see Table 20) to be determined, allowing the "best" curve to 
be selected. The values of the constants can then be calculated from 
the data. The technique also allows "smoothing" to allow for 
variability in the data. The aim of using this technique in this 
investigation was to derive an equation whose curve precisely describes 
the water content of a segment after any period of exposure to soil at 
any moisture content. It was hoped that differences in the curves 
between segments and between soil moisture contents could be quantified 
after inspection of the constants for each curve.

Method
The technique assumed that the data fitted the curve, so that 

the deviations of the data were due to random, short-term, or 
experimental, variation. The type of curve which best fitted the data 
was selected, and then the values of this type of curve which fitted the 
data were calculated. A computer program (FIT3PT in Appendix 1) was 
written to perform the analysis and tested on the example provided by 
Gregg, Hossell and Richardson. Briefly, it read the water content 
data and calculated moving averages over 5 sample times. Missing values 
were interpolated. The values shown in Table 20 were calculated and 
graphs plotted of the "slope characteristics" i.e. the slope of the 
moving average against sample time, slope divided by moving average 
against sample time, etc.). The curves were examined to determine 
the diagnostic shape. (Column 5, Table 20)



Table 20 Table of curves, their equations and constraints, with the
values to be plotted out, and the diagnostic features of the 
resulting line.
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Results

A representative set of data from each wood species, soil 
type and soil moisture content was analysed and the graphs plotted.
The plots indicated that the curve of water content against time was 
a simple modified exponential, a Gompertz, or a logistic curve. These 
types of curve are shown in Figure 76.
Figure 76 Graphs of simple modified exponential, Gompertz and logistic 

curves with the equations of the curves and values of the 
variables for each curve.
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Discussion
The analysis of the water content against time curves 

indicates that the Gompertz type of curve best fits the data, although 
only that part of the S-shaped curve which increases from a value above 
zero towards a maximum value or plateau appears suitable. Both the 
logistic and exponential curves have an initial value on which the 
shape of the rest of the curve depends, while the Gompertz curve 
depends on the final value at the plateau. The experimental data 
suggests that the final value of water content is more important than 
the initial water content in the relationship between wood and soil 
moisture content. In addition, the Gompertz curve is linear initially, 
and would fit the linear part of the data analysed by regression in 
section 11.2.1. The rise to a maximum value could reflect the 
attainment of equilibrium between soil and wood, or the approach of 
saturation of the wood. The double exponential form of the equation 
with two constants allows a large family of curves to be specified, from 
a steep initial rise to almost linear, which could fit the experimental 
data obtained in very wet and dry soils respectively. The Gompertz 
curve thus appears to be the type of curve which should be fitted to 
the data although the technique of Gregg, Hossell and Richards would 
be complex and time consuming without the specially written computer 
programme.

Conclusion
The Gompertz type of curve was found to fit the experimental 

data on the increase of water content in wood after increasing periods 
of soil exposure. It would appear to be a reasonable model of the 
rate of water uptake by wood exposed to soil and worthy of further 
investigation as a model of the relationship between wood and soil 
moisture content.
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11.2,3* Gompertz Curve Analysis - Introduction

_be-k xA Gompertz curve of the form y = ae was found to fit
experimental data on the increase of wood water content with time of 
soil exposure. The water content data was from 17 sets of soil 
contact exposures, described in sections 5 to 10, using beech, birch, 
Scots pine (sapwood and heartwood) and spruce in two different soils 
at five different soil moisture contents. The Gompertz curve which 
best fitted the data from each segment was determined with a computer 
programme using a least squares iterative method for the calculation 
of the curve parameters.

Method
The computer programme from the SHARE library (NLIN in 

Appendix 1) fitted a non-linear curve by "using the Marquardt algorithm 
(Booth, Box, Muller and Peterson, 19^9) • The values of water content 
at each sample time were supplied to the programme together with 
initial guesses for the values of the parameters a, b and k in the 
equation. The programme calculated the predicted values from the 
initial guesses using the equation and compared the predicted with the 
observed by a least squares technique. The programme then changed 
the values of the parameters by a preselected amount and repeated the 
calculation and comparison. If the least square value was reduced, 
the process was repeated and continued until the least square value 
failed to decrease or the programme was halted.

Results
The values of the parameters in all 12 segments of each 

treatment were remarkably similar yet very different from the other 
exposure conditions or wood species. These parameters were pooled by 
the crude technique of averaging the values and the results are shown 
in Table 21. Each segment differed slightly in the shape of its 
water uptake against time curve, and in some segments the programme 
failed to find values of the parameters which fitted the data adequately. 
However in most cases the s.d. was small, reflecting the minor variation 
of the values for each segment and the similarity between segments when 
analysed by this technique. The deviation of the segments from the 
average value could be related to the amount of exposed surface and its 
position relative to the ground line, as discussed in Section 11.2.2.



Table 21 Average values of a, b, and k, with their standard 
deviation, in the Gompertz equation, found by non
linear curve fitting,
( n = number of samples ; A, B, C, D and E in Scots pine 
refer to Figure 77, and A, B, G, and I) in birch to 
Figure 'JQ )

Wood S o i l « a H «b " "k " n

Beech Dry loam 19*81 + 0 *155 1*59 + 0*004 0 *31  + 0 *142 5

. ? in e Dry loam 15*27 + 0 *660 1*37 + 0*047 0*16  + 0 *038 12 E

H o ist loam 32*98 + 9*550 1*65 + 0 *178 0 *0 ‘j  + 0*029 12 D

Vet loam 52*62 +11*542 2 *09  + 0 *9 3 0 0*04 + 0*004 8 C

V.Vet loam 79*78  + 5*480 2 *76  + 0 *206 0 *1 6  + 0*061 12 A

V.Vet loam 75*45  +, 6 *470 1*41 + 0 *242 0*09 + 0 *018 12 3

V.Vet c la y 75*12  + 6*245 2 *39  + 0 *248 0*05 ♦  0*024 12

B irch Dry loam 103*36 +80*861 2 *22  + 0 *6 0 5 0 *0 3  +  0 *039 11 D

M oist loam 58*69 + 6*428 1*64 + 0 *4 1 9 0 *0 6  + 0*030 12 C

V.Vet loam 83*16  + 8*114 2*81 + 0 *4 6 3 0*11 + 0*044 12 A

V.Vet c la y 75*58 + 4*832 2*66 + 0 *138 0*06 + 0 *012 12 B

Spruce W et loam 82*49 + 6*665 3 *75  + 1*317 0 * 15  +  0*060 12

When the curves for Scots pine were plotted out (Figure 77) 
the characteristic shape of the curves was apparent. The letters 
A to E are for the curves in Table 21, but no values are shown at less 
than 2 weeks because no data was available on the wood water content 
over this period of exposure. The shape of the curve in this initial 
phase is unknown. The second phase of almost linear uptake was 
followed by the third phase as the water content of the wood increased 
slowly with time. The final water content of the wood was related to 
the soil moisture content.

In birch (Figure 78) a similar pattern was observed although 
massive decay (60% weight loss) in the dry soil disturbed the pattern, 
and the linear phase of uptake continued throughout the time of 
exposure.

In Scots pine heartwood, even in moist soil, the water content 
increased linearly but very slowly, and no equation was derived for any 
of the segments. In the clay soil at around k5%> "the parameters for 
Scots pine sapwood and birch were similar to those obtained at 50^ soil
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217Figure 77 Gompertz curves for Scots pine sapwood water content
against time of exposure to soil in days, using values 
of a, b, and k from Table 21.

gure 78 Gompertz curves for birch sapwood water content 
against time of exposure to soil in days, using values 
of a, b, and k from Table 21.
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moisture content in the loam

Discussion

The curves of wood water content against time of exposure 
at different soil moisture contents show that moisture content has 
a considerable influence on the final moisture content of the wood 
and the rate at which that final value is attained. In wet soil 
(Curves A and B in Figures 77 and ’JQ) the maximum water content was 
rapidly attained, while in moist soil the rate was less and the 
final value of water content was lower. In dry soil the rate at 
which equilibrium was attained was higher than in moist soil.
Perhaps this was due to the faster movement and uptake of water vapour 
into the block exposed to dry soil compared to the slower rate of 
liquid water uptake into the block exposed to moist soil. In addition 
the amount of water transferred in the dry soil was less than the 
amount transferred in the moist soil and equilibrium was achieved 
faster in the dry soil. The influence of the wood*s permeability 
cannot be excluded, as the heartwood apparently never reached 
equilibrium and the rate of water uptake was very low, presumably due 
to the impermeable nature of Scots pine heartwood compared to sapwood.

Perhaps the term "equilibrium" is inaccurate in the exposure 
of wood to soil. Both the data and the shape of the curves indicate 
that a final water content is rarely achieved after many weeks of 
exposure, and the water content increases indefinitely, albeit slowly. 
As the maximum theoretical void volume of the Scots pine blocks is 
around 60%, and their "final" water content was approaching 82%, the 
implication is that the void space of the wood increases during 
exposure. This may have been due to microbial attack, which obviously 
disturbed the rate of uptake and the "final" water content in birch 
(Curve D in Figure "JQ). The effect of decay is perhaps to increase 
the void volume by increasing wood permeability by the decay of the 
cell walls, allowing a greater water uptake than the theoretical, 
undecayed, uptake. Perhaps "equilibrium" between soil water and the 
water in wood is rapidly attained, but changes in the void volume and 
permeability of 'the wood disturb that equilibrium, which has to be 
regained by the transfer of water from soil to wood.

The differences in the final water content at different soil 
moisture contents were not linear (e.g. Curves A, B, C, D in Figure 77);
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a small increase in soil moisture content between moist and wet soils 
results in a large increase in final water content, while a similar 
small increase between wet and waterlogged results in only a minor 
increase in final water content. In addition the curves are similar 
for Scots pine sapwood and birch at in the clay soil and £0% in 
the loam. The implication of these results is that the soil moisture 
content determines the rate of water uptake and the final water content 
of the wood, although soil moisture content and wood moisture content 
are not linearly related. The inference is that another property of 
soil, such as its water availability or water potential determines the 
rate of uptake and the moisture content of the wood.

The non-linear analysis and calculation of curve parameters 
allows the prediction of an average wood water content from the data 
in Table 21, although the water content in a segment would be expected 
to differ slightly from the calculated value depending upon its position 
within the block and the area of contact with the soil. Soil moisture 
contents other than those used would need to be interpolated from 
Table 21 and Figures 77 and 78, while other wood species would have to 
be equated with either Scots pine or birch. The curves and their 
parameters are obviously limited in their application as a quantitative, 
predictive model of the relationship between wood moisture content and 
soil m o istu re content. They refer only to Scots pine and birch blocks 
exposed to one particular sandy loam. Nevertheless, the analysis 
could represent the first step in the development of a general model.
The next step, discussed further in Section 11.1;, would be to extend 
the general principles of this relationship to achieve a theory or 
model which applied to any wood species and to any soil.

Conclusion
The fitting of a non-linear Gompertz curve to the water content 

data has resulted in a series of curves for Scots pine and birch blocks 
exposed to soil at different moisture contents which relates wood water 
content to the length of exposure. Both the rate of water uptake and 
the final water content are influenced by the soil moisture content, 
although the overall pattern of water content increase differs in Scots 
pine and birch and is greatly affected by wood permeability and decay. 
Differences also occur in above and below ground zones and between 
segments within the same zone. The extension of the relationship which 
has been quantified by this analysis could lead to a more general model
of the interaction between water, wood and soil.
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The general relationship between wood moisture content 
and the occurrence of decay i.e. that wood is not susceptible to 
fungal decay at a moisture content lower than 20% or when saturated, 
is often quoted in the literature, while different organisms and 
different wood species have different moisture content ranges over 
which decay is optimal (Liese and Ammer, 1961*). Decay at lower 
moisture contents could be limited by the accessibility of the cell 
wall constituents to fungal enzymes (Cowling and Brown, 1969) and at 
high moisture contents by a low oxygen tension inside the water- 
saturated substrate (Griffin, 1968)• Levy (1968) suggested that the 
distribution of fungi found in a decaying fence post was determined 
by the moisture content of the wood. Griffin (1972) considers a 
number of soil properties such as solute diffusion, soil aeration, 
pH, carbon dioxide and oxygen coneentration, and osmotic potential, 
to be affected by soil water and to influence the activity of micro
organisms. Griffin (1977) concludes a review on the effect of water 
potential upon wood decay fungi with a plea for further work on the 
relationship between water and timber decay.

Obviously the interaction of soil, soil water, wood and wood 
decay is of major importance. However, as the concepts and terms used 
to describe this interaction are taken from soil physics, which may be 
unfamiliar, the next section is an introduction to some aspects of soil 
water physics which are relevant to timber decay.

An Introduction to Soil Water Physics
This aspect of soil water science has been investigated 

extensively because it is of major economic importance in agriculture.
A more detailed description of how water and soil interact is given in 
Russell (1973) or Childs (1969)* The individual solid particles of a 
soil vary greatly in size but are mainly microscopic and more or less 
closely packed together. Between the soil particles is a complex 
anastomosing series of voids or pores filled with either an aqueous 
solution or gas. The sizes of these particles and voids have a profound 
effect on the water in the soil and hence on the soil atmosphere. Soil 
water content may be expressed gravimetrically, volumetrically, or as a 
percentage of the amount of water when the soil is fully saturated. It 
is relatively easy to measure and is often quoted, although it is of 
little microbiological importance (Griffin,1972). The water potential
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of a soil is of more significance than its moisture content. 

Water Potential
In a capillary the liquid column is under a tension T^

given "by

^ 1 -  __  cos oc
r 1

and the capillary rise by

where cr is the surface tension of the liquid, oc. is the angle of
Q. «s cten&i r * o f  'Xafrtrcontact, gj is the gravitational constan^, and r is the radius of

the tube. Thus if water rises to a height h^in a capillary tube
the air/water meniscus exerts a suction of h^ cm on the water.
Alternatively, a suction of h^ cm water must be applied to the base
of the tube to suck the water down to the same level as the water
outside the tube, or a pressure of ĥ  cm of water must be applied to
the open top of the tube to achieve the same result. Suction and
pressure are equivalent and can be expressed in the same units; dyn _2cm , bars or cm water. The "intensity" or force with which water
is held in a capillary tube can also be defined in terms of the
reduction of its free energy below that of free water in bulk, and
is measured in units of energy per unit of mass i.e. J kg . Free
energy reductions are commonly called "potentials" and can also be
expressed in units of energy per unit volume. These potentials are
equivalent to a pressure, head of water, or suction. Thus 10^ dyn 

-2 -1cipi = 1  bar = 100 J kg = 1022 cm water = O .987 atmospheres = 75 cm Hg.

A reduction in the free energy of water can also be caused 
by the dissolution of salts. This increases the osmotic potential 
of the water. A reduction in free energy or potential can also be 
caused by gravitational pneumatic and osmotic pressure. As the range 
of free energies of the water in a soil between its wet and dry states 
is very large, Schofield (1935) suggested that the logarithm of the 
free energy, when expressed as a head in cm watery would be a more 
convenient unit than the free energy itself. This value is denoted 
by pF:
e.g. A free energy reduction of 1000cm water is equivalent to a pF of 3 .0 .
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Thus suction, pressure, free energy reduction, water potential 
and pF are all interchangeable measures of the •state* of water. In 
soil the water potential of the soil water is determined mainly by 
capillarity and the interaction of water/solid and water/air interfaces. 
This potential produced as a result of the interaction of the matrix 
with water is called the ,,matric,, potential of the soil. The water 
potential of the soil is the sum of the matric, osmotic, pneumatic, 
hydraulic, and gravitational potentials.

The relative humidity (R.H.) of the vapour phase in 
equilibrium with a body of water is also an indirect measure of the 
potential of that water. In the absence of solutes, the potential is 
given by

RT In £
p nPotential (cm water) = o = 1081*14- T log £

where R is the gas constant, T is the temperature (°K), p is the density
of water at T°, M-jis the molecular weight of water, p is the vapour
pressure of water under the given conditions, and p the vapour pressure
of a reference pool of water at T . ^  is equivalent to", and is
called the "water activity". The relationship between RH at 25° C and
water potential is shown in Figure 79 where the water potential units of
pP, bars and cm water are compared. It also shows the theoretical pore

2o”radius, cal ciliated from T = __ cos oc., plotted against water potential.
rThis figure shows the relationship between the quantities which are of 

major importance in determining the matric potential of a soil. In 
reality, the capillaries and pores in soil are not regular, although a 
number of combinations of different pore sizes and shapes behave as if 
they were equivalent to regular pores of a single pore radius. The 
range of pore sizes and the number of each pore size is obviously large 
and variable in soil. It is this frequency distribution of pore size 
which determines the water retaining properties of soil. At a given 
soil moisture content, the water will be retained in pores of a 
particular size, and those smaller, by capillary forces. If there are 
many small pores in a soil, a large amount of water will be retained, 
requiring a large force to remove that water, giving the soil a high 
matric potential and low "water availability", with a high moisture 
content.
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Figure 79 Maximum radius of a pore retaining water at 25 C, and 
Relative Huaidity against water potential in units of 
pF, bars and cm water.
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The relationship between matric potential and the water 
content of a soil varies with the frequency distribution of the 
various pore sizes and thus with soil type. The relationship is 
conveniently expressed in a graphical form called the "moisture 
characteristic". If a soil is subjected to known suction forces and 
the moisture content of the soil determined at each of those suctions, 
then the curve of moisture content against water potential forms the 
moisture characteristic of that soil, as shown in Figure 80 for a clay, 
a loam and a sandy loam. These curves are taken from Gardner (i960) 
quoted in Russell (1973)*

The curves are the moisture characteristics of the three soil 
types and represent the moisture content of the three soils when they 
are in equilibrium with the applied suctions. The moisture 
characteristic represents the relationship between pore size, moisture 
content and the force with which water is retained in the soil. The 
three curves differ because the number and range of pore sizes in the 
soils is different. Although at a potential of -13 bars (pF 3-5) all 
the water will be retained in pores less than 0.005 mm radius in all 
three soils, because there are more pores of this size and smaller in 
the clay, the volume of water held in the clay will be higher, and its 
moisture content will be higher than the other soils at the same suction 
or water potential.

The moisture characteristic; is a measure of the "water 
availability" of a soil. If all three soils are at the same moisture 
content, e.g. 3 then the suction required to remove water will be 
around -1 bar for the sandy loam, and around -100 bars for the clay.
The clay can be regarded as having less water "available" as it requires 
a larger force to remove water from it than from the sandy loam, which 
has more "available" water.

As suction and pore radius are related, it is possible to 
calculate the theoretical maximum radius of a pore retaining water at 
any water potential. The four inset diagrams of Figure 80 show a 
number of soil particles and a diagrammatic representation of the water 
distribution to illustrate the differences in soil moisture content and 
equivalent pore radius at different levels of water potential. At a 
pF of 1.5, the radius of the irregular pores containing water is



Figure 80 Moisture characteristics of a sandy loam, a loam and a clay, 
with diagrams of the water distribution at four pF values.
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equivalent to a circular pore of 0.05> nun radius. As the suction 
is increased, water is withdrawn and the meniscus contracts to a 
pore radius in equilibrium with the applied suction. At a pF of 
5>, a suction of -100 bars, water is only retained in pores of 
0.00001 mm radius. The effect of the boundary layer of water around 
the particles, the chemically bound water, and of soil shrinkage are 
ignored in this simple example. Obviously suctions are rarely 
applied to soil in vivo, but the concept is valuable in the 
description of how water is held in soil. In vivo, water is added 
to the soil by precipitation, or lost by evaporation, so that it is the 
soil moisture content which varies and affects the soil water potential, 
rather than vice versa. On wetting the water is taken up into the 
pores until at equilibrium all the water is retained in pores of an 
equivalent radius and the soil has a particular water potential 
corresponding to that radius. If water evaporates from the soil, 
water is removed from these pores, the meniscus retreats to a smaller 
pore radius, and the water potential increases. Hysteresis in soil 
arises because it requires less force to remove water from a wetted 
pore than to force water into a dry pore of the same radius. Thus 
the water potential of a soil at a given moisture content depends upon 
whether it is being wetted up or dried out.

A common value used to compare water in soils is their 
field holding capacity, broadly defined as the moisture content of a 
deep soil two days after all free water has left the soil surface and 
in the absence of evaporation. The field capacity of a soil is 
variable and closely dependent upon the history of the soil, so that 
the suction necessary to remove water from soil at its field capacity 
is within a range from about %0 to 3^0 cm water, i.e. a pF range of 
1.7 to 2.7 (Russell, 1973).

Conclusion
The relevance of this introduction to soil water potential is 

that theoretically the moisture content of wood exposed to soil should
WttraC'+iott wvH> Hwb of Miê wooof *be controlled by the water potential of the soil̂ . As the decay of wood 

is greatly influenced by its moisture content, the relationship between 
the MC of the wood and the soil water potential is likely to be of major 
significance in the decay of timber in soil contact. As wood in soil 
can be regarded as a series of interconnected capillaries and pores, in



contact with a series of interconnected soil capillaries and pores, 
then there should be interaction between the two series resulting 
in a redistribution of water until an equilibrium is achieved, and 
the water potential of the water in both wood and soil is the same.
The equilibrium moisture content of the wood in the soil should be 
related to the water potential of the soil, and wood should have a 
moisture characteristic relating moisture content and water potential. 
The next two sections describe experiments to obtain the moisture 
characteristic of Scots pine and to investigate the relationship 
between wood moisture content and soil water potential.



11.3 Experimental Approach

11.3.1. Introduction
It was thought that further work on the relationship between 

soil water, wood water and the activity of organisms would he hampered 
by the use of natural soil, which was too variable, heterogeneous, 
uncontrollable and indefinable for use in a definitive investigation.
The general requirement, for any research involving soil, is for a 
uniform, definable, reproducible soil substitute with adjustable and 
controlled pH, nutrient and water levels, and properties similar to 
those of natural soil.

Perhaps the most important property which affects wood 
exposed to soil is soil water availability. The principle expressed 
by Savory (1972) is that if wood is exposed to a range of soils, all at 
the same level of water availability, then at equilibrium the wood will 
be at the same moisture content in' each soil.

A measure of the water availability of a soil is its water 
holding capacity, defined by Savory (1972), as the moisture content of 
a saturated soil after exposure to the suction exerted by a vacuum pump 
for 10 minutes. The moisture content of a soil at water holding 
capacity is likely to be lower than at its field capacity, and correspond 
to a pF of around 3 depending upon the efficiency of the pump used to 
exert the suction. Wood has an affinity for water and as it can be 
considered to exert a force to retain its water, it has a moisture 
characteristic, as shown partially in Figure 81. The values are taken 
from Rasmussen (1961) quoted in Siau (1971) and are the equilibrium 
moisture contents of wood at 18°C up to 99• 9 par cent relative humidity, 
which corresponds to a pF of £.16.

The implication is that if the moisture characteristic of wood 
were known, over the entire pP range, then it would be possible to 
predict the moisture content of wood exposed to soil at a certain pP 
value. If an artificial soil could be developed which had a variable 
pP, then any particular wood moisture content could be achieved by 
exposing the wood to the artificial soil with its pP adjusted to the 
appropriate value. Such a soil substitute would be of considerable value 
in the development of standardised laboratory test methods in which the 
soil is a reservoir of water, nutrients and organisms.
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A number of artificial systems have been developed to 
replace soil as a reservoir of water, nutrients and organisms.
Vermiculite has been used extensively, as for example by Kemer- 
Gang and Gersonde (1972) in the testing of soft rot fungi. Granular 
rockwool fibre has been used as a reservoir of water in the "mini- 
fungus-cellar" described by Hansen (1973) •

In an examination of the relationship between water, soil, 
and fungi, Griffin (1963) used six grades of aluminium oxide grit as 
artificial soils. The particle size and pore size in each grade was 
relatively uniform and the water availability of each grit could be 
precisely controlled. Grit has also been used in an investigation 
of the decay of beechwood by soft rot fungi (D.J. Dickinson, personal 
communication), but because only a small amount of water (grit moisture 
content 2 per cent) is required to achieve £0 per cent in the wood, the 
system is susceptible to drying out.

At the other extreme is Perlite (Jackson, 1974)» a siliceous 
mineral which is powdery when dry but can hold large amounts of water 
when wet, a property exploited in horticulture, where it is used as an 
artificial soil for the growth of plants.

The moisture characteristic of both grit and Perlite are shown 
in Figure 81. The values for grit are taken from Griffin (1963) and for 
Perlite from Jackson (1974)•

The hypothesis was that by mixing grit and Perlite an 
artificial soil with a variable but controllable moisture characteristic 
could be obtained. By exposing wood blocks to known pP’s, and 
measuring wood MC after exposure, the moisture characteristic of the 
wood could be obtained.

Materials and Methods 
Artificial Soil

The artificial soil was a mixture of aluminium oxide grit 
(TPX 30 Aloxite, Carborundum Co. Ltd., Manchester 17, UK) and Perlite 
(EUP 130, Johns-Manville Co. Ltd., 20 Albert Embankment, London, SE1).
For the experiments involving the exposure of wood to mixtures of grit



230Figure 81 Moisture characteristics of a clay, loam and sandy loam, 
grit, Perlite and wood.
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and Perlite, a 200 g quantity of grit (bulk density approx. 2 g cnT'*) 
was weighed into a weighed glass jar, and the desired weight of

_ o

Perlite (bulk density approx. 0.12+ g cm added. Half the required 
weight of water was added and the components thoroughly mixed with a 
spatula before the femaining water was added to the uniform mixture.
After the experiment, the two components were separated by pouring 
the mixture into two litres of water; the grit sank to the bottom and 
the Perlite floated; it was siphoned off. Both components were reused 
after careful washing.

Wood Exposure
Scots pine sapwood blocks 7*5 x 12.5 x 25 nun, with the tangential 

longitudinal face 7*5 x 2f> mm were cut from edged, kiln-dried timber.
Sixty blocks with no visible defect were oven-dried and weighed prior 
to being randomly assigned to one of ten screw-capped glass jars of 
approximately 3$0 ml capacity. The six blocks for each treatment were 
buried, the lids placed in position, and the jars incubated at 25>°C for 
two weeks. The blocks were then removed, brushed free of adherent grit, 
weighed, oven-dried and reweighed. The moisture content of each block, 
based on its oven dry weight, was calculated. Despite the lack of sterile 
incubation, only two blocks were contaminated, and no weight loss was 
recorded. The same blocks were used in the three sets of experiments 
described below.

Water Holding Capacity Determination
The water holding capacity of the grit/Perlite mixtures was 

determined according to the method described by Savory (197*0* involving 
200 g samples supported on Whatman No. 2+ filter paper in a Buchner funnel, 
but exposed to a vacuum for f> minutes, rather than the 10 minutes 
specified.

pP Determination
pF was determined according to the method described by Fawcett 

and Collis-George (1967) involving the use of measurements of the 
moisture content of Whatman No. 1+2 filter paper exposed to soil for 
seven days at constant temperature. The pF of the soil could be 
determined from the calibration curve (provided in the paper) of filter 
paper moisture content against pF measured by the pressure plate technique.



232

«

%

♦

♦

*

Procedure
Wood blocks were exposed to a range of mixtures of grit 

and Perlite. Five ml of water were added to each vessel to achieve 
an initial moisture content of about 2.£ per cent. The same blocks 
and mixtures were used in a second experiment where the initial soil 
moisture content was about £ per cent. The water holding capacity 
of a range of mixtures with 2.f> to 32.5> S Perlite added to 100 g grit 
was determined. The wood blocks were then exposed to mixtures having 
19 to 21 g Perlite added to 100 g grit, and the water holding capacity 
of the mixtures determined at the end of the experiment.

Results

Table 22 shows the mean, and standard deviation of the mean, 
moisture content of the six Scots pine sapwood blocks, compared with 
the amount of Perlite in the Perlite/grit mixture of each treatment at 5 and 
2.5> per cent moisture content.

Table 22 Scots pine sapwood moisture content at 2.3 % and 5*0 %
moisture content in a range of grit and perlite mixtures.

g Perlite added to 
100 g grit

Wood Block Moisture Content

Matrix Moisture Content 
2-5 5*0 %

0*0 49*04 + 28*49 86*60 + 30*20
0*25 52*55 + 26*02 100*24 + 38*44
0-5 42*27 + 23*74 93*54 + 5*69
0-75 47*17 + 13*17 86*07 + 37*91
1*0 44*60 + 18*80 83*75 + 6•61
1*25 39*27 + 19*95 71*25 + 27*21
1*5 35*87+ 8*39 70*84 + 25*11
1-75 37*47 + 13*21 86*37 + 4*36
2*0 37*10 + 15*56 67*57 + 5*72
2-5 33*03 + 8*70 67*61 + 1*95

There is considerable variation within treatments which masks
any difference between the treatments, however there is a tendency 
towards lower mean moisture contents combined with a lessening of the 
variation with higher amounts of Perlite in the mixture. This can be 
explained in terms of the action of the wood and mixture upon the water 
present in the closed system. When dry wood is exposed to the wet 
mixture, the wood absorbs water, although the uptake is limited to the 
available water in the system. The blocks take up this water, until 
at equilibrium, the affinity of the matrix for the water equals the 
affinity of the wood for the water, and presumably this is the condition 
when the measurements are taken. Where the matrix is entirely grit,
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most of the water in the system is in the wood blocks, but not equally 
distributed among the blocks because of their different uptake rates.
This difference in uptake rate, presumably due to differences in block 
permeability or the degree of contact between wood and matrix, combined 
with only a limited amount of available water for uptake, produces 
large differences in moisture content in the blocks, and a large 
standard deviation is recorded. The effect of adding Perlite is to 
reduce the amount of available water, which lowers the overall moisture 
content of the blocks, and also to increase the homogeneity of the 
matrix, so that uptake rates are more equal, the block moisture contents 
are similar, and a smaller standard deviation is recorded.

The water holding capacity of the mixtures (determined by the 
vacuum method) was less than 5 per cent, whereas soil taken from the 
Imperial College Field Station at Silwood was found to have a water 
holding capacity of 28 per cent. To produce a mixture having a water 
holding capacity similar to natural soil, further quantities of Perlite 
were added and the water holding capacity of the mixtures determined. 
Figure 82 shows the relationship between the amount of Perlite added to 
100 g grit and the water holding capacity of the mixture.

From the regression equation:

y = 1.1*5 + 1.27 x (r2 = 0.9627, n = 3 1)
were calculated the water holding capacities of mixtures containing 19, 
20, 21 and 22 g of Perlite added to 100 g grit. The mixtures were made 
up by adding dry Perlite to wet mixtures of Perlite and grit, and dry 
wood blocks were exposed to these mixtures moistened to 3f> per cent 
moisture content. The water holding capacity of these mixtures was 
determined after the blocks were removed. The results (Table 23) 
show no correlation between the proportions of the mixture or theoretical 
water holding capacity and wood moisture content.

Table 23 Scots pine sapwood moisture content in a range of grit and 
Perlite mixtures, and the calculated and measured water 
holding capacities of the mixtures.

g Perlite added to 
100 g grit

Block moisture content 
at 3% soil moisture content

Water holding capacity 
Calculated Measured

19 105-71 + 9-39 25-51 26*51
20 82*50 + 10*90 26*78 30*12
21 76*66 + 6*75 28*04 31-02
21 77*95 + 3-00 28*04 30*3522 86*35 + 13*16 29-31 29-48
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Figure 82 Water holding capacity 
of grit and Perlite 
mixtures against the 
amoubt of Perlite 
added to 100 g grit.

23i+



Discussion
There is no correlation between measured water holding 

capacity and wood moisture content. The explanation is that the 
addition of dry Perlite to wet mixtures did not achieve the desired 
water holding capacity, and implies that care must be exercised in 
handling the mixtures in order to achieve their maximum uniformity 
and reliability.

The moisture characteristic of a Perlite/grit mixture 
(17 g Perlite added to 83 g grit), and of a sample of soil from 
Imperial College Field Station were determined using the filter paper 
technique. The results, with the curves for grit and Perlite for 
comparison, are shown in Figure 83. The moisture characteristic of 
the mixture is intermediate between the grit and Perlite, but more 
like grit than soil.

Conclusion

The further development of the mixture is desirable as it 
seems likely that the mixture could be improved to achieve a moisture 
characteristic resembling soil. It has the advantages of 
reproducibility and homogeneity as well as having the potential to 
adjust the level of water, pH, nutrients and organisms, properties 
which are essential in an artificial medium used for the testing of 
timber.
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11.3.2. Water potential and wood moisture content - 2 

Introduction

The aim of this experiment was to examine the relationship 
between the moisture content of wood and the water potential of its 
surroundings. Blocks of Scots pine sapwood were to be buried in a 
grit/Perlite artificial soil matrix at different moisture contents 
and the water potential of the matrix and wood moisture content 
determined after incubation.

Materials and Methods 

Artificial Soil

The artificial soil matrix was a mixture of aluminium oxide 
grit (TPX30 Aloxite) and Perlite (EOP 130). To each of 20 weighed 
screw topped glass jars of approximately 350 ml capacity was added 
83 8  o f dry grit and 17 8 of Perlite. Pour jars at each moisture 
content (15 * 25* 30* 35 a-ud UO$) was achieved by the addition of 
distilled water to the matrix, which was then thoroughly mixed.
The lids were replaced and the jars were allowed to equilibrate for 
one week at 25°C before use.

Water Potential Determination

The water potential of the matrix was determined according 
to the method described by Pawcett and Collis-George (1967). One
piece of weighed Whatman No. 1*2 Filter Paper 30 x 20 mm was buried in 
each jar, recovered at the end of the exposure period, weighed and 
oven dried. The moisture content was calculated and the water potential 
of the matrix determined from the calibration curve of filter paper 
moisture content against water potential given in the paper.

Wood Exposure

Scots pine sapwood blocks 7*5 x 12.5 x 25 mm with the 
tangential longitudinal face 7*5 x 25 mm were cut from edged, kiln- 
dried timber. 120 blocks with no visible defect were oven-dried and 
weighed before being randomly assigned to one of the 20 jars. The 
six blocks in each jar were buried with the filter paper, the lids 
attached, and the jars incubated at 25°C.
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Sampling Procedure

After 3 days, and 2, 3 and weeks, the blocks were 
removed from one jar at each moisture content. They were brushed 
to remove adherent grit, weighed, oven-dried and re weighed. The
moisture content of each block, based on its oven dry weight, was 
calculated. The moisture content of the matrix in the jar was also 
determined together with the moisture content of the filter paper, 
from which the water potential of the matrix was estimated.

Results

Figure 81;A shows the moisture content of the matrix plotted 
against the water potential of the matrix measured by the filter 
paper technique, in pF units. There is a linear relationship 
between the two quantities.

Figure 81*B shows the moisture content of the wood plotted 
against the water potential of the matrix. These points define the 
moisture characteristic for Scots pine sapwood blocks over the pF 
range 1 to 2.1;. The variability is due to variation in the wood 
blocks, presumably due mainly to differences in void volume and 
permeability.

Discussion

There is a linear relationship apparent between the moisture 
content of the matrix and the water potential of the matrix, which 
implies that the water potential is controllable and reproducible.
The inference is that the water potential of the matrix could be 
changed by varying its moisture content, which would then determine 
the moisture content of the wood exposed to it. The capability thus 
exists of varying the "water availability" of the matrix, allowing 
the effect of water potential upon decay to be investigated. Although 
it requires careful mixing and a period of equilibration before use, 
the matrix of grit and Perlite could be the basis of a reproducible 
and definable artificial soil which could replace sand and 
vermiculite as a test medium for "soil" exposure in the laboratory.
It combines the uniformity of sand and vermiculite while eliminating 
the possibility of drying out which occurs in sand, and of waterlogging 
Tdaich can occur in vermiculite.
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238Figure 84A Moisture content of a grit/perlite mixture against water 
potential measured using the filter paper technique.
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The existence of a moisture characteristic for Scots 
pine sapwood blocks is potentially highly significant to timber 
decay and wood preservation. This relationship between the 
moisture content of the wood and the water potential of its 
surroundings, at all levels from very wet to very dry is both 
novel and important. The inference is that the moisture content 
of the wood is controlled by the water potential, even above the 
water holding capacity of the matrix, and a particular moisture 
content in wood could be achieved by its exposure to a matrix of 
defined water potential. This could only previously be achieved by 
trial and error.

The existence of the relationship also implies that wood 
can be regarded as a network of interconnecting pores and capillaries 
of definable size and number as found in soil and discussed in 
Section 11.2.1*. The pores must vary enormously in size, from those 
within the cell wall, to the pit apertures and torus pores, to the 
lumina of tracheids, vessels or fibres. The frequency distribution 
of the pore sizes and thus the shape of the moisture characteristic 
must depend upon the nature of the cell wall, the type and form of 
wall pitting and the size, frequency and arrangement of fibres, vessels 
or tracheids. Any variation between different species and even 
between different trees could be reflected in a slightly different 
moisture characteristic. This curve represents a summary of the 
anatomy of the wood and could relate anatomy to water uptake and 
permeability, or vice versa, which is of prime interest in timber 
preservation. Potentially, wood, a biological material, with its 
inherent variability, could be defined in physical terms, and the properties 
of the wood, particularly with regard to water, could be quantitative, 
rather than merely empirical.

Conclusion

There is a relationship between wood moisture content and the 
water potential of its surroundings even above the water holding capacity 
of the matrix and the f.s.p. of the wood. The grit/Perlite matrix is 
potentially useful as a reproducible, definable and controllable matrix 
for test purposes as an alternative to soil burial. The existence of 
a moisture characteristic for wood, relating wood moisture content and



water potential is of major significance in Tinderstanding the 
performance of timber in service and the preservation of timber. 
Its significance is further discussed in the next section.



Discussion and Summary11. h.
The existence o f a moisture ch aracteristic  fo r wood i s  

o f fundamental sign ifican ce. Figure 8$ shows the moisture 
ch aracteristic  fo r  Scots pine sapwood obtained from the experiment 
described in  Section 11.3 . The values fo r  Araucaria and Picea ma-riana. 
are taken from G riffin  (1977) and are the moisture contents of thin 
sections a f te r  exposure to a range o f suction pressures, converted to 
pF u n its. The values fo r  ’'wood” are taken from Pasmussen (1961) 
quoted in  Siau (1971) and are the equilibrium moisture contents of 
wood a t  18°C up to 99*9% R»H. The overall sim ilarity  between the 
curves i s  strik in g , while the difference in  the position  of the curves 
could be explained by differences in  size  and species o f the samples. 
There would appear to be an in flectio n  point at A on the Picea curve 
which occurs a t around 35^ and may represent the fib re  saturation point 
o f the wood, where a profound change occurs in  the properties of wood 
with regard to water.

The fundamental Importance of the wood moisture characteristic 
and of water potential is in the understanding of the relationship 
between soil, soil water, wood, wood moisture content and the relative 
humidity of the air. The concept of water potential can be used to 
explain why wood gets wet in wet soil, and dries out in dry soil or 
when exposed to the air. The wood moisture characteristic quantifies 
these changes in moisture content and could allow the moisture content 
of wood to be predicted, given the water potential to which it is 
exposed.

For example, if dry wood, having a high water potential is 
placed in wet soil, which has a low water potential, then the wood will 
take up water -until the potential of soil and wood are equal and a state 
of equilibrium is reached. Now, if wet wood, at low water potential is 
exposed to dry air, having a high water potential, then the wood should 
lose water to the air until the potential of wood and air are equal and 
a state of equilibrium is reached. The implication of the concept of 
water potential is that the moisture content of the wood is determined 
by the water potential of its surroundings, whether it is the matric 
potential of the soil or the H.H. of the air. Wood exposed to a 
particular environment at a particular water potential will attain



glgttre 8.5 Moisture characteristic of Scots pine sapwood blocks 
Picea mariana and Araucaria sections, and 'wood'.

Figure 85 Moisture characteristic of Scots pine sapwood blocks, 

Picea mariana and Araucaria sections, and 'wood'. 
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equilibrium with that potential at a moisture content specific to 
that wood. However, the moisture characteristic alone cannot fully 
explain the water relations of wood. It is a "static" relationship 
which represents the final equilibrium condition, which may take 
a long time to achieve and perhaps never be reached if rapid changes 
in the environmental water potential occur. The permeability of the 
wood must be taken into account because it determines the rate at 
which water is taken up and lost from the wood, and thus the time 
taken to reach equilibrium.

Some information on the rate of water uptake and the time 
taken to reach equilibrium can be obtained from the experiments 
described in Sections to 10, involving small blocks of different 
wood species exposed to different soil moisture conditions. These 
results were analysed mathematically in Section 11.2. These results 
are summarised in Figure 86 where the moisture content of Scots pine 
sapwood is plotted against water potential in pF units and the time 
of exposure to soil in weeks. The curves of water content against 
time have been taken from Figure 77 in Section 11.2.3 and converted 
to values of moisture content.

At low water potential (pF 1.£) the uptake of water from 
soil is rapid and the equilibrium moisture content of around 120% is 
reached after about 1* weeks. At a pi1 of 3, the rate of uptake is 
lower and equilibrium is reached at £0% after about 8 weeks. At a 
high water potential (pF£) in dry soil, the time to reach an equilibrium 
of 3096 is only k weeks, while at pF 6 equilibrium is reached in only 
2 weeks. The time taken to reach equilibrium must be a combination of 
the permeability of the wood, the potential difference between the soil 
and the wood, and the rate of transfer of water from soil to wood.
Thus at high soil pF the potential difference is low, little water must 
be transferred from soil to wood and the equilibrium is reached 
quickly. At low pF, the potential difference between wet soil and 
dry wood is high and equilibrium is reached quickly. A less permeable 
timber, such as birch, would theoretically have a lower rate of uptake 
throughout the water potential range, but would have a similarly shaped 
moisture characteristic at equilibrium. The curve of final equilibrium 
moisture content against water potential at 20 weeks is the moisture 
characteristic•
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Figure 86 Moisture content of Scots pine sapwood against the water 
potential of its surroundings, and the time of exposure.
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This series of curves could be very significant in the
investigation of the water relations of timber in soil contact.
If moisture content can be predicted from a knowledge of the moisture
characteristic, of wood permeability, time of exposure and water
potential, then the moisture characteristic must be regarded as a
fundamental and important property of wood. However, the moisture
characteristic is a measure of the amount of water contained in the
capillaries and pores of the wood at each potential. Perhaps an
even more important concept is of wood as a series of interconnecting
capillaries and pores. They may behave in a complex manner, and
vary enormously from sample to sample and species to species, but
they must obey physical laws which can be discovered. The implication
is that the water relations of .wood could be described in quantitative

(see, f i je ^ o fd )
terms i.e. modelled mathematically. The approach described here could 
be the first step in a mathematical description of the water relations 
of wood in soil contact. If the effect of the network of capillaries 
and pores in wood upon the wood*s permeability could be understood, 
quantified, and predicted, then perhaps the performance of wood, when 
treated with preservatives and exposed to soil, could be further 
improved.

Conclusion
The application of the moisture characteristic and the 

concept of water potential has proved very valuable in summarising the 
relationship between soil, wood and water. The dual theoretical and 
experimental approaches have been combined to achieve a hypothesis 
of the relationship between soil and water which must be tested to 
examine its relevance, reliability and generality.

Footnote : The cap illa ry  and pore network of wood has been extensively
investigated by Comstock, Petty, Bolton and others and is 
reviewed by Siau (1983). Permeability of wood has also 
been reviewed by Banks (1975).
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12. FIELD EXPERIMENT

12.1. Introduction
The results from Sections 1* to 9» summarised in Section 10, 

showed that a field experiment was necessary to compare the results 
obtained from laboratory soil exposure with realistic field exposure.
It was considered desirable to monitor the moisture content, AR rate 
and decay in a hardwood and a softwood, untreated and treated with a 
commercial timber preservative after increasing periods of exposure.

The wood species selected were birch and Scots pine, as in 
the laboratory experiments, and the block size 200 x 30 x f>0 mm, with 
the 300 x 200 face tangential, to resemble the laboratory exposure 
blocks. The stakes were to be exposed in the field trial site near 
the Old Farm at Silwood Park, Ascot, where a field trial of fence 
posts had been installed in 1958, and was a well-known and well-used 
site for the study of timber decay in ground contact. The stakes 
were to be partially buried so that one third was above ground, reflecting 
the laboratory exposure system, and sampled at one month intervals.

The stakes were to be sampled at three levels; below, at and 
above ground, and the slices cut into 12 segments, so that the two 
central segments had not been in soil contact and could be used to 
monitor penetration of the wood by micro-organisms. The moisture 
content, AR rate, volume, water content and weight loss of each segment 
was to be measured. It was intended that this experiment would allow 
the relevance and realism of the laboratory system to be assessed in 
comparison to realistic field exposure and also to assess the occurrence, 
activity and significance of nitrogen fixing bacteria to the decay of 
timber in soil contact.

12.2. Materials and Methods

Stake preparation
Scots pine and birch planks from the same source as the blocks 

in Sections I* to 9 were cut into stakes 200 x 30 x £0 mm, with the 
30 x 200 face tangential. Thirty stakes of each species with no major 
visible defect (knots, heartwood, shakes) were numbered and randomly 
assigned to be treated or untreated.

The stakes to be treated were despatched to Hickson*s Timber 
Products Research Laboratory, Castleford, Yorkshire where they were
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weighed, treated to refusal with Tanalith C (CT106) at a concentration 
of 3.32%, and weighed again. After 2 weeks fixation and air drying 
they were returned. Seven of each species were randomly selected 
and leached by vacuum impregnation in distilled water followed by 
immersion in distilled water for 3 weeks with the water changed 
weekly. They were then allowed to air dry.

The net dry salt retention of the Scots pine stakes was 
21;.81 +1.58 (l5)kgm~3. The birch stakes had an average retention 
of 21+.10 + 1.22 (I5)kgnf3.

Exposure

The stakes were installed in the Old Farm Site of the 
Imperial College Field Station, Sunninghill, Ascot, Berkshire on 
1st December 1975- Holes were excavated at 60cm spacings with a 
sheet metal corer that was hammered into the soil and then removed, 
vfoich left a rectangular hole 130mm deep into which a stake was 
inserted. The surrounding soil was pressed firmly into contact with 
the wood. A soil sample was retained for moisture content and water 
potential measurement in the laboratory.

When the stakes were sampled, the untreated stakes were always 
more difficult to withdraw from the soil and they always had more soil 
adhering to the zone below ground.

Sampling
At monthly intervals the stakes to be sampled (See Table 21;) 

had their ground line marked, were uprooted, cleaned of adherent soil 
and placed in separate plastic bags. The air and soil temperature was 
recorded with a thermometer and a soil sample taken for later measurement 
of its moisture content and water potential by the filter paper method 
of Fawcett and Collis-George (1967)- The stakes were transported to 
the laboratory as quickly as possible.

They were unwrapped, weighed, marked out, and sawn into slices 
with a circular saw (See Figure 87). The slices were weighed and their 
lengths measured. Slices 1;, 7 and 10 were then chopped, using the
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Figure 87 Sampling of field stakes 
: Slices 1 to 11. Slices 
4 t 7 and 10 subsampled 
to produce 12 segments 
from each slice.

22*8

apparatus described in Section 3, into 12 segments. Although it was 
originally intended that the ground line was level with slice 1*, this 
was not always achieved. The dimensions of each segment, in tangential 
and radial directions, was recorded. Each segment was then chopped into 
11 slices and the slices transferred to a McCartney bottle. Their AR 
rate, moisture content, water content and weight loss was then 
determined as described in Section 3.

At one sample time (3 Feb) there was snow on the ground in 
places. Snow also occurred on the tops of the Scots pine but not the 
birch stakes. On wet and rainy days (e.g. 2f> May) the sides of the 
untreated stakes showed a distinct wet zone above ground which was as 
wide as the stakes at the ground line and tapered to a point which was 
10 to i*0mm above the ground line.

12.3 Results

Weather

The weather record for the Imperial College Field Station,
., Berkshire is shown in Figure 88. The Old Farm Exposure 

Site was approximately one mile from the weather station.



Figure 88 Weather record during the field exposure period 21+9
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Temperature

The maximum and minimum temperature recorded on each day 
of exposure are shown in Figure 88A. The "average” temperature was 
between 0°C and 10°C from December to March, the first 1* months of 
Exposure, with three periods of below zero temperatures. Prom April 
to June the temperature increased until the average was around 20°C 
with three periods of high temperatures between 25 and 30°C. At the 
end of June (between the 6 and 7 month samples) the temperature 
reached over 30°C. The temperature dropped during July to the last 
sample time in mid-August.

Relative Humidity

The maximum and minimum relative humidity recorded on each 
day of exposure are shown in Figure 88B. In December, January and 
February the R.H. fluctuated between JO and with several
occasions when the R.H. dropped to 1+0-6096. which coincided with cold 
periods (e.g. late January). In March, April and May the R.H. 
fluctuated between 1+0 and and by June and July the R.H. fluctuated
between 20 and 95%> with the low R.H. coinciding with periods of high 
temperature.

Rainfall
The amount of rain (mm) falling on each day of exposure 

is shown in Figure 88C. The highest daily rainfall was recorded 
on the day the stakes were installed, and high rainfall occurred on 
three further occasions in January, February and July. There were 
periods of no rainfall in mid January, early March, late April and 
early June and particularly from late June to early July.

Soil Conditions
The state of the soil on each day of esposure is plotted in 

Figure 88D. The soil conditions were described as 'frozen”, "dry", 
"damp” or "wet”. Throughout December, January, February and March 
the soil was described as dry and sometimes frozen, only rarely as 
wet or dry. After March the soil was more often dry with occasional 
periods when it was wet or damp. Not surprisingly, the state of the 
soil corresponded to the rainfall and temperature charts, where low
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temperature resulted in frozen ground, and rainfall is followed by 
the occurrence of wet soil. In June and July the soil only 
remained wet for a day or two after rainfall, indicating how rapidly 
the soil dried out in the warm weather. Dry soil corresponded to 
high temperature, low R.H. and no rainfall.
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The days on which stakes were removed for analysis are 
also shown in Figure 88. The weather record on the sampling day is 
shown in Table together with the temperatures measured at the 
exposure site, the soil moisture content determined by the oven-drying 
of samples and the pF determined by the filter paper method.

Table 24 Code numbers of field stakes sampled at each sample time.

Sample
Time

(months)
U ntreated T reated

T reated
&

Leached
U n treated T reated

T reated
&

Leached

1 DE7 CD4 CA1 EA6 CI9 CJ3 GJ6 CK8

2 DEI DC5 DC7 CA6 C l5 CG10 CII6 Cl 3

3 CD6 DC4 CD1 D25 CIO HA4 iiC8 HA6

4 CD2 DC1 DE2 CA9 c::7 0C2 HA5 UC2

5 EA1 DCS CAB EA3 GH2 I1A2 GH3 HC5

6 CD9 DC2 2A4 CD5 GG4 CJ5 CC6 GH4

7 DS8 CDS HC4 GI7

8 DE4 CA4 CA5 GH9 GI2 KC6

♦

*

Table 25 Weather record of the Field Station and Exposure Site 
on each day of sampling.

F ie ld  S t a t io n  R ead in gs Exposure S i t e  R eadings

Tem perature R el Bum R a in f a l l S o i l  M oisture S o i l  Temp A ir
( ° c ) (Si) (mm) Content (CA) ( ° 0 ( c)

9 *  • rf*
e c? O OP rHp
C * •tsn rH  jj > > * 8 i
r-4 efl fH O al c « a OP -p
P« c § Jj c S O. S 1  -o H H ■ H H

in s: ic, s : s  s : z 'f  i ci/i < S  CO C n  vi e &E P. we

1 6 Jan 11-25 7-75 9-2 89 76 84 0 0 0 Damp 43-07 1 -0 2  8 24 4-5 1 1

2 5 Feb 0 -0 0  -0 -7 5  -1 -3 96 86 94 o o o-5 Snow 47-54 1-73 6 78 2-4 27

5 2 Mar 10-50 -4 -5 0  3-0 96 48 79 0 -2  0 0 Frzn 51-47 2-25 6 2-75 0-64 4 9-5 73 2-5 26

4 30 Mar 12-50 4-75 9 *0 90 59 74 0 0 0 Dry 55-48 1-17 6 6 -40  0 -5 2  5 12-18 59 2-7 27

5 20 Apr 1 1 -2 5  1 -5 0  5 -8 92 38 62 0 0 0 Dry 47-13 1-69 6 7-15  0 -2 2  5 12-5 98 2 -1 24

6 23 May 16-75 s *2 5  11-5 92 40 79 0 0 -7  o Damp 40-40 1-51 6 11*40 0-42 5 96 2 -1 24

7 22 Jun 26-50 10-25 10-8 92 45 72 4 -5  0 0 Dry 24-88 1 -2 1  6 43 2-9 20

8 20 J u l 23-0 0  13-75 15 -8 93 55 83 0 0 -3  7-1 Dry 25-09 1 -2 1  6 48 2 -8
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Scots Pine Moisture Content (Figure 89)

After only one month’s exposure the moisture content was 
60 to 8096 in both replicate stakes. There was a distinct gradient 
of moisture content from the deepest segment to the ground line.
The slices above ground were of a similar, low, moisture content 
except for the topmost slice, which generally had a higher MC. The 
overall MC of the slices increased up to the fourth month of exposure 
and then decreased at the next three sample times.

The CCA treated Scots pine stakes were drier than the 
untreated stakes, and reached only 1+0 to 5($ after 1 month. The 
deepest slice was wettest, but there was no gradient of MC decrease 
to the ground line. There was a distinct and steep gradient from 
immediately below to immediately above the ground line, with the 
slices above ground having an MC of only 25%. Once again the stakes 
increased in MC to the fourth sample time, and then dried slightly 
before increasing in MC at the eighth sample time.

Weight Loss (Figure 90)
The weight loss results, like those for the blocks described 

in Sections 1* to 9> were variable. In the untreated stakes of Scots 
pine, there was no increase of weight loss with time of exposure, and 
no pattern of weight loss within a stake, except that the derived 
values for weight loss in segments 1+, 7 and 10 were often different 
to the rest of the slices from a stake.

The overall higfa level of weight loss in the CCA treated 
stakes was an artifact of the method of calculating the weight loss (See. 
If the values at each sample time are compared to the one month 
sample, then there was little weight loss in any slice, except those 
above ground at 6 and 8 months. These stakes had been chewed by 
rabbits or squirrels and a considerable amount of wood removed.

Footnote : The calcu lations did not allow fo r leaching of extractives
and other materials from the stakes during treatment and 
subsequent leaching.
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Figure 89 Moisture content in stakes taken from field exposure 
after 1 to 8 months.
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Figure 90 Weight loss in stakes taken from field exposure 
after 1 to 8 months.
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Birch Moisture Content (Figure 91)
The untreated birch stakes showed a double gradient of 

moisture content from below to above grounds there was one gradient 
from the high MC of the deepest slice to the ground line, and a second, 
steeper curve from the ground line to above ground. At most sample 
times the topmost slice was wetter than the others above ground. The 
two replicate stakes had generally similar moisture contents although some 
discrepancies did occur, e.g. at 1* months. The slices above ground 
at 5 months were very dry at around 10% while those below ground had 
a high MC of around 80%. The slices were much drier at the 6 and 7 
month samples, and had an almost linear gradient of MC at 8 months.

In the CCA treated, unleached blocks, the MC was generally 
lower than in untreated stakes. The deepest slice was again wettest, 
while the MC of the remaining buried slices was remarkably similar.
There was a steep gradient of MC from the ground line to above ground, 
with the exposed slices being generally very dry. In the stakes 
sampled at 3 months the slices near the ground line were wetter than 
those deeper. Once again the stakes were drier at 6, 7 and 8 months.

In the CCA treated, leached blocks the pattern was very 
similar to the treated unleached stakes, although there was no gradient 
of MC above the ground line at 1 and 2 months. The leached stakes 
often had a higher MC than the treated unleached stakes. No stake 
was sampled at 7 months.
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Birch Weight Loss (Figure 92)
The effect of calculating the overall weight loss of slices 

hi 7 and 10 from the weights of their segments is particularly clear 
in Figure 92, where the WL values of these slices is often abnormal 
when compared to the other slices. In the untreated stakes there 
appeared to he an increase in WL with time, shown particularly after 
8 months in one stake. At 6 months the weight loss was higher above 
ground, while it was lowest in this zone at 7 months.

In the treated, unleached stakes there was no increase 
of WL with time or of higher WL in certain zones of the stakes, other 
than in slices hi 7 and 10. At 7 months there was a weight gain 
rather than a weight loss in the slices just below ground.

In the treated leached stakes the pattern of WL was the 
same as the treated unleached stakes. The high WL at 5 and 8 months 
was due to the loss of wood by animal rather than fungal attack.
Once again there was a weight gain in the segments just above the 
ground line at 8 months.
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Figure 92 Weight loss in Birch stakes taken from field
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Scots Pine Segment Moisture Content and AH Rate Figure 93

Figure 93A shows the MC in the segments cut from slices 
U, 7 and 10 (above, at, and below the ground line respectively) 
of untreated Scots pine stakes. Stakes were removed from the 
ground at monthly intervals up to 8 months. Figure 93B shows the 
AR rate recorded in the same segments. Figures 930 and D show 
MC and AR in the Scots pine stakes which had been treated and 
leached. In the 1 month samples, each slice was cut into only 
four segments, but at the other sample times each slice was cut 
into 12 segments. The three segments nearest the right hand axis 
in each set of 12 represent the outer tangential face of the stake, 
and the two- segments in the centre of the set had no surface exposed 
to soil.

The MC of the slices increased only marginally from 1 
to 5 months, often with the comer segments with two faces exposed 
to soil at the highest MC. The central two segments usually had 
the lowest MC of the segments in a slice. The MC in the three 
slices was very similar and did not show the large differences in 
MC between slices above, at, and below the ground line which were 
found in the small blocks used in the laboratory experiments. At 
six months, the MC of all segments decreased, and decreased further 
at 7 months.

The AR rate in the same segments (Figure 93B) appeared to
be correlated with the MC of the segment. There was little activity
in any slice at 1 month, but it occurred in all the slices measured
at 2 months. At 3 and h months most activity was recorded in the
slice below ground, and least in the slice above ground. At 9 months
high activity was recorded in all the slices, with the highest rate

—1 —3in the zone above ground (18.29 nMh cm ). At 6 months the rate 
was very much reduced, and was recorded in only one segment at 7 
months. There was little activity at 8 months.

In the treated, leached stakes, the MC of the wood was 
considerably less than in the untreated stakes. At 1* months the 
highest MC was only around 107%» while the untreated stakes at the 
same sample time had a MC of around 16Q#. At 9 months the slice 
below ground was distinctly wetter than the zone at the ground line,
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Figure 93 Moisture content and Ethylene production rate in Scots pine stakes after 1 to 8 months exposure in the field.
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while the zone above ground was driest. No stakes were sampled 
at 7 and 8 months.

AR activity was only recorded in one segment above ground 
after 3 months exposure of the treated and leached Scots pine stakes.

Birch Segment Moisture Content and AR Rate Figure 9k

Figure 9kA shows the MC in the segments cut from slices 
k f 7 and 10 (above, at, and below the ground line respectively) of 
untreated birch stakes. Stakes were removed from the ground at 
monthly intervals. Figure 930 and 9 3D show the MC and AR in 
segments of treated unleached birch in months 1 to U, and in 
segments of treated, leached birch for months 5> and 6. No stakes 
were sampled in months 7 and 8.

The MC in the untreated birch was highest above ground 
at one month, but from 2 to 6 months, the deepest zone was the 
wettest. The MC above ground was around kO)(>» The comer segments 
were often wetter than the others in a slice, while the central 
segments had the lowest MC. The MC of the zones below ground 
decreased in months 7 and 8, but only slightly decreased in the 
zone above ground.

The AR rate at 1 month was highest above ground, while at
later sample times, highest activity was recorded in the zone below
ground, and very little activity in the zone above ground. Highest

—1 —3activity was recorded after 3 months (1*.5$ nMh cm ■*), which was 
considerably lower than the maximum rate measured in untreated Scots 
pine. As in Scots pine, the AR activity decreased drastically at 
7 and 8 months.

The MC of the treated stakes was, like the pine, very much 
lower than in the untreated stakes. The MC of the segments in all 
3 slices was similar at 2 months, but had developed the usual pattern 
of higher MC below ground, and lowest MC above ground, at 3 to 5 months.

No AR activity was recorded in any segment from the treated 
birch, at any sample time.
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Figure 9k Moisture content and Ethylene production rate in Birch stakes after 1 to 8 months exposure in the field.
g: Untreated Birch

roONro



12.U. Discussion

The initial aim of the field experiment was to compare the 
laboratory results with those obtained in the field. The correlation 
appears remarkably good although it was fortuitous that the field 
conditions replicated the drying regime of the Scots pine blocks in 
Section 7« In both laboratory and field a decrease in soil MC and 
in wood MC was accompanied by a reduction in AR activity. The 
laboratory incubation temperature of 25°C was rather higher than the 
temperatures experienced in the field, but hopefully the high 
temperature only accelerated the colonisation and decay rather than 
changing the type of colonising organisms. The range of soil MC 
investigated also appeared to reflect the conditions experienced in 
the field where the soil fluctuated between dry and waterlogged 
depending upon the prevailing weather conditions. The MC of the Scots 
pine and birch in the field, in the slices and segments cut from each 
slice was very similar to the MC achieved in the laboratory under 
similar soil moisture conditions. The MC of the stakes in the field 
was related to the amount of rainfall in the three days prior to 
sampling. There was no relationship between R.H., soil MC and wood 
MC, presumably because the R.H. fluctuated widely over a 2i* hour 
period. As there is considerable data on the MC of wood exposed to 
atmospheres of differing R.H., it is likely that the exposed areas 
of the stakes did respond to R.H. However as the equilibration was
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likely to take some time, and the R.H. can vary considerably over a 
small area depending upon the local conditions, then it seems unlikely 
that the MC of the few samples taken at monthly intervals would correlate 
with the maximum and minimum R.H. on the sample day.

The partial burial of the stakes, as used in the laboratory 
experiments, reflecting typical end uses such as fence posts and 
telegraph poles would appear to be essential to achieve realistic 
conditions in the wood. The MC in the zones below at and above the 
ground line were distinctly different with a curve of MC from the 
deepest slice to the ground line and from the ground line to the 
penultimate slice above ground. The uppermost slice was offers wetter 
than those below, presumably due to condensation, dew, or greater uptake 
into the shakes and splits present in the exposed horizontal transverse 
face :

The significance of the curve of MC with depth below ground 
and above ground is that it implies that the wood was in equilibrium 
with the soil surrounding it, and that the slices above ground were in 
equilibrium with the air. Intermediate slices are at an intermediate 
equilibrium value. The mechanism of achieving equilibrium may well be 
wick action. The wet zones visible on the exposed surfaces of the 
stakes on wet days, which rapidly disappeared if the day became drier, 
warmer and windier suggests that water is evaporating from the exposed 
portion of the stake and replaced by uptake from soil below ground.
This would create a movement of water through the stake by wick action. 
The inference is that if wood in soil contains moving water and that the 
wood rapidly adjusts to the prevailing conditions, then as the conditions 
change daily, if not hourly, then fluctuating conditions must occur in 
the wood. There are a number of implications. The moisture conditions 
at any point in the stake must be the result of a dynamic equilibrium 
between soil water, wood MC and the air temperature, humidity and wind 
speed. Depending upon how rapidly the wood responds to a change in 
weather conditions, and the results of section 7 would indicate that it 
was very rapid, then the measured MC in the wood could be a result of an 
equilibrium achieved on the day of sampling or a few days prior to 
sampling. In addition the MC recorded merely measures the amount of 
water present at the sample time and is not a measure of the amount of 
water passing through the stake by wick action. Thus the monthly
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samples do not show a progressive change of wood MC as the stakes got 
wetter over a period of months, hut are the result of short term 
rapid changes of wood MC which are continuously occurring in the field.
Any long term effect of decay to increase MC, as observed in the 
laboratory experiments, is masked by short term fluctuations caused by 
changes in the environment. These environmental fluctuations determine 
wood MC and affect the conditions in the wood, and may profoundly influence 
decay. If the wood is constantly wetting and drying and responding to 
environmental changes then the activity of the decay fungi, which would 
be affected by such fluctuations, must also fluctuate. This is 
illustrated by the effect of a decrease in soil moisture and wood MC 
upon the AH activity of nitrogen fixing bacteria. Decay fungi could 
be similarly affected by changes in wood moisture conditions.

The wider implication is that decay in the field is not 
necessarily a slow, methodical succession of events inside the protected 
and isolated environment of the wood, but a dynamic process where the 
conditions change constantly, the organisms respond to those changes and 
the soil, wood and weather interact continually. If adverse conditions 
arise, and the decay fungi die, then recolonisation might be necessary.
If conditions favour one species or group of fungi, then it might colonise 
and decay the wood very rapidly while favourable conditions prevail.
The implications of this dynamic concept is that although wood in soil 
contact will eventually decay, it is the rate which is profoundly 
affected by wood species, weather and climate. Although the service life 
of timber must be related to climate and weather, considerable work would 
be necessary to investigate any correlation.

One of the most intriguing observations in this experiment was 
the occurrence of snow on the Scots pine and its absence from birch.
It could be related to a difference in permeability, heat conduction or 
albedo of the two species, but no further investigation was performed 
or any satisfactory explanation found.

The occurrence of AH activity in all 3 zones could indicate 
that the stakes were perhaps too short and that all 3 zones constituted 
the ground line zone of Levy (1968), and that no "anaerobic zone" occurred 
in these stakes. However the analysis of the 12 segments cut from the 
slices did reveal a difference in activity in different zones of the wood. 
The wettest segments, with two faces exposed to the soil, had the highest 
AR rate, followed by the slightly drier segments with only one exposed



face, and the central two segments which were usually drier than the 
others in a slice, and had no exposed faces, and the lowest AR rate.
The implication is that the water carries the organisms into the wood 
as it penetrates, or the motile bacteria swim in the water as it 
penetrates, and the distribution of AR reflects the distribution of 
water in the stake. The occurrence of high MC and AR rates above 
ground shows that the wood can be wet above ground, and that fluctuating 
conditions can cause the MC to change dramatically. The zone of wet 
wood above ground can change and the effective ground line separating 
"wet" wood and "dry” wood must move up and down the stake depending 
upon the prevailing conditions. The effect of this fluctuation in 
the ground line upon decay fungi which are most active at and just 
below the ground line, is unknown.

The effect of the preservative was spectacular. The treated 
stakes were very much drier than the untreated stakes, and no AR 
activity was found in any segment of any slice at any sample time in 
any treated stake. There was also no weight loss other than that due 
to rabbit attack. Prom the work of Sorkhoh (1976) and Clubbe (1980) 
it would seem likely that CCA treated birch would be colonised by fungi 
after 6-8 months exposure, and the inference is that the presence of 
nitrogen fixing bateria is not an essential precursor of fungal and 
particularly soft rot, attack of CCA treated hardwoods. The effect of 
preservatives upon the adherence of soil to the wood was particularly 
noticeable. Perhaps wood colonising fungi bind the soil particles 
around the stake to each other and the soil surface, or perhaps soil 
animals, moving through the soil, grazing on fungal hyphae, mix and bind 
the soil to the wood surface. Presumably the preservative discourages 
massive colonisation and the binding of soil by the hyphae as well as 
repelling soil animals. The inference is that an active population 
of soil fungi and animals surround the stake and ultimately bring the 
stake into intimate contact with the soil? so that the wood becomes part 
of the soil. The preservative prevents this association as it enters 
the soil from the stake by ion-exchange, diffusion and leaching. Perhaps 
this "sterilisation” effect, and the initial water repellent nature of the 
treated wood are part of the mechanism of action of the preservative. 
Presumably the sterilisation effect could be overcome, particularly by 
heavy metal tolerant organisms, and once the wood is wet, colonisation 
could begin, leading to decay and failure.
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The occurrence of activity in Scots pine and birch, with 
greater activity in the Scots pine, and at rates equivalent to those 
found in the laboratory does indicate that the laboratory conditions 
realistically simulated those in the field and that the laboratory 
results could be extrapolated to field exposure. The implication 
from this field experiment, admittedly only over 8 months, is that 
AR is not particularly significant in timber decay. The activity 
of nitrogen fixing bacteria is relatively low in untreated timber (see 
sections 2 to 9)» even under ideal conditions that may only occur 
rarely in the field, and was completely eliminated by the use of a 
CCA type preservative.

12.5 Conclusions

The conclusion from this field experiment involving the 
exposure of untreated and CCA-treated Scots pine and birch stakes 
for 8 months, is that the occurrence of nitrogen fixing bacteria in 
decaying wood remains an interesting but unimportant source of nitrogen 
for timber decay fungi. They could be of benefit under some soil 
conditions, and in localised areas within the wood, but are not a 
vital precursor of fungal attack. They are completely eliminated 
from CCA treated Scots pine and birch for the 8 month exposure period. 
The results suggest that the conditions in the system developed and used 
in the laboratory are realistic and that the laboratory results could 
be extrapolated to the field. The field results reveal the equilibrium 
between the fluctuating conditions of the environment and those of the 
wood. The stakes exposed to soil contact must be in a dynamic 
equilibrium with its surroundings, and confirms the concepts developed 
from the laboratory experiments.

♦
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13. DISCUSSION
The preliminary investigations of Aho, Seidler, Evans 

and Raju (197U), Cornaby and Waide (1973), Sharp and Millbank (1973), 
and Sharp (1975), showed that nitrogen fixing bacteria occurred in 
decaying wood and that they could be an important source of nitrogen 
for wood decay fungi. In the preliminary experiments of this 
investigation, AR was found to be a reliable measure of the occurrence 
of nitrogen fixing bacteria in wood in soil contact although there 
was no direct relationship found between AR and incorporation.
It was found -that AR analysis should only be carried out on samples 
which are incubated at constant temperature, at the lowest possible 
oxygen tension, and are of a similar volume and surface area. Small 
samples (less than 1g) could be assayed reliably over a 2l\. hour 
period but there was considerable variability in activity between 
replicates. The refined technique, using a modified gas chromatograph, 
allowed the rapid, sensitive and accurate analysis of AR rate in 
samples taken from wood exposed to soil contact.

The combination of Kjeldahl digestion, Markham distillation
15and mass spectrometry using the N exposure and analytical technique

described by Hitch (1975) was shown to be capable of both accurate
and precise measurements of ^^N incorporation. The necessity for

15the calibration of N against AR was illustrated in the results of
Section 2.1*. 7 , where the theoretical ratio of 3 was only approached
in two out of ’JO samples. Despite the variability in the observed

-1 -1ratio, the crude conclusion was that an AR rate of less than 1nMh g
was equivalent to approximately 0.000U pg nitrogen fixed per day, that

-1 -1 -1 -1 1-10nMh g was equivalent to 0.02, and greater than 10nMh g was
equivalent to approximately 0.0U pg nitrogen fixed per day. The
occurrence of AR activity in wood was shown to be evidence for the
presence of nitrogen fixing bacteria. Having obtained this information
on the application of AR analysis to wood from soil contact, and an
idea of the relationship, albeit crude, between AR and nitrogen fixation,
then it was possible to answer some of the questions in the Introduction
which arose from Sharp*s work (197U) •

The preliminary experiments involving the AR analysis of 
segments cut from partially sealed blocks exposed to soil showed that 
nitrogen fixing bacteria were capable of penetrating greater than 
10mm into wood in soil contact and that they were not merely surface
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colonisers. The occurrence of AR activity in blocks with a 
tangential, radial or transverse face exposed showed that 
penetration was not limited to one face, although penetration 
was fastest in longitudinal and radial directions and was 
thought to accompany water ingress into the block. Activity 
was often highest and occurred most rapidly in the outer 
tangential segments, which would have been nearer the cambium 
in the living tree. The MC of this zone was also higher than 
that of the inner segments illustrating the correlation between 
high moisture content and high AR activity. The preliminary 
finding that hardwoods were not colonised, while softwoods were, 
was later refuted when the MC of the wood was found to be crucial. 
No colonisation occurred in Douglas fir and beech which were drier 
than Scots pine and in which AR activity was found. If the MC 
was high, greater than in beech and 10096 in Scots pine, then 
colonisation occurred. If the soil and wood dried out, activity 
ceased.

The major factor affecting the occurrence of the bacteria 
was found to be soil moisture content and there was no major 
difference between the two soils used. The effect of temperature 
was as expected, a reduction in rate at low temperature and an 
increase in rate with increase in temperature. The effect of 
oxygen tension upon AR activity was less clear and indicated that 
the AR assay had to be performed under uniform, anaerobic conditions.

The combined experimental evidence suggests that nitrogen 
fixing bacteria are not a prerequisite for the decay of timber in 
soil contact. Decay occurred,particularly in birch and beech, in 
the absence of nitrogen fixing bacteria and of AR activity.
Relatively high rates of AR activity in Scots pine failed to increase 
decay. Perhaps if blocks which had exhibited activity had been 
subjected to conventional weight loss tests, then any beneficial 
effect of the presence of the bacteria in the wood could have been 
assessed. However the absence of AR activity in stakes treated with 
a CCA preservative and exposed in the field, suggests that nitrogen 
fixing bacteria are not of major importance in the early colonisation 
of preservative treated hardwoods by fungi, and particularly soft rot 
fungi.
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The development of a soil exposure system using partially 
buried, orientated blocks £0 x 25> x mm in soil maintained at 
constant MC by weighing-and water addition was of major importance 
in this investigation. It allowed the exposure of the wood to 
controlled conditions of soil MC for periods up to 28 weeks.
Beech, birch, Scots pine sapwood and heartwood and spruce were 
exposed to % levels of soil MC and 2 different soils, with the 
soil MC being maintained, increased or decreased. The AR rate,
MC, weight loss and a novel measure of the amount of water in the 
wood that was independent of weight loss (water content) could be 
measured on the same sample. Samples were taken from below, at 
or above the ground line and from four positions within each zone. 
Although the cutting could have been more accurate, which would 
have lessened the variability in the weight loss results, the use 
of 2 to 5 replicates at each fortnightly sample time allowed a 
more detailed, quantitative and comprehensive picture of the 
relationship of AR, decay, wood MC and soil MC to be developed 
than had been obtainable previously.

The chosen soil moisture contents and the fluctuations 
which were imposed in the laboratory were similar to those which 
occurred naturally in the field. The response of the wood, 
whether of small blocks in the laboratory, or of similarly 
proportioned but larger stakes in the field, was similar, and 
implied that field conditions could be reproduced in the laboratory 
and that laboratory results could be extrapolated to the field.

The use of the computer proved essential to the 
investigation, and was used for the calculation and display of 
the results, as well as in the statistical evaluation of the data 
and further mathematical analysis. Despite the amount of time 
spent in programming the computer and in punching data onto cards, the 
use of the computer proved to be both a fast and accurate method 
of data processing. The quantitative approach to the investigation 
of nitrogen fixing bacteria in soil contact is novel in that 
computing techniques have not previously been applied to the 
investigation of nitrogen fixing bacteria, or of timber decay.
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The soil exposure technique and the quantitative approach could 
he of major significance in the investigation of timber decay 
and have allowed an assessment to be made of the significance of 
nitrogen fixing bacteria to timber decay.

Nitrogen fixing bacteria are likely to occur in 
wood not treated with preservative and exposed to soil contact.
They appear to follow the ingress of water into the wood, and 
become established in the zones of a stake which wet up most 
rapidly. The highest activity occurs in wood exposed to soil at 
a low water potential and^is very wet. No information was obtained 
on whether relatively high rates of AR corresponded to the presence 
of large numbers of relatively inactive bacteria, or relatively 
few, very active bacteria. Their occurrence is not essential for 
the decay of hardwoods, but there was some evidence that their 
presence marginally enhanced decay in Scots pine. However they 
have a disjunct distribution in the wood and their activity is low 
compared to other free-living nitrogen fixing bacteria and other 
nitrogen fixing systems. Even at maximal rate, maintained 
continuously for one year, they are only likely to increase the 
nitrogen content of wood by around 5%, The field experiment showed 
that conditions did not remain constant in wood in service and that 
optimal conditions of temperature, moisture content, pH, nutrient 
supply etc. would not exist for very long. The conclusion is that 
nitrogen fixing bacteria are unlikely to be of major significance 
in the nitrogen budget of decaying wood. However, they may be of 
minor significance where, under the right conditions of soil and 
wood moisture content they could exhibit relatively high rates of 
nitrogen fixation. This high rate of activity in localised areas 
of the wood could be of significance to timber decay fungi although 
further work would be necessary to examine how much of the fixed 
nitrogen was made available to the decay fungi and how significant 
that amount of nitrogen was to the activity of the fungi. The 
seemingly paradoxical relationship between aerobic fungi and 
anaerobic bacteria could be resolved by the occurrence of fluctuating 
conditions in the wood. The change from wet to dry conditions in 
the wood, observed in the field and reproduced in the laboratory, 
indicate that the bacteria could be active in wet anaerobic conditions,
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while the fungi were active in aerobic, dry conditions, and utilise 
the nitrogen fixed by the bacteria. The bacteria could utilise 
carbon sources liberated by the fungi during their periods of 
activity.

In addition to being able to quantify the significance 
of nitrogen fixing bacteria to timber decay, the laboratory 
exposure system allowed the relationship between soil MC and wood 
MC to be investigated in more detail than attempted previously.
This relationship is of crucial importance because it affects the 
performance of timber in service, both untreated, and treated with 
commercial timber preservatives.

The uptake of water by wood in soil contact appears to 
have three phases. Up to fibre saturation point at around 30%
MC, the uptake of water from soil is controlled by the wood and 
limited by the permeability of the timber which determines the 
rate at which water can enter the dry wood. The wood's permeability 
is a function of its anatomy and must be related to the hydrophobic 
nature of the dry cell wall , the small capillaries in the wall, the 
nature and state of the bordered pits, and the pitting of the rays (see, p. 
Above 30% MC, in the second phase, the MC attained by the wood is an 
equilibrium value depending upon the available water in the soil 
and the permeability of the wood. The third phase is characterised 
by a levelling off of the rate of uptake as the wood and soil approach 
a final equilibrium where the wood reaches a maximum MC for that 
wood species ir that soil at its particular soil MC.

The relationship was investigated quantitatively using 
two complementary approaches, one theoretical, and one experimental.
The application of regression and curve fitting to the data 
collected in the laboratory revealed that the second and third 
phases could be fitted to a non-linear Gompertz curve. The 
analysis showed that a statistical and mathematical analysis could 
be applied to systems which involved soil and wood which had previously 
been regarded as too variable for mathematical analysis. The ability 
to reduce a mass of data to a single family of equations which 
accurately described the relationship between wood moisture content, 
soil MC and time indicates the potential of the laboratory exposure



system, a quantitative approach, and access to a computer, for 
the investigation of timber decay. The theoretical approach 
applied to only Scots pine and birch suggested that an even more 
general relationship existed between the wood MC and the MC of 
its surroundings.

The experimental approach confirmed the existence of 
such a relationship, and the use of water potential as a measure 
of the water availability of the surroundings proved particularly 
valuable in describing the relationship. In addition the approach 
necessitated the development of a novel artificial soil in which 
the water potential, MC, nutrient level and organism complement 
could be controlled. It may have considerable potential in the 
testing of wood in soil contact where a reproducible soil matrix 
is desirable.

The two approaches could be combined to produce a 
hypothetical relationship between water potential, wood moisture 
content and time of exposure, which fitted the data obtained in 
the laboratory exposure system, were consistent with the results 
from the artificial soil experiments and incorporated the results 
from the curve fitting exercise. Its ability to incorporate the 
effect of decay, which disturbs the relationship, perhaps indicates 
the generality of the relationship and its potential in the under
standing of wood decay in soil contact. The existence of a "moisture 
characteristic" for wood is particularly interesting as it can 
relate wood MC to relative humidity, and also to the MC of the soil, 
two relationships which were previously unconnected. It also 
allows the relationships to be quantified, which could allow the MC 
of wood exposed to any soil to be predicted. The data obtained in 
this series of experiments is not suitable as a test of the 
hypothetical relationship, which needs to be rigorously tested by 
monitoring the MC of wood exposed to -soils at different water 
potential and how the moisture characterisitc of a number of wood 
species differ. The next step could be the prediction of the 
moisture characteristic of a wood from its anatomy aion^°and then 
to predict its moisture uptake properties from its characteristic.
The possibility of predicting a timber*s moisture uptake characteristics, 

vs»©te/'{>0/Vs&such as^preservative uptake, or water uptake in service, is particularly 

FooUofe. j Tfcs a^oocX b s bee* ^  S\au  0**3)
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attractive as it would be the basis of a model for predicting 
timber decay and service life. Perhaps the most important 
concept which would have to be modelled, and whose significance 
has been revealed by these investigations, is that wood in soil 
contact is in a dynamic equilibrium with its surroundings. The 
conditions in the wood must change rapidly as the wood responds 
to changes in the surrounding environmental conditions. The effect 
of these fluctuating conditions upon the type and rate of fungal 
attack is unknown and would be difficult to investigate but it 
would seem to require a similar combination of a quantitative 
approach, a realistic, controllable, laboratory exposure system 
and access to a computer to perform the necessary statistical 
and mathematical analysis, a combination which has been used in 
these investigations.

A second important concept, whose involvement in timber 
decay has only been indicated by these experiments and which may be 
of major significance, is wick action. This was investigated by 
Becker and Zycha (19^8) who found that it did not bring about a 
redistribution of preservatives that were applied in bandages to 
the outside of poles in ground contact. Levy (1968) suggested that 
water uptake occurred below ground and evaporation above ground.
The flow of water from below ground to above ground, at a rate 
presumably dependent upon the rate of evaporation above ground and 
the rate of uptake below ground could be very significant in the 
decay of timber in soil contact. It could be the mechanism which 
controls the MC of the wood exposed to soil contact and for the 
attainment of equilibrium between the wood and its surroundings.
If the rate of uptake and loss of water from the blocks exposed in 
the laboratory occurred in the field, then the field stakes must 
rapidly respond to changes in the moisture content of soil or air.
The visible wet zone just above the ground line perhaps represents 
the upper limit of wet wood (i.e. greater than f.s.p.) above ground, 
and is the boundary between liquid water movement and vapour diffusion 
through the wood. Thus wood in the field is not only in a dynamic 
equilibrium with its surroundings, it contains water moving through 
the wood at a rate which is dependent upon those surrounding 
conditions. Thus MC, which is a static measure of the water content 
is unsatisfactory because it is not a measure of the rate of water
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movement. Two samples of wood could have the same MG, yet the 
rate of water flow through them could he very different. The 
concept of wick action and its occurrence in partially buried 
wood in soil contact has a number of implications.

If wick action occurs in wood, in soil contact, then any 
soluble substances in the soil water, like salts, nitrogen compounds, 
oxygen, could be taken up by the wood and transported through the 
wood and delivered to the ground line zone. At and just above the 
ground line where the water evaporated, any soluble substances would 
be deposited, perhaps creating a nutrient rich zone around the ground 
line which is the zone most susceptible to fungal attack. Perhaps 
the major source of nitrogen for the decay fungi is the soil water 
itself, which is transported through the wood by wick action?
Perhaps wick action can also explain the occurrence of nitrogen 
fixing bacteria above ground and the increase in weight found in 
above ground segments in the laboratory trials, with both bacteria 
and soluble salts being deposited as the water evaporated. Wick 
action becomes crucial in the relationship between soil water, water 
potential, wood MC and the R.H. of the atmosphere because the rate 
of flow must depend on the relationship. Obviously any model of 
timber decay in soil contact would have to take wick action into 
account and further work would be necessary to examine the rate of 
wick action in different wood species under different soil moisture 
and environmental conditions.

The significance of wick action is not confined to soil 
contact alone. In window joinery, if water enters at a joint, it 
could be transported through the wood and then evaporate, albeit 
slowly, through a paint or varnish film. It would seem reasonable 
that wood, which is highly adapted for the transport of water from 
roots to leaves in the living tree, continues to conduct water when

d o » ( J * *k s 1;Uein h> b* cU*M4<Ĵ <y O* ctryJftjf H*cin sdrvice^, and that the same driving force of transpiration (water 
evaporation) drives wick action. These investigations merely 
illustrate the existence of the process, but the full significance 
to timber decay has yet to be determined.

Potentially, given the information on water uptake rate 
with time, the relationship between wood MC and water potential, if 
the rate of diffusion of water vapour through wood at different MC



could be determined, then perhaps the rate of wick action driving 
the flow of water through wood could be predicted. The results 
presented in this investigation are the first step in the math
ematical modelling of wick action and perhaps of a model of the 
performance of timber in soil contact.

Perhaps the most intriguing aspect of the occurrence 
of wick action is its possible involvement in supplying nitrogen 
to the decay fungi in wood. If nitrogenous nutrients, perhaps 
nitrate, were available in soil, then they could be transported 
into the wood by wick action and deposited around the ground line, 
where the decay fungi have been found to be most active (Levy, 1968). 
Obviously optimal conditions must occur in this zone, as it is the 
usual zone of maximal attack, and of failure. It would indeed be 
interesting if wick action were responsible for achieving this 
optimal blend of nutrient supply, waste products removal, oxygen 
tension, and moisture content. Of course, wick action is unlikely 
to be the sole source of nitrogen, as it is extremely likely that 
fungi are able to translocate nitrogen compounds and other nutrients 
from the soil into the decaying wood (King and Waite, 1978).

Thus although this investigation was originally intended 
to examine the role and significance of nitrogen fixing bacteria 
to timber decay in soil contact, it was soon recognised that water 
had a profound effect on nitrogen fixing bacteria, that these 
bacteria were not very significant in timber decay and that water 
was a more important factor. The concept of water potential and 
the existence of a moisture characteristic for wood are potentially 
of great significance, as are the concepts of a dynamic equilibrium 
between wood and its surroundings, and wick action. The combined 
laboratory and field experiments and their theoretical analysis 
represent a novel, quantitative approach to the investigation of 
timber decay in soil contact.



APPENDIX
Introduction

This appendix consists of a brief description and listing of the 
computer programmes used, together with a sample of typical input and 
output.

In the course of the experimental work, it became obvious that a 
considerable amount of data was being collected and that the use of a 
computer would be essential to analyse the data rapidly and accurately. 
Computing facilities were easily available in the Imperial College 
Computer centre, where the equipment consisted of a CDC Cyber 17U and a 
CDC 6£00, with associated disc files, teletypewriters, visual display 
units, printers, card readers and graphics terminals. FORTRAN IV" was 
the most widely used programming language using the University of 
Minnesota MNFf> complier and the Centre provided a number of programme 
packages for statistical analysis and graphics. The Centre provided a 
number of courses on the programming and use of the computer, and a 
Programme Advisory Service.

Once the capability of the computer for data anlysis had been 
recognised, it was used routinely for the calculation and display of 
experimental results as graphs, histograms, density maps and tables on 
the line printer, and as graphs and 3-dimensional displays generated on 
microfilm from the Tektronics 1+01U graphics terminal.

Method
Experimental data was usually recorded on a standardised form, such 

as that shown in Figure 18. The results from a few sets of data were 
calculated by hand, and a FORTRAN programme written to perform the same 
calculations. The programme and data were transferred to punched cards 
and run on the CDC 6600. The programme was debugged and the results 
checked for accuracy. When the programme ran satisfactorily, the remaining 
data was punched and the programme run routinely on the CDC 6600 at the 
University of London Computer Centre via the Imperial College network.

Each programme usually consists of a main routine which calls a 
number of subroutines. Each subroutine is responsible for one function, 
such as reading in data, calculating results, writing out data, drawing a 
histogram, density map or graph, or storing data on file. The subroutines 
could, with minor modifications, be transferred to other programmes.



ARMTA
Program ARDATA generates "ready reckoner" tables to ease the 

analysis of the pen recorder charts from the acetylene reduction assay, 
described in section 2.3.I4.. The baseline position in chart recorder 
units is read off the first table; e.g. if the baseline is at 51 units 
on an attenuation of x10, then the baseline is actually at 51*0 chart 
recorder units.

D I V S < 1 X 2 0 4 5  V X 1 O0 7 2 0  0 X - . 0  0 1 0 0 0 2 0 0 0 5 0 0 0

, 5 . ' .  5

ITCIT

2 5 . 3 1 0 . 1 8 . 1 2 . 5 1 . 0 • 5 . 3 .  1
I s u q 5 1 . 0| 2 5 . 5 1 0 .  s 5 . 1 2 . 5 l . o • . 3 . 1

5 1 . 5 5 1 . S 2 5 . 8 1 •». 3 8 . 2 2 . 6 1 . 0 . 5 .  J .  1

5 2 . 0 5 ? . o 2 6 . 0 1 0 . 4 5 . 2 2 . 6 l  .  0 . 5 . 3 . 1
5 2 . 5 5 2 . 5 2 6 . 3 1 •?. 5 5 . 3 2 . 6 1 . 1 * . 6 . 3 . 1

5 3 . 0 5 3 . 0 2 6 . 5 1 0 .  S 5 . 3 2 .  r 1 . 1 . 5 .  3 . 1

5 3 . 5 5 3 . 5 2 6 . 8 l o . T 5 . 3 2 .  7 1 . 1 . 5 . 3 . 1
5 4 . 0 5 4 . 0 2 7 . 0 l o .  4 8 . 4 2 .  7 . 5 . 3 . 1
5 4 . 5 5 4 . 5 2 7 . 3 l " .  9 5 . 4 2 .  7 1 . 1 . 5 . 3 . 1
5 5 . 0 5 5 . 0 2 7 . 5 1 1 . 4 8 . 5 2 . * l . l . 6 . 3 . 1

5 5 . 5 5 5 . 5 2 7 .  R 1 1 . 1 8 . 6 2 . 6 1 . 1 . 6 . 3 . 1
5 6 . 0 5 6 . 0 2 8 , 0 1 1 . ? 8 , 6 2 . 6 1 . 1 • n ,  J .  1

5 6 . 5 5 6 . 5 2 0 . 3 1 1 . 7 5 . 7 2 . 8 1 . 1 . 6 . 3 .  1

5 7 . 0 5 7 . 0 2 8 . 5 1 1 . 4 5 .  7 2 . « 1 . 1 . 6 .  1 .  1
5 7 . 5 5 7 , 5 2 8 . 9 1 1 . 5 5 . 8 2 . 8 1 . 1 . 6 . 3 . 1

5 8 . 0 5 f l .  0 2 9 . 0 1 1 . S 5 . 8 2 . 9 1 . 2 . 6 . 3 . 1
5 8 5 a  . 5 2 9 . 3 1 1 . 7 5 . 8 2 . 9 1 . 2 . 6 . 3 . 1
5 9 . 0 5 9 , 0 2 9 . 5 1 1 . A 5 . 9 3 .  <• 1 . 2 • ** . 3 . 1

5 9 . 5 5 9 . 5 2 9 . 8 1 1 . 9 5 . 9 3 .  * 1 . 2 . 6 . 3 . 1
6 0 . O 6 0 . O 3 0 . 0 1 2 . 0 4.0 3 • 1 . 2 . 6 . 3 . 1

The ethylene peak is read from the chart record, and the number 
of chart recorder units read from the second table; e.g. if the peak 
height is 59 on an attenuation of x100, then this is equivalent to 
5900 chart recorder units.

o i v s x i o X 2 0 X 5 0 x i o « X 2 0 0 X 5 0 Q x 1 0 0 0 X 2 0 0 0 X 5 0 0 0

5 0 . 5 5 0 5 . 0 1 0 1 0 . 0 2 5 2 5 . 0 5 0 5 0 * 0 1 0 1 0 0 . 0 2 5 2 5 0 . 0 5 0 5 0 0 . 0 1 0 1 0 0 0 . 0 2 5 2 5 0 0 * 0

5 1 . 0 5 l 0 . » 1 0 2 0 * 0 2 5 5 0 . 0 5 l n 0 . 0 1 0 2 0 0 . 0 2 5 5 0 0 . 0 5 1 0 0 0 . 0 1 0 2 0 Q O . O 2 5 5 0 0 0 * 0

5 1 . 5 5 1 5 . 0 1 0 3 0 * 0 2 5 7 5 . 0 5 1 8 0 . 0 1 0 3 0 0 . 0 2 5 7 5 0 . 0 5 1 5 0 0 . 0 1 0 3 0 0 0 . 0 2 5 7 5 0 0 * 0

5 2 . 0 5 2 O . 0 1 0 4 0 » 0 2 6 0 0  * 0 S 2 o O *0 1 0 4 0 0 . 0 2 6 0 0 0 . 0 5 2 0 0 0 . 0 1 0 4 0 0 0  • 0 2 6 0 0 0 0 * 0

5 2 . 5 5 2 5 . 0 1 0 5 0 * 0 2 6 2 5 . 0 5 ^ 5 0 . 0 1 0 5 0 0 . 0 2 6 2 5 0 . 0 5 2 5 0 0 . 0 1 0 5 0 0 0 . 0 2 6 2 5 0 0 . 0

5 3 . 0 5 3 0 . 0 1 0 6 n •0 2 6 5 0 . 0 5 3 p 0 « 0 1 0 6 0 0 . 0 2 6 5 0 0 . 0 9 3 0 0 0 . 0 1 O6 O0 O . 0 2 6 5 0 0 0 * 0

5 3 . 5 5 3 5 . o 1 0 7 0 * 0 2 6 7 5 . 0 5 3 5 0 . 0 1 0 7 0 0 . 0 2 6 7 5 0 . 0 5 3 5 0 0 . 0 1 0 7 0 0 0 . 0 2 6 7 5 0 0 * 0

5 4 . 0 5 4 0 . 0 1 0 8 0 * 0 2 7 0 0 . 0 5 4 q 0 . 0 1 0 8 0 0 . 0 2 7 0 0 0 , 0 5 4 0 0 0 . 0 I O S O O O . 0 2 7 0 0 0 0 . 0

5 4 . 5 5 4 5 . 0 1 0 9 0 * 0 2 7 2 5 . 0 5 4 5 0 . 0 1 0 9 0 0 . 0 2 7 2 5 0 . 0 5 4 5 0 0 , 0 1 0 9 0 0 0 , 0 2 7 2 5 0 0 . 0

5 5 . 0 5 5 0 . 0 1 1 0 0 . 0 2 7 5 0 . 0 5 5 0 0 . 0 1 1 0 0 0 . 0 2 7 5 0 0 . 0 5 5 0 0 0 . 0 l i o o o o . n 2 7 5 0 0 0 . 0

5 5 . 5 5 5 5 . " 1 1 1 0 . 0 2 7 7 5 . 0 5 5 5 0 . 0 1 1 1 0 0 . 0 2 7 7 5 0 . 0 5 5 5 0 0 . 0 l l i o o o . o 2 7 7 5 0 0 . 0

5 6 . 0 5 6 0 . 0 1 1 2 0 * 0 2 8 0 0 . 0 5 6 n 0 . 0 1 1 2 0 0 . 0 2 8 0 0 0 . 0 5 6 0 0 0 . 0 1 1 2 0 0 0 . 0 2 8 0 0 0 0 . 0

5 6 . 5 5 6 5 ,  n 1 1 3 0 * 0 2 9 2 5 . 0 5 6 5 0 . 0 1 1 3 0 0 . 0 2 8 2 5 0 . 0 5 6 5 0 0 . 0 1 1 3 0 0 0 . 0 2 B 2 5 0 0 . 0

5 7 . 0 5 7 0 . 0 1 1 4 0 . 0 2 8 5 0 , 0 5 7 n 0 . 0 1 1 4 0 0 . 0 2 8 5 0 0 . 0 5 7 0 0 0 . 0 1 1 * 0 0 0 . 0 2 8 5 0 0 0 . 0
5 7 . 5 5 7 5 . 0 1 1 5 0 * 0 2 8 7 5 . 0 5 7 * 0 . 0 1 1 5 0 0 . 0 2 8  7 5 ( 1 . 0 3 7 5 0 0 . 0 1 1 5 0 0 0 . 0 2 8 7 5 0 0 . 0
5 8 . 0 S h o . o 1 1 6 0 * 0 2 9 0 0 . 0 5 8 0 0 . 0 1 1 6 0 0 . 0 2 9 0 0 0 . 0 5 6 0 0 0 . 0 1 1 6 O0 O . 0 2 9 0 0 0 0 * 0

5 8 . 5 5 8 5 . 0 1 1 7 0 * 0 2 9 2 5 . 0 5 8 5 0 . 0 1 1 7 0 0 . 0 2 9 2 5 0 . 0 5 8 5 0 0 . 0 1 1 7 0 0 0 . 0 2 9 2 5 0 0 * 0
p r o i 5 9 0 . 0 1 1 8 0 * 0 2 9 5 0 . 0 | 5 9 n 0 . 0 l 1 1 8 0 0 . 0 2 9 5 0 0 . 0 5 9 0 0 0 . 0 1 1 8 0 0 0 . 0 2 9 5 0 0 0 * 0

5 9 . 5 5 9 5 . 0 1 1 9 0 * 0 2 9 7 5 . 0 5 9 5 0 . 0 1 1 9 0 0 * 0 2 9 7 5 0 * 0 5 9 5 0 0 . 0 1 1 9 0 0 0 . 0 2 9 7 5 0 0 * 0

6 0 . 0 6 0 0 * 0 1 2 0 0 * 0 3 0 0 0 * 0 6 0 n o * o 1 2 0 0 0 * 0 3 0 0 0 0 . 0 6 0 0 0 0 . 0 1 2 0 0 0 0 * 0 3 0 0 0 0 0 * 0

The units of ethylene produced by the sample is this value (5900) 
minus the baseline (51*0), giving 581+9 units.



AREATA listing

1. PROGRAM APOATAdN̂ UTtOUTMUT.TADESalNPlJT.TAPEbaOUTPUT)
2 .  OV s  o * 0
3 .  W R I T E  < 6 ,  1 0 0 0 )4. 1000 FORMAT (]HO)
5 .  DO 1 0 0 1  k  =  I *  1 0
* .  w R I T g ( 6 , i 0 0 2 )
7 .  i 0 ® 2  F O R M A T  t l H O ,  3 X ,  4HI> I  V S * 3 X ,  3 H X 1 0 .  2 a » J H * 2 0 ,  2 * .  3 M * 5 0 «  1 * «

2  4MX 1 0 0 »  l X .  4 H * n n o ,  l * ,  4 h A 5 0 o .  I * ,  A rt lO ') * 1 * l x * I X .
7 4 M 5 0 0 0 » 3 x «  A W D I V S .  3 X * 3 H X 1 0 ,  4 x ,  J H X 2 0 • * x » 3 H X S 0 *  * x * 4 H » K 0 «  
4 4 X ,  4 H T ? n n .  A X .  4 u x 5 ' , 0 » 4> r ,  5 M x l 0 0 0 »  4 X ,  5 H X 2 0 0 0 »  4 X ,  s H x s n n o ^

3 .  DO 1 0 1 . 3  n  ■: 1 .  ?£)
3 .  O V *  D V  « 0 , 5

l n, 0 1 *  D V  • 1 . 0

1 1 .  3 2 *  D V  • C . 5
1 2 .  S 3 *  D V  • 0 . 2
1 3 .  04* DV • 0 . 1
1 4 .  B 5 *  D v  • 0 . 3 5
l T - .  0 6 *  DV • 0 , 0 ?
1 6 .  0 7 *  0 *  • 0 . 0 {17. 3«a Dv • 0.005
r * .  B 7 *  DV • 0 . 0 0 2
l * » .  P I  *  O Y  • 1 0 . 0
2 "  • P 2  *  DV • 2 0 , n
2 1 .  p 3  *  O v  • s o . o
2 2 .  o a  s  £>v • i o o . O
2 3 .  o s  »  0 '  *  2 0 0 . 0

2 - .  oe> *  OV •  500.0
2 5 .  0 7  ■  r j y  .  1 0 0 0 . 0
2 * .  o 0  a  p<j .  2 0 0 0 . 0
2 7 .  ° 3  =  p v  • 5 0 0 0 . O
? 8 .  W R I T E  ( 6 . 1 0 0 4 1 O V ,  0 1 ,  0 2 .  S 3 ,  0 4 .  0 5 «  0<». 8 7 ,  0 8 ,  3 9 .  D V ,  P j ,  H 2 »

2  f * 3 .  P a ,  p S ,  P 4 .  p 7 ,  P O .  P«i
2 9 .  1 9 9 a F O R M A T  ( 2 X ,  2 ( F 6 , 1 , 1 ) 0 ,  9 ( F 4 , l , i X ) ,  2 X ,  F 6 . 1 ,  l x * 3 « F 6 . 1 , l X ) .

2  3 ( F 7 . i , l x » ,  4 ( F 8 . 1 , I X ) )

30. 109 3 CONTINUE
3 1 .  1 0 0 1  C O N T I n U F
3 2 .  9 T O P
3 3 .  E N D

AREATA Output

Examples of the tables generated by AREATA are shown in the 
text on the previous page.



TIGROT
TIGROT calculates the moisture content, weight loss, acetylene 

reduction rate and water content of the segments from the blocks exposed 
to soil contact and described in Sections 5 to 9* It writes out the 
results in tabular fozm, and then calculates the mean of each of the four 
values in each segment and zone of the replicate blocks. The results 
are then written out and displayed as a 1 density map*.

The main programme sets the size of the memory stores for the 
variables in the DIMENSION statement, and defines those variables which are 
to be available to the subroutines in the COMMON statement. It then calls 
the subroutines.

BOTIN reads in the empty weight and volume of the lljlj. bottles used 
in the acetylene reduction assay. INDAT reads in the number of replicate 
blocks (usually 2 to f?) and the number of segments in each block (usually 
12). The data is then read in, in the same format as shown in Figure 18, 
where each line of the fonn corresponds to a punched card, and each column 
of the fonn corresponds to one of the 80 columns on the card. WDVAL 
calculates the moisture content, weight loss and water content for each 
segment, and AHVAL calculates the acetylene reduction rate. The results 
are printed out by DATOT and the averages calculated by AVBLK, which calls 
the subroutines SEGFL (which averages the replicate segments), and ZONAV 
(which averages replicate zones). The mean, standard deviation etc. are 
calculated by AVRAGE which is taken from Davies ( 1971 )• The results are 
then printed out as a density map, where the value of moisture content, 
weight loss, acetylene reduction rate or water content is converted to a 
value from 1 to 20 and printed to produce a scale diagram of the side view 
of the block.
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PROGRAM TIGROT < INPUT, OUTPUT.T A PES=lNPUT .^P66=O U TPyT »
C COMPUTES MEAN ETC. OF M n lsruK E  CONTENT, w£ICH* ' .OSS.  A-.FTYIENE 
C REDUCTION IN EACH SEGMENT C c THE SAMPLED BLOCKS

DIMENSION C M P D I1 6 0 I .F A C B I1 6 0 I  •B0w «A 0» ;  S Y ^ O t I « l  «SPEC C6) ,N B I N ( 6 )  . 
1B IK N I5 ) . IBLKPC 6 )  .  I S A M T J6 I . IDATE *6 »  » N l N l  16) .HAEM * |  i . STDAT6) . S T D B i f

i : .11. \z. 
1 
1

1 7 ,

1c.
1 * .

21.
2 1.72.
2 3 .
?*♦ .

2*5.

7 7 .

f. ’  , 
c * . .

-• C I F| «r,) .MM/niri.rf' -r' 
’ Y ( 1 1  7 .  •' I ,  i ! L ! ’ (1  2 .  • vtTrfiiz.M ."*'vw ii

»

? a .
i r .  
3 1 .  
? 7  .

M .
3fc .IS.
! & .
1 7 .
n .

S T O T M , S L C T , W E T W . p R Y W , W A T C i C 0 G W . , W S E G , W L S E G » N S E G , U N I T T f T l M E , R T C M ,

C A L L  B O T I N  
1 0 1 1  C A L L  1 M 0 A T  „

1FTN0.EQ.O1GO TO 1 0 1 0  
C A L L  W D V A L

C A L L  A V B U C  
C A L L  M A P E R  

^ G O  T O  1 0 1 1  
1 0 1 0  S T O P  

E N D

SUBROUTINE BOTlH ,
C READS IN BOTTLE N O . , VOL..FACTOR , .  „  .

D I M E N S I O N  f ^ ”5* i l * - , : ) , r a r - > l l  S . - l .  - O W l f -  '  I , * v  i » O l l  
1* l * M F »  ,T • 1 < 3 I SI .  I S t  ' l l  I M  . I<"f ; "  IF J , w l , \ r  |h )  ,W- 
7 *  . W L S r- f  / I  1 7» V 1 1 2 )  .  M i l e  ,* ,»  T 1 1 2 .  41 ,
’ 1 . T L o ” ( 1 2  . F  '  .  T "  Ml 1 ? . - . )  . 1  “ T M<1 2 .  F I  « S L r, T  C l ?  . S IU( I .VflTP (1 2 . F » ,  c ,'fJM (1 2 ,4 1  ,  !’ S : r, I l c «  FI , Ml S -jl*l 1 7 ,  *■ » . * ,r cG I 1 c .  ( I 7 
r- l  2 .  I  I . 1  T ” r  I I  ? .  A | . -  T C ' M  1 2 .  • » . L r . 4 - H V I 1  2 1  , * l ' “ f i \ / ( i 2 l  «Wr r r V ( l c . « ' : f  

COMMON - Mr - , r c c - 5 , wr , cv r o L . - P e r . \ - v i N t .-LKi .1 -•l *’ 0 , i . i
IW T f j T  ,  v~ r M , i T  :t  ,  t  r ' ; r  ,  N r ,  V "  , Wf'FC V !-, r  7 :  .  L jay  .  T ] l. N ,  * W’ J!» .  " } T?TST" ,51 "t ,MrTW ,-)-> V., warr, r O. <ScF. , ill IT r, I T , ‘ tr. •*.
* wr . '•or|M l. v . . . L c . G £ * / . -  V . - G w
Nil —  U O

R E A D f5 .1 l l O »  »MOA. EMFB(MDA)» PACBTHDA) • HOB. EJJPBIMDBI» FACB (MOB* . 
2 MOC. EHPB*MDC», FACB(MDC». MOD. EHP6IM0D) .  FJCBlMODl , MM*1,NM) 

1 1 1 0  FORMAT 14 I I S .  E F 6 . 2 .  4X11
R E A D 1 5 , 1 0 1 > ( S Y M B O L I T I , I s 1 . 2 5 »

1 0 1  F O R M A T ( 2 5 A2>
R e t u r n
END
S U B R O U T I N E  I N D A Tdimension -'*** iiF-:) ,far :i 15;», = th if : >.TTv.oti i ,r = ;: i«j) im .

, T ' i ’ ; ( S I . H I M  I nUMf  1 l ‘ I , "  I ' £ < t » r  ’ I '  
2 )  . W L 5  J £ 7 <  1 ? )  . v ' C " ' * *  V I  i ’ 1 . M( 1 , . F )  , ' J r T .  ( 1 2 .  f  ) « t *. * ;  ( i  2 ,  > i ,  ' l l . 1:; l ;

, T e L ‘ M ( L 2  . 4 1  , T  1 T M I 1 2 . M  . T C ' - M l ? .  F I  , S L ( ,  T C l . ’  , 5 »  ,  < - t v m  I  2 , ; , |  ,  -  i  vw 
i » M , W A T P M 2 , « i | ,  C rW.“  1 1  2 . f  I ,  u r  - G  1 1 2 ,  F ) ,  WL 5 r 5 (  I ? .  21  .  f T  G ( 1 2 ,  f 1 ,  i< \*  r
5 1 2 .  F l .  t ------------------ - ............. -  - -  " ....................... ............................ ...........

COMMON  ̂lw I 
? T  r  t *woerav .n*^ ay,rtL5(:aY.'::Tr,'fv.-0H 

C  I N D A T  R E A D S  I N  D A T A  F O R  W H O L E  B L O C K , T H E N  S E G M E N T S  
P k E A n i G .  1 Z 1 0 1  N B . N 5  ’1210

l  . W f i T P I 1 2 , 4 )  .  2 . F )  . u r - G I l  2 ,  F ) , W L 5 r 5 (  1 2 .  , f “ “ G (  1 2 . ^ 1  ,  l'*:*
2 . F l . 7 T M r j i 2 # A i , . T G M « 1 7 . 6 l . r u i , , i * . V I 1 2 ) . - T  ' MfiV (1 2 1 , W' . r r  v ( 1  2 . 4  l 
OHH O N  -  y p n , F A C r  . F , , . 5 » “ - ' U l  .  ' F - * C . N -  I N ,  ' L O '  .  I *L « - , i r C*’ . L'.
. INI . WC r . , r  r*t - .NC.-' i :  . W"r LV . ■* . W C T a . 0 = T . T Tl' 'I .  r ;,L-| , " M, 
■ rT V.T LCT .v . - TW.T iT K.N. I TC. ' T? : ” , KT c C . WLS c r- %" 5 r G . T 11 T T . T 1 -- . '  TQ-.woerav .n*^ ay,rtL5(:aY.'::Tr,'fv.-(1H 
' R E A D S  I N  D A T A  F O R  W H O L E  B L O C K . T H E N  S E G M E N T S

R iA o H Jlk lifsp E C IL l.N B IN IL l .6LKNILI , IBLKPILI .ISAMT(L) .IDATE(L) , 2WINIILI .W REKILI.STOAIL).STOBILI „   ̂ M „1211 F0WAT(hb^fiZf2X*Al*^Z\.lZ,2X1ritZX.*l6*^ ̂ l^S.Z,ZX\ .2iF6.1.ZV)l
D O  1 2 1 3  K*ltUS 1
R E A D I 5 » 1 2 1 2 i N S E G I K . L » « 5 1 * K , L 1 . W E T B I » C . L )  . D R Y Q C K . L l  . T I U N i I C . L l .

2 T 0 U N  T K . L )  , T I T M  U C . L  I .  T O W  I K , U  I .  S L G T T J C . L I
1212 F0R M A TT1X.I2 .1X , I 3 r iP T .2 .2 F 1 0 .1 .2 P 7 . t f F 6 .H
1 2 1 3  C O N T I N U E

R e t u r n
E N D

S U B R O U T I N E  W P V A L
< . 1 . D I M E N S I O N  r -=» 1 :  .  i .  = t . 1 1 1  •> *» . * i ■=•: i , • -  J L «  ' J , r

1 » 1 .  -  • l  ^ “ i - * , *  r t v ' t  ' ) . 1  ; ■ : (• 1 ,  V T • 1 1 F, 1 .
’ I . S t  r ' t V I  T )  .*• ^ •' ’* V 1 ’  ' I , " » • .  1 .  T < t .  -• v (•
' ) . ’ t 1 ••(:•' .»  > . * T ’  1 ■ • 1i .’ • • .  I f " i : 7 . '  i .  * l ' ( I ' . F I . a * ^ i

* :  * • 1 !  2 •; i ( 1 " .  1 .  - • " . ( 1 ’ .  1 .• • E
'  1 ? .  . 1 .  ’ T -  ■ P  » . •, I .  • * f  M  • 2 . ;  1 . . it '» .  •' T *■ •• a ;  7 ) ,  m

COMMON ' - - * . F * . C :  .*  ~ . r V 1  . . .  - * • .  ■ r v - .  ' L X ! . T : '
i v  , v r - ' - . c T " . ,* T.  * P  .  .4 •- ' 7  .  4 .  . T .  .  1 ; i  .
?  T " T 1 . L r ' T ■ ,  - - i ? £ r ..)• : ' '
7 v,'* -  r i ' * ,  “ ^ k:*‘- i  v .  1* L '  :  ■ ! .  T • C.' f

• * r

t4r
. 4 .  h 7,
L ^  ,

5 3 ,  
5 1 ,  
r  2 .  
S » .  
5 c , 
Z1',
5 *-.  
5 7 .

F . ? .
ftl .

0 / W S E G ( K , L i

/  1 0 ,

DO 1 3 1 3  L * 1 , N B  
______DO 1 3 t S  K - i . N S

C  S H O R T  C I R C U I T  I F  WO B O T T L E S  W E I G H E D  
. .  I F I M I K . L I  . E O . Q )  GO T O  1 3 1 0  C WOOD N T S .  F R O M  B O T T L E  W E I G H T S

W E T v J l & L I  = U E T B 1 K , L ) - E M P B ( M P I  
P R Y W t  V C . L » s * P R Y B I K * L 1 -  E M P B I  M Pl 

_  GO T O  1 5 1  1  .
1 * 1 0  W E T W t K . L )  = W E T 8  t K . H

^  d r y w i k . v i  ^ p R r e i i c . L i
1 3 1 1  W A T C ( K . L )  • W E T V M K . L ) - D R r W < k , L I

C O N H I K . L I  * W A T C I K , L H » 1 0 q . 0 / D R Y W F K . L )
W S E O ( K . L )  = W I N I  I L I * S L G T ( K , L )  /ZOO.O 

-  , -  V L S E G ( K . L >  = f W S E G i K . L I - D R Y W ( K , L l l X l O O .  
c N e g a t i v e  w t  .  l o s s  i s  w e i g h t  i n c r e a s e

W C P C V O C . L I  *■  I W A T C ( K . L )  • 1 0 0 . 0 )  /  l I S L G T i K . L )  
1 * 1 3  C O N T I N U E  

R E T U R N  
E N D

S U B R O U T I N E  A R V A L -
D I M E N S I O N  r  p  1 1 5 :  I ,  F ? „ ( 4 4 ■ ) .  ;  c i  g  : j ,  -  v 3 L 1

1 * l * I  1 * 1  »T c L * ' e l ‘5 l  « T i.(  " T  I F )  , I r fcr r  ( r ) .:</]■ , j  ( c |
’’ I . W L c r f V I  1 ? )  , W C - r - » ' M  I t '  , M  l  Z , f  ) .V I -  r -  ( 1 ^ . 4 ) ,
* l . T C I 1'' 1 1  2  . F  I , T  T "  « (  1 2  ,  F I  . !  ( ;  ?  , f  I , S L "  I I  ’  , A )  • 1

c^  i , i , r r ( i ? , M ,  ' " 0 ‘ i t  l l  ? .  4 )  .  u *  4 ( i  2 .  h  ,  k i  * i . ' .c 1 2 ,  - i  , 
:5 : ? . f l , T T ,* F l i 1 , F i , f  , -  T " M 4 V  ( l  *»

COMMON r « i . F . f : , ^ , : v < > f l . 5 C ; - , n .  L <l» • I  f
1 K , F J  . H F S T - £  . ^ T T F . N  H ' r r  ,, T • .  CS * , *
7 T r i  ► *,c L C *  , w r l  J , ' » v k ,  w. * r .  r  O'.1'", W ' f  ' , , p i  - .  i c c f . . . i >
" k C c '‘ ‘, V . r ' 'N , : a v , v , L T ' ’' £ 7 . r l C 1- £ 1 , , - C W

D O  1 4 1 2  L *  l . N B  
DO 1 4 1 2  K e  1 « N S  

.  M P = H I  1C, L )
C  S H O R T  C I F A C U I T  I F  NO A C E T .  P E O N  V A L U E S

I F ( T I T M I K . L I . L T . l .  0 1  R T C M I K . L I  s  1 0 0 0 . 0  
J F  I T 1 T M I K . L )  . L T .  1 . 0  I 5 0  T O  1 4 1 2

0 1  *  0 . 0 3 7 5 )

I . -
I F  » ,  “ 
v - M 2  
• * w |  1• r  • -

i v~. 
) : !»  .
I T T.

2151.PM' 
. f ) . T
• * , . . )  ,  
< ! 2 .  r -'“VI 1

*v r ' i  < i . • ,"t- • f* Tt'*:n 2.i
'  t > y  ( , - tI .'JN* T ▼ f 2.c I

I T - .
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*

♦

*

*

*

*

Tf', r l ,

7L,

79,77,

' ■ l .
* ? ,

•<<*.
.

8 F .

®7.
e s .
h o .
q c .
° i .
= ? .

93#
Q*..
9a.
9 F .
97.
9 ‘ .cc. loC. 

1C 1 . 
1'?. 
10 3. 
1G<<. 1 ':9. 
I 0 f  . : 7 . 
l  j * .
1 c ° .  110. 
I l l .  11?. 
113. 
1 1 * . .  
l l r*. 
I l f . .  
117. Ilf. 119. 
1 ?  'j .
1 ?! . 
1 ? ? .

I • F A C B C H P )  » /  S T D A ( l )  ) 

» *  FAC0«HP) > 7 STD0IL) »

U N I T T ( I C , L  1 - T I U N ( K . L > - T O U N  ( K , L I
t i m e  ( k , l i ^ T i t m ( K , l > - t o t m ( K . l )

;  F I N O S  O D D / E V E N  F O R  S + A N P A R d S  
1 « H P / Z .
D r l  
F = H PE sf/2.ft
I F  ( E  -  0  . G T .  0 . 0 1  G O  T O  1 4 1 0  y 
B T t r t t X . L l  *  ( (  ( U N 1 T T ( K , L )  / T I M E ( K , L >

2  /  ( ( S L G T ( K , L l  /  1 0 . 0  1 *  0 . 9 3 7 5 )
6 0  T O  1 A t Z

1 4 1 0  R T C M ( K , L )  * ( ( ( U N I T T ( K . L )  / T i n E ( K , L I  
2  /  M S L G T ( K , U  /  1 0 . 0  I * 0 . 6 3 7 5 »

1 4 1 2  C O N T I N U E  Return 
E N D

S U B R O U T I N E  A V B L K ....................
DIMENSION cMo.; c i ,, j | , Fflr^( ifc 'j). -rw«9 ‘ I . ' ‘.TM <CLf. = c '‘ ''J ' ; I; <•

1 ; L^l.f *1 , TFn**r|F.| , I (  £ t ;  ( e > .W i f i  f f.l .He - 1 If-) . '  T' 3 (f )
?> .Wl  'GB V ( 3 ?)  ,W - ^ r f i  V(  1?)  . M C I ? ,  F I  .Ml  T: l l ? , F | , f - Y * - C t ? . »  I . I Tf *  M ;
31 . T c u s ' c i z . f c )  , T r ,' M c i 2 . F . i , T c r ' < f i ? . F i . ? i r. r c : ? , F i . w 9 T w c : ? . « . ) . " J 4 f w i !
« . t ) . w c r r  Cl 1 1 ,  Cl 2 . F  » , K S r r, f  1 ? ,  f  I ,  Kl ^-GC  l ’ . n  . r . ' - f .  f » c , ( 1  , u *  ’  '
G1 2 .  F | , T T *  ^ c i  ? .  t |  , f  TCMCl  ■>. r \  MMi VCl  ?l  .  -T. 'MAV ( t  ? l  ^  |

COMMON . - i n  . S *  Mc r t  .  i ^ F C .  f . i  i * .  • L < ) ' . T = L * C . ! ' t M j .  T ' i  * :
1WIKI  . M r  TM , c j  - r .  c T1 F . N  ' .  » F ,  wr cc V . - . M F T T ,  JOV : , T I . JV .  • <'U'I  . : TT ” .
P7 ' - ! " ,  *!Lr.T ,Wf VW, WflTO, ' O * ' ,  W?;C,V-'l c - G , * ' S cG,  ^ T T  ' . M  : "C ' .7 HCFrfv.,'r'M''tv.MLrr.i»/.'irMflv.'riw

l ? R I T E  ( 6 . 1 . 6 2 0 )  S P E C  ( L )  . N B I N ( L ) • I  S A N T ( L )  . 1 0 A T E ( L »
1 6 2 0  F O R M A T ( i f f 1 . 4 M W 0 0 D . I X , A 5 . 3 X . 3 H B I N . 1 X .  1 2 . f  ‘

2 6 X , 4 H 0 A T E . l X f 1 6 »  
W R I T E  ( 6 , 1 6 1 7 )

X. 11HSAMP1E T I M E , I X ,  13,

1617 £ j ^ £ T (j 1^ £ | j 5HSEGME*lT RESULTS,/)
1 6 1 2  F O R M A T  < 5 X , 6 H M . C O N T I  

W R I T E I 6 , 1 6 1 1 1
1 6 1 1  F O R M A T  ( I X ,  2 6 X . A H M E A N . A X . 9 H P L U S  S E R R . 2 X ,  1 0 H M I N U S  S E R R . 3 X ,  ^  

Z 9 H S T A N D  E R R , 3 X . 9 H S T A N P  O E V , 3 X ,  B H V A R 1 A N C E .  A * .  9 H C 0 E F F  V A R , 3 Y . 2 H  
C A L L  S E C F L  ( C 0 N r t . N 8 . N S . C O N N A V i  
" R I T E  ( 6 , 1 6 1 3 1

1 6 1 3  F O R M A T  ( S X . 5 H N L S E 6 )
W R I T E  1 6 . 1 6 1 1 )
C A L L  S E 6 F L  ( W L S E G , N B . N S . W L S G A V )
W R I T E  ( 6 . 1 6 1 4 )

1 6 1 4  F O R M A T  ( 3 X . 7 H R X . C M . 3 )
W R I T E  < 6 , 1 6 1 1  *
CALL SECFL (KTCM.NB.NS.RTCtfAVl 
WRITE (6 ,1 6 1 5 )

1 6 1 5  F O R M A T  ( 5 X . 5 H W C P C V )
W R I T E ( 6 . 1 6 1 1 )
C A L L  S E C F L  ( W C P C V , N 0 . N S . W C P C A V l
W R I T E ( 6 , 1 6 2 0 1  S P E C ( L I , N B I N ( L 1 . 1 S A M T ( L > . I D A T E ( L >
W R I T E  ( 6 , 1 6 1 6 )

1 6 1 6  F O R M A T  ( I X , - /  1 3 H Z O N E  A V E R A G E S , / )
W R I T E ( 6 , 1 6 1 2 )

W R I T E  ( 6 , 1 6 1 1 1  
C A L L  Z O N A V ( C O N M . N B . M S )
W R ITE )6 ,1615)
W R I T E  ( 6 , 1 6 1 1 )
C A L L  Z O N A V  ( V L S E G , N B . N S )

SSfffifcilii:
C A L L  Z O N A V  f R T C M . N 0 . W S )
W R I T E  ( 6 , 1 6 1 5 )
W R I T E  ( 6 , 1 6 1 1 )
C A L L  Z O N A V  ( W C P C V . N B » W S ’
R E T U R N
E N D

S U B R O U T I N E  S E G F L  ( A £ C i N 8 » N S , D E F )  ,
D I M E N S I O N  X ( 2 0  ) , A B C ( 1 2 , 6 )  , P E F  Uz )DO 1 5 6 B  K > 1 , N S

SUM*- 8 -0

O F )

1 5-5. 
n : ,

1=.?. 
1 3 .  1
1<.5. 
1 - . ® .  
1 U T .  
l U r .  
l*»c .tr-
i r  i .

1^?. 
: r>7 . 
I 5 u  , 
1 5 5 ,  
15*. 
! 5 7, 
19®. 
l ^ a .  If-'. 
! F I  . 
1 9 ? .  
19 J . 19 A. 
195. 
1 *-f • 
:e 7. 
l * 1) .  
1 9 9 .  
1 7 : .

DO 15 9 7  L = l ,  Wfi 1=1*1
1 5 6 7  c S - i 4 u E t K , L )

^ jV W x’I>X8AR’1596  CONTINUE 
RETURN 
END
s u b r o u t in e  z o N aV i g h i , n b , u s i
DIMENSION X (2 0 ) , & H I(1 2 ,6 )
IK  -  1  

1699 I  »  0
K I -  IK  ♦ 3  
DO 1697 X » IX ,K I  
DO 1697 L I » I *1 X f l )  e g  

1697 CONTINUE
t £ L*  i i * * 6 5

“  " ‘ “  NS «1 ) GO TO 1699

1 ,NB
5 H K K .L )

IF (IX.NE,
RETURN
E N D

S U B R O U T I N E  A V R A G E  
D I M E N S I O N  X ( 2 0 )
N =. N O F  =  0

( X , N T M 5 , X A V  I

NDF =  0
S M *  S S Q -  X B A R *  X P L U S -  X M I N U S s - S E R f t -  S D E V =  V A R ®  C O E F F ,  
DO 1 7 1 2  I “ l , N T M f  
T F  7  X » I '  . & T .  ?
S M - S M + X I I )

s s q  ♦  X<J) *  X ( T )

XAVs o .o

1 7

99.9991 GO To 171ZI4X 1X1ssq.s
N -N +l

1 2  C O N T I N U E
SM * G T * ■ 1 * 0 E " i 0  * A U D .  SM

X B A R  *  S M / a n  
X A V  =  SM /  AN
IF  ( N . EQ. 1 I GO TO 1714

$ m ’  ‘BAR’ / ‘ wCOE F F  s  ( S D E V  /  X B A R l *  iOO.O 
S E R R  =  S D 6 V  /  S O R T  (A N *
N D F  s  M - l

• L T .  1 .  O E - 1 0 )  GO T O  1 7 1 4

- 1.0)

i

l
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*

m

*

*

*

1 * 2 .  
1 73 .  
1 * 1 . .  
1 75 .  
1 7 ( .  
1 7 T .
1 7 ► ,
J.’ J .

SW®s".,<W & +-agfc
1NRITE ( 6 .  1 711)  X8A R.XPLU S. X m N U S .S E R R .  SP E W .V ^ .C C B F F .W b p  i ’f i i  F O g M A T / 2 i X . 7 « F l 0 . 2 . 2 X ) , I 3 >  ^
R E  
CMD
S U B R O U T I N E  D A T O TDirewsicw ri-;j • ci f ■ i ,r t- »• »> ».: -im' i ri • •. i"1 (• i. ’ i. 'f (-> i. i r£ *»< -». i ’» * •" ir> i. *;»•; «' •».('ll

i - t .
;  .
i k .
i - . i .

IX:
W :i -w .

i  n .

!>|:
l i t . *

J - » o .

1 M / .
l ° r .

1 Q 9 .

| * r :

i i « :

? ) 5 .

^ 7 .

5 ’ ? :

if:
? 1 *.
i t * . :

fie':
51?:
? ’ i

’ 2 ? .

?2f,
2 2 *
? 2 a

?K
2 3 *

■ ' J c

'». 1 Ti ; i •. l.. 
' 1  .  ’ .■ ' '  . -  
, n ,  r. ’  ~ l * t .  • * ,• 1 '■ .• i .... «' . .
COMMON

IV. | H J  .  J -  ' .V ^

BVDSM » 0 .0

/ ( 1 1 
: T ‘  ’ 

"*• » 1 2 . f  ) .  
- )  .  :  • M  ’ ’ .-1 . r . '■• : . - . . . 
,  • T
,  " -  V V, .  • T .
W .  ■»L ‘‘ ~-i / . -

' M « .  l , M -  i ( * _*. HI .

- I I *. ( I . .-I '■•Cl.
• | .t i
I .  I

: i c  ■>)
Ht ‘ V , “ , N T 
v  •• . k  ;■  r . .  ,i i  -  n.

•U<f
, 'J‘ -y

BWESM »  0 . 0  
WRITE ( 6 . 1  5>S)

1J4-3 FORMAT,  C l n l l
DO 1 511  K J * i , 3
WRITE 1 6 .1 5 1 0 1  SPEC I L I , W B j N ( U . I S A M T ( L 1 . 8 L K W « L I . IB U C P « L l .T D A T E lL l

1 5 1 0  FORMAT(iX . 4 H W 0 O D .lX .A 5 .3 X .3 H in W .iX . I 2 .3 X , i lM S A M P L E  T l p p . f x . i 3 .
2 3 X ,5 H B L 0 C K . iX .  A4-.3X, W p OSW.1 X .1 2 .3 X .A H O A T E ,1 X .1 6 )  i e . x * .

1511 CONTINUE 
WRITE (6 .1  J2 3 )

1 5 2 3  FORMAT I 1 
KRIT£

1 5 1 2  FORMAT(2X.AHBI/UM.2X. 4HEM P8.2X. 4NF AC6.2X . AHWET8. 2 X .4 H 0 R Y 8 , 3X, 
26W TlUN.£«.SiTOtlN.2X.4-KTrTM .2X.A W TorrM .lX.4W SLOT*

RrfiS?Li * ST
1513 F0RMAT?3X.I3.1X.*r(F5.2.1X1 .Z (F7 .1 .1X> . Z (F5 .2 .1X 1 ,« * . i l
1§i? SBfSKKim

, f t  L i c p ^ :  E :  ' f i & t o l  f i  ! :  W J i l g ' K . ' S  ^  •
3  R T O K X .L 1

1 5 1 6  FORMAT( 2 X , 1 2 » LX * 2(  f  5 . 2 .  i X  ’ , f 7 . 1 .  i X . 2 ( F 5 . 2 . i X )  . 2 . » F 6 . 2 .3 X 1  . F 6 . 2 -  3 * ,  

I 5 1 7 2 c ^ f t ^  .

13HBL0CK R E SU LT S,  / »

1517
WRITE ( 6 , 1 5 2 5 *

*'T . M P  *159rL *
kEWB(MPl

?«.&
2 5  2

;?i
c r ̂

•’ S f
? r  »

?t*(.

. SWE5M-,
1526  coĥ ttN _

R A T I O  »  50.0 /  4 6 . 0
V / C A E V  «  t BV fWSM -BW OS M) *  R A T I O  
D W E B  * ( 6 V 0 3 M -  8 W ES M ) • R A T I O
w lspc *((W in x ( u  - pwEB ) /  w i u i a ) * «  1 0 0 .0
W C O R E H  »  MREM» L I  -  0 W 6 B  ,
CMOREM *(WCOREM /  OWEB* *  1 0 0 .0  
WRITE (6.15261

i5 2 6  FORMAT .TiX.5W 6U5CK.lX.5H6yV/SM,2X.5W0Wx5M.2X.5H0WE5M.3X.4-WWIN1. 
2 SfoMW/REM, & ,  5WWCAEV • 2X, WdWCB. iX . 5HWLSPC?1«. 5HWCORM?ix7

V y / D f c a * ,  V A f i H ( L ) ,

C^EFF^S^X. 2HDt̂
1535
1536 $

1537

« 5 5 r EE’u

1 5 1 8  m i s ®
* . . .  . E V P

18HACET REPW RATE CH3> 

,L*
H W A T  c o w t  P E R .  O  v o l ) 

V̂CfCN/, U

S U B R O U T I N E  Z O N E R l X V Z . L i  
D I M E N S I O N  X ( 2 0 ) . X r Z ( 1 2 , 6 1  XJC » 1 

1 5 9 6  I N  *  0
X I  3  I X  * 3  
D O  1 5 5 9  K  ~  i X j K I  
I N  *  I N  ■» 1  
X  ( I N )  *  X Y 2 ( K , L )

* 5 9 9  ££N T I NUE-
. .  _ A V R A 6E (X .lN .X 6A R *

IF  T l i ? .N i ^  1 3 1 GO TO 1 5 9 8  Nm/RW 
E N D

SUBROUTINE Ka p e r
DIMENSION r r  (1 ’ I . e * • •' < C  i . - .  * ( - .  *

! •’  •. ‘' M  : I .  1 •' l - ' “ * •-> * * A -* ( ;  l , I t *  - {• i .  V* * . ..i:  r.ivi :ri .».r-' • v i : •» . - ( i 0
*t . T L H . ( 1? . f » . ? T T - U , 2 . ' « . T ' * M 12 .  11 'u f c c - " ! ' - (i w. •' 1. i-- -r-11 r.f * .
r i ^ . f | , T T " t ( : ‘, » f. i  ,  -  t c  v M  * .  •' » ,  r  ■ r; *- ft v 1 *. ?  i  , - * - * *  a v 1• * n; ,f.«-!
COMMOV r i i  1 C. , r f . a ^ f .

. . .  -  ,<;T _ .  7 , h C 0 . • . • ' I . . -I -  V

'  * v .' L (
1 (*-» , WV • •'• 1 * I 12. (■ I .

C1 1 , t. ,
( r  - ' i f  i :

) .
f ‘ I - j  ( » ;  

i ** v (< ;•. h i ..
r • t .  f 1

’ .  * i

* - ,  T » l  1 1 ,* •••.:' »-i. ‘

• 1

« 1 . .
<! T T t

I

I
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T«

H 7 .  

? c . o  .

? ? i \  
? 7 2. 
? 7 7. 
’’/k. 
? 7 ci. 
?7*> . 
? 77.*7** _
"* 7 ■* .
?<vc.
J-. 1.
’ ' l'.
? s 3 .
2 - > u .
>(■ r  ,
I*-.

• i u ,

'■ "•* < 
< '17, 
T s .

3"?.
•j 1. 
••'«..
3J^. 
31F. 
5C7. 
i V .
7,' j  *
M r .  
ill. 
312. 
515. 
'1 k. 
31*. 
l l h .  
M 7 .  
M  «. 
T1Q . 
T?C • f?1 . 
3??.
•’ 3. 
3? 3. 
7 •» r #
l l f  .
T27.
3?i.
32*1.
7 7.~ ,
r * i .
T 7 5.•» 7 7
i 3k. 
33r .
77f.,
M T .7 rr.
3 3*;. 
7 U C .  
Tkl. 
3k?. 
5k 7 . 
T<.k. 
7k«i.

: i r T ,w- 
:r t v . c f

f K , 1 : Vk,  V»7. T'J.  . 1 
* ' i A ^ , W L r  ? * • ' / .=  T . ' - f V .

r., j

DO £ 0 0 3  N 0 »  4 .  6 0
-  = S i Ml2 0 0 3  RflW(WCl = SYMBOL( 2 3 )  

S K ? T E l 6 . i 9 l 7 l

1917 ^ y/)
4 9 2 0  F O R M A T  ( 4 H § I

£ ^ 1 9 0 °  L = l , N f l

1909 ^0NTIM7E_
1910 “

>IW(ll . XSAMT(L* .BLKVlCl .I8Lkff»fL*.lpA- 
3 X - 3 « f t X ^ d l X . l 2 . 3 A . i l H S W 1 P L E  T I M E . I X .os v. ix: i2T3x,Xh5ate .IxTxsi * % ?

S E W M ® x .  1 6 KMOISTURE. COWTEUT.l2X, 15HWErcHr U>SS SE£,±ZX. 
1 19MACET RH?V PATE CM 3 flQ X .l6H W A T  COMT f tR  C VO»i

4006 K l f l & S  
t e l

1602

I F ( X J . & T .  Z O i2J = C 1
Y(^L.*brSt'M&^I
W = 2g j j S ^ w i w a

l - o

l F I I J . C f .  20) I j f i e i  
IF  I WLSE&Yk . L ) .L T

i . o  ...

■0.00004. I____________  . _________ __ I J  *  2 2
1 3 0 3  Y f K .L .M )  *  SY M B O L (I J )

N«3
OO 190k- K=-IK.KI
I F  ( RTCMiK.Ll . L T .  0 . 0  0 1  t RTCM ( K . U  - 0 . 0 0 1 1  
I F  (RTCM(K.L) .GT. 9 9 9 . 6 9 9 1  I J  *  2 5  
IF  (RTCMOC.LI .GT. 3 9 9 . 9 3 9 1  OO TO 1904- 
I J » « A t O C l O  IRTCM IK,Ll^iOOO. 0» l * A . O  *  1 . 0  
I F I I J . G T .  Z 0 I I J * £ 1

1 9 0 4  YOC. L . Wi ■  SYMBOL ( I  J )
N »  4
DO 1 9 1 0  K •» I K .K T  
I J  »  WCPCtf ( K . L l  /  5 . 0  + 4 . 0  
I F  ( I J  .G T .  201 I J  *  21 
IF  ( I J  . L T .  01 I J  sr 2 2  
Y ( K . L . N i  = SYMBOL ( 1 J I  

1 9 1 6  LGT =r SL G T (K. L) -  6 . 0 .
CALL L I W E R flN tO .I F S . l^ & P .S Y M B O L  .ROW.Y. L . I K . K I  .IWTA)
DO 1 9 0 5  I  JK = 1 ,L G T  ,
WRITE ( 6 . 1 9 0 6 *  (ROV(W0l, MO =• 1 .  601 

1 9 0 6  FORMAT I1 X .6 0 A 2 I
1 9 0 5  CONTI (ATE
, WRITE< 6 . 1 9 0 7 1

1 3 0 7  i m h '  ’
I F  (L . E f l . 6  .F/Vp. IK .E Q .  1 J I 6 0  TO 1914-  
I F r i K . f < a . 4 3 ) G O  TO 1900

1 9 0 0  COMTlMul0 6
L » W B
WRITE ( 6 . 2 2 3 1 )

22 3 1  FORMAT ( IX . / / / / . 6 H A V E R A G 6 S ." / / I
„ S S l ^ l ^ i . i a i l . i l p E C a )  .N B lW (U  . l S A M r ,t * . l O A T E ( L »
1 9 1 0  F 0 R ^ T ( l X .4 H W D f l p , l x .A 5 .3 X .3 H B X N V l * . ; t * , 3 X ,4 . l H S A M P L E  T I M E . l X . I 3 .

2CX, 4HDATE . I X .  1 6 '
1 9 1 5  c o .v t i p j j e

W R |T E ( 6 ,4 9 4 0 l

VO

<‘A V '  (X)
RTCM(K.L) =RT<
Wc p c v o c . l i  - V
Sl 6T»K .L ) -1 5 .0  

2230 CONTINUE
Io“fe ±ilg iA  w ratc

1919 forma
Re tu r v
EVO

U 13*

SUBROUTINE LIW ERUNTO -IFS ,IW &P. SYMBOL.ROW. V .L  . IK .X I. IU T A ^oiMEn/sioM smaoL<25) .rowisoi .y (12.6T41 
1 6 = 1  
T C = 0
CALL P L O T E R (I6 .lw rA .IC ,l^ > J .S Y M S C l-f23 ))
po 2oy r . k wDO  2 0 0 2  X  = I K .  SVM-YfK.LIB=IC+1

P j^ T fA ' 1 0 . IFS . IC .  ROW. SfM '2002
-  -  CALL P L (H e R (T 0 .1 ^ O .It .R O /.S ? M & O L (2 3 l  
2001 COfiJTlWUE 

AfeTuRU 
EWD

' SUSROUTINE P L O TE R riB .IFS .IC .R oW .S Y M . 
DIMEA/CICM R0WI6OI 
IC «  ( IB * IF S I - 1  
06  2OQ0 ID = IS ,X C

EWb
2000
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Card 1 - 40 : Code number of bottles, Empty bottle weight, Volume 
factor. ( 160 bottles, 40 cards )

e.g. 001_41*98_55*32___ 002_44*43_53*16____003_42-41_55*34____004_44*05_52*88

* Card 41 : Symbols for density map
e.g. 1 2  3 4 5 6 7 8 91011121314131617181920+h— _
Card 42 : Number of replicate blocks (usually 2 to 5)» Number of

segments per block (usually 12)
e.g. 02_I2
Card 43 : Data for block, as in Figure 18 ; Species code, Soil container

code, Block number, Position of block, Sample time in days, 
Block initial weight, Block weight on sampling, Ethylene 
standard for Column A, and Column B, of gas chromatograph, 

e.g. SPINE_09__IE16__18__014__300975__08*11 10*49__6100*0__8900*0

Card 44- 55 s Data for segments, as in Figure 18 ; Segment code number,
Bottle number, Wt of bottle + wood wet, Wt, of bottle + 
oven dried wood, Units of ethylene at time 0, Units of 

* ethylene at time 1, Time 1 in hours, Time 0 in hours, Length of segment in mm.
e.g. _01_097_42*80_42*62__220*0____ 220*0_____07*86__01 *00__17*0

Card 56 : Data for block, as Card 43 above.
Card 5 7 - 6 8 : Data for segments, as 44 - 55 above.
Card 69 : Cards in same format as 42 onwards continue data processing.

If 00JD0, program stops.
e.g. 00 00

TIGROT Output
WOOD !SPINE BIN 9  SAMPLE TIME 1 4  BLOCK IE lA POSN 18 0ATE 3 0 0 9 7 6
Wood :SPINE BIN 9  SAMPLE TIME 1 *  BLOCK i e i a POSN 14 DATE 3 0 0 9 7 5
v o o o SPINE BIN 9 SAMPLE TIME 14 BLOCK I E 1 6 POSN 14 DATE 300 9 7 5

BNUN CMPB FACB wetb ORYB TIUN TOUN TITM TOTM SLST
97 4 ? . ' ? 5 4 . 7 9 * 2 . « n 4 2 . 6 ? ? 2 0 . 0 2 20 . 0 7 . 8 6 1 . 0 0  I 7 . f l
05 4 1 . 9 7 5 6 . 7 4 4 ? . * » 0 * 2 . 6 4 1 0 0 . 0 100 •  0 7 . 8 8 1 . 0 0  1 7 . 0
99 4 4 .  » 4 W . 3 2 4 4 . 9 4 4 4 . 7 0 i0 0 0 1 . 0 1  1 7 . n

10" 4 3 . 9 9 5 ? . 6 * 4 4 . 5 0 4 4 . 4 6 i0 145 . 0 0 1 . 0 1  1 7 . 0
1 n 1 * 3 . 1 4 5 4 . 3 ? 4 3 . 7 9 4 3 . 6 9 ? 1 0 . 0 2 1 0 . 0 7 . 9 1 1 . 0 5  1 * . «
i n ? 4 3 .  ?0 5 3 , 1 0 4 3 . 9 0 4 3 . 4 0 1 3 5 . 0 135 . 0 7 . 9 3 1 . 0 5  1 * . n
m 3 * 2 . 4 ? 5 5 , 6 6 4 3 . 2 1 4 3 . 0 1 0 0 0 1 . 0 5  l * . n
m * 4 ? . 9 ? 5 4 . 6 4 * 3 , 4 4 4 3 . 3 4 0 0 0 1 , 0 6  1 * . n
l n 5 *1  . a * 5 7 . 5 2 4 2 , 5 5 * 2 . 4 0 2 1 5 . 0 2 1 5 . 0 7 . 9 5 1 , 0 6  1 5 . 0
m 6 4 ? . 3 4 5 4 . ? ? * 3 . > 1 4 3 . 0 0 1 4 0 . 0 140 . 0 7 , 9 8 1 . 0 8  1 5 . n
m r 4 ? , 4 4 5 * .  1 ? 4 3 . 3 6 * 3 . 1 6 0 n 0 1 . 0 8  1 5 . n
mt> 4 3 . 4 3 5 3 . 1 4 4 4 . 2 4 4 * . 1 2 0 0 0 1 , 0 8  1 5 . n

Sro vet wt  drywt UNITS t i m e w a ter i /c«*cv MCONT NLSEO 1r a t e c m

1 . 7 * •  *»o n a . 46 . 1 8 1 1 . 2 9 3 0 . 0 0 1 2 . 9 6 p
? .7 1 A 6 . 4 4 . 2 1 1 3 . 1 4 2 9 . 5 4 - 3 . 0 0 f\
3 . 4 4 . 6 5 “ n n o .n 2 3 . 5 6 . I P 1 1 . 9 2 2 9 . 2 3 5 . 7 1 1 0 0 0 . ooon
4 . 6 9 • * 6  1 ? 3 ? 5 . n 2 3 . 5 4 . 1 3 4 . 1 6 2 8 . 2 6 3 3 . 2 7 1 0 0 0 . 0 0 0 4
5 . 6 5 . * 9 n A . 56 . 1 6 1 2 . 1 9 3 2 . 6 5 1 3 . 6 9 n
6 . ▼ « . 6 0 p 6 . 4 0 . 1 9 1 4 . 4 5 31 . 6 7 - 5 . 6 9 4
7 . 7 9 . 5 9 i 5 n o . r 2 3 . 6 2 . 2 0 1 5 . 2 4 3 3 . 9 0 - 3 . 9 3 i o o o . ooon
4 . 5 6 . * 2 i m s m 2 3 . 6 6 . m 1 0 . 6 7 3 3 . 3 3 2 6 , 0 2 1 0 0 0 . 0 0 0 0
9 . 6 7 . 5 ? A 6 . 4 9 . 1 5 i n . 67 2 4 . 8 5 1 4 . 5 1 n

1 n .»*> . 6 5 n 6 , 9 o .2 1 1 4 . 9 3 3 2 . 3 1 - 6 . 8 6 P
1 1 . 6 2 } 4 6 0 . 0 2 3 . 6 7 . 2 0 1 4 . 2 2 3 2 . 2 b - 1 . 9 3 1 o o o .o o o n
• 2 . A * . 4 9 4 * 5 .  " 2 3 . 6 9 . 1 6 1 1 . 3 8 3 2 . 6 5 1 9 . 4 4 1 0 0 0 . onon



3
3
3

0
3
3
3

O'000
Dii
3

0»
3
3
3
3
3
3
3
3
3
3
3
3

Of
3
3
3
3
3
3
3
3
3
3
3
3

Of000000000000
Of
3
3
3
3
3
3
3
3
3
3
3
3

b l o c k  r e s u l t s

B L O C K  B V r f S H  BWDSM 

IE16 523.12 521.00
zone Results

h o j s t u r e  c o n t e n t

WEIGHT LOSS

PC ft REDtf CH3

WAT C(JWr PE* c VOL

V O O D  S P I N E  5

S E & M E N T  R E S U L T S  

f f . C O f / T

VfLSEO

r t . c m . 3

*C*CV

B « E 5 M  w t M l  
5 1 4 . 2 0  6 * U

W R E m  v c a e v

1 0 . 6 9  2 . 3 0
D V E B  U L S P C  
7 . 3 9  B . 8 6

K C O R m  m c o r m  

3 . l o  4 1 , 9 ?

M E A n
? 9 . ? 6 7
3 2 . 8 8 °
3 1 . 5 1 *

P L U S  S E R R  
2 9 . 6 3 8  
3 3 . 3 6 8
3 2 . 4 1 1

M I N U S  S E R R  
2 8 . 8 9 7  
3 2 . 4 0 8  
3 0 . 6 2 2

S T A N D  e r r  
* 3 T l
• 4 8 0
• 8 9 4

S T A N D  D E V  
* T M  
. 9 4 0  

1 . 7 0 9

H E A n
1 2 . 2 9 *  

7 . 5 2 2
6 . 2 8 9

P L U S  S E R R  
1 9 . 9 6 9  
1 4 , 0 8 1  
1 2 . 8 2 0

M I N U S  S E R R  
4 . 5 0 3  
- . 0 3 8  
- . 0 4 3

S T A N O  E R R  
7 . 7 3 3  
7 . 5 5 9  
6 . 3 3 ?

s t a n d  DEV
1 5 . 4 6 6
1 5 . 1 1 9
1 2 . 6 6 4

M E A N
0
A
A

P L U S  S E R R  
0 
0
0

M I N U S  S E R R  
0 
0 
0

S T A N D  E R R
0
p
c»

s t a n d  dev
n
n

H E * n
l l . l ^ T  
1 3 . 1 * 3
1 2 . ° o *

P L U S  S E R R  
1 2 . 2 0 8  
1 4 . 1 9 2  
1 3 . 9 4 7

M I N U S  S E R R  
1 0 . 0 7 0  
1 2 . 0 9 4  
1 1 . 7 5 3

s t a n d  e r r  
i  , o 6 w  
1 . 0 4 9  
1 . 0 4 7

S T A N D  d e v

2 .  n s

2 . 0 9 3

s a m p l e  t i m e 1 4  1D A T E  3 0 0 9 7 5

m e a n P L U S  S t P R M I N U S  S E R R s t a n d  e r r s t a n d  d e v
3 0 . 3 8 9 3 1 . 3 7 9 2 9 . 3 9 9 . 9 9 0 1 . 9  T9
3 0 , 5 5 0 3 1 . 0 2 6 3 0 . 0 7 4 . 4 7 6 . 9 5 2
2 8 . 9 6 6 2 9 . 6 4 1 2 8 . 2 9 1 • 6 7 s 1 . 3 5 1
2 0 , 5 5 7 2 9 . 2 2 5 2 7 . 0 9 0 • 6 6 8 1 . 3 3 6
3 6 . 3 7 1 3 7 . 7 7 3 3 4 . 9 7 0 1 * 6 0 2 2 . « o i
3 3 . 2 * 7 3 4 . 5 8 5 3 1 . 9 1 0 1 * 3 3 9 2 . 6 7 5
3 5 . 1 4 8 3 6 . 5 9 0 3 3 . 6 9 8 1 * a 5 o ? . 9 0 0
3 4 . 6 7 7 3 6 . 0 2 * 3 3 * 3 2 9 1 • 1 4 0 2 . 6 R 5
3 5 . 9 6 ? 3 9 . 1 7 5 3 2 * 7 4 8 3 * 2 1 3 6 . 4 2 7
3 2 * 7 3 7 3 3 * 7 3 1 3 1 . 7 4 4 • 994 1 . 9 8 7
3 4 . 6 ? 7 3 5 . 5 2 9 3 3 * 7 2 5 • 9 0 2 1 . 8 P 4
3 3 . 3 « 7 3 4 #  3 1 A 3 2 . 4 6 1 * 9 2 7 1 . 8 5 3

m e a n P L U S  S E R R M I N U S  S E R R S T A N O  e r r S T A N D  O E V
1 3 . 2 6 6 * 1 5 . 0 6 5 1 1 . 4 6 8 i * 7 9 e 3 . 5 9 7
- 2 , 2 6 5 * 1 . 2 « 7 —5 . 8 1 8 3 . 5 S 2 7 , 1 0 5

5 . 4 P 2 * 9 . 5 9 6 1 . 3 6 8 4 . 1 1 4 8 . 2 ? 9
2 4 . 7 n 9 * 2 8 . 0 1 7 2 1 . 4 0 2 3 * 3 0 8 6 . 6 1 5
1 3 . 7 9 3 * 1 4 . 8 0 2 1 2 , 7 8 4 1 * 0 0 9 2 . 0 1 8
- 7 . 9 8 8 . - 6 . 3 6 6 • 9 , 6 1 0 1 * 6 2 2 3 . 2 4 4

2 . 0 7 0 * 4 . 2 9 1 - . 1 5 2 ? * 2 2 1 4 . 4 4 3
2 6 . 0 1 ° * 2 6 . 4 5 4 2 5 . 5 8 3 • 4 3 6 . 8 T 1
1 6 . 6 2 6 * 2 0 . 0 2 7 1 3 . 2 2 5 3 * 4 0 1 6 . 8 0 3
- 8 . 8 6 8 * - 6 . 4 1 9 - 1 1 . 3 1 7 ? » 4 4 9 4 . 0 9 9
- 3 . 4 6 6 * . 6 7 1 - 7 , 6 0 3 A . 1 3 7 8 , 2 7 5
2 0 . 4 6 ? * 3 2 . 0 6 4 2 4 . 8 6 0 1 * 6 0 ? 7 . 2 0 4

MEAN p l u s  S E R R M I N U S  S E R R S T A N D  E R R S T A N D  D E V
0 0 0 0 0
0 0 0 0 0
P 0 0 0 0
0 0 0 ft 0
n 0 0 0 0
n 0 0 0 0
n 0 0 0 0
n 0 0 0 0
n 0 0 0 0
n 0 0 0 ft
p 0 0 0 0
ft 0 0 0 ft

MEAN P L U S  S £ R R M I N U S  S E R R S T A N D  e r r S T A N D  D E V
1 1 . 7 1 2 1 2 . 6 1 0 1 0 . 8 1 5 .  8 9 f l 1 . 7 9 6
1 3 . 7 8 3 1 4 . 1 7 4 1 3 . 3 9 2 * 3 9 1 .  7 * 3
1 2 . 0 * 7 1 2 . 0 0 9 1 2 , 0 0 5 . 0 4 ? .  p 0 4

9 . 5 0 6 1 0 . 0 * 1 8 . 9 7 1 * 5 3 5 1 . 0 7 0
1 3 . R R ? 1 4 . 7 7 0 1 3 . 0 1 * . 0 7 0 1 . 7 5 6
1 5 . 8 8 4 1 6 . 7 0 6 1 4 . 9 8 5 . 9 0 0 1 . 8  *1
1 5 . 1 8 7 1 5 . 7 9 2 1 4 . 5 8 3 • 6 0 S 1 . 2  ‘ 9
1 1 . 3 7 8 1 2 . 1 * 6 1 0 . 6 1 0 . 7 6 8 1 . 8 1 6
1 3 . 1 6 7 1 4 , 1 6 2 1 2 . 1 7 1 . 9 9 5 ! . 9 9 1
1 5 . 7 3 3 1 6 . 2 7 5 1 5 . 1 9 2 . 5 4 ? 1 . " " 3
1 5 , P 8 9 1 7 . 0 6 0 1 4 . 7 1 8 1 * I  7 1 2 . 9 4 1

1 0 . 5 1 1 1().M <*0 1 0 . 1 8 2 . 1 2 9 . 6 5 "

V A R I A N C E
. 5 4 9
•  9 2 2  3.199

V A R I A N C E  
2 3 9 * 1 9 6  22".5T7
1 6 f t . 3 7 4

V A R I A N C Eooo
variance

A .  56u  4. *02 
4 . 1 8 3

v a r i a n c e
3 * 9 1 0

•  9 0 S  
1 * 8 2 4  
1 . 7 8 4  
7 . 8 5 7  
7 . 1 5 6  
8 * 4 0 8  
7 •  ? 6 4

4 1 * 3 0 6
3 * 9 4 9
3 * 2 S 3
3 * 4 3 5

V A R I A N C E
1 2 * 9 3 7
5 0 . 4 7 8
6 7 . 7 1 0
4 3 * 7 5 9

4 . 0 7 1
1 0 * 5 2 6
1 9 . 7 3 7

•  7 5 9  
4 6 . 2 7 8  
2 3 * 9 9 6  
6 9 * 4 7 1  
5 1 * 8 9 8

V A R I A N C E00000
00
0
0nn

VARIANCE
3 . 2 2 4.613

•  00 7
1 • 1 4 6  
3 . 0 8 5  
3 . 2 4 3  1*462
2  • 3 4 'i 
3 * 9 4 1  
1 • l  7 J  
5 . 4 R j

• 4 3 3
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*

*

*

*

»

M .G O W T

^ L S E O

R T . c m . 3

V c p c v

P E o N P L U S  S E R R M I N U S

? 9 , 0 j f . 3 0 . 0 1 0 2 9 ,

3 * . A M 3 5 . 5 * * 3 4 ,

3 A . 1 7 A 3 5 . 0 * 5 3 3 ,

m E a n P L U S  S E « H M I N U S
1 0 . 2 9 9 1 3 . 2 5 ’ 7,

9 . * 7 3 1 1 . 0 2 6 5

S . l n Q 1 2 . 3 7 6 4 ,

“ E a n P L U S  S E R *
0

M I N U S

0
0 0

0 0

m e a n P L U S  SE WN M I N U S

1 1 . 7 * 2 1 2 . 2 2 f t 1 1

l * . f t « * 1 4 . 6 5 5 1 3

1 3 . A ? * 1 4 . 5 0 3 1 3

S E A R S T A N D  e r r S T A N D  D E V
2 2 1 . 3 9 4 1 . 0 7 8
1 7 8 • <S«3 5 . 7 3 3
3 1 2 .  A 6 6 3 . 4 6 6

S E R A S T A N O  E R R S T 4 N 0  d e v
3 3 0 5 . 9 6 P 1 1 . H 7 A
1 2 1 3 * 3 5 3 1 3 . 4 1 1
0 0 1 4 . 1 8 7 1 6 . 7 4 9

S E R R S T A N D  E R R s t a n d  d e v
0 P. ft
0 0 0
0 0 ft

S E R R s t a n d  E R R s t a n d  D E V
2 9 7 . 4 6 5 1 , M 6 2
5 1 7 . 0 6 9 ? . ? 7 7
1 * 7 • 4 7 8 2 . T 1 3

V A R I A N C E C O E E F  V a R X)E
2 . 4 9 1 5 . 3 2 A
7 . 4 7 1 7 . A 4 1 1 5« c

1 2 . 0 1 1 1 0 . 1 4 0 1 5

V A R I A N C E C O E E E  V a R f>E

1 * 0 . 9 9 2 1 1 5 . 2 9 9 1 ®

1 7 9 * A * 8 1 5 9 . 2 6 9 I®IS2 8 0 . 5 1 6 2 ) 4 . 5 3 9

V A R I A N C E C O E E E  V a R DE
ft 0 0

1 0 0

n 0 0

V A R I A N C E C O E E F  V a R DE153 . 4 6 7 1 9 . 9 3 f t
5  • l  9 3 1 * . 1 6 3 1 5

7 . 3 6 1 1 9 . 6 2 5 I®
* O O D  S P j f j £ .  b j m  

•CO O 5 P J M F  B j m  
• * O P  ? B ! V f  a i m

»  S A M P L E  T I M E
9 S A M P L E  TT*«c
«  S a m p l e  t t m p

1 *
1 *
1 *

B L O C * I E 1 6 P O S N 1 A D A T E 3 0 0 9 7 5
B L O C * I E 1 6 P O S N 1 A D A T E 3 0 0 9 7 9
B L O C K I E 1 6 P O S N 1 A D A T E 3 0 0 9 7 5

3
3
7
3
3
3
3
3
*
3
3

3
3
3
3
3
3
3
3

9
9
9
?
9
9
9
?
?

M O I S T U R E C o n t e  ntt W E I G H T L O S S S E G A C E T r e d n r a t e CM 3
3 7 ? 5 2 9 ? 2 2 2 2 7 ? 2 • - • 1 1 1 6 6 9 0 0 0 0 0 0 t • • •
3 3 5 2 2 9 2 2 2 2 2 ? 2 2 • - ■ 1 1 1 6 6 6 0 0 0 0 ft 0 • •  4
3 7 ? ? 2 9 2 2 2 2 2 ? ? 2 - - - 1 1 1 6 6 6 0 0 0 0 0 ft •
3 7 7 ? 2 9 ? 2 2 2 2 ? 2 2 « - - 1 1 1 6 6 6 0 0 0 0 0 ft •
3 7 2 ? 2 9 2 2 ? 2 2 2 2 2 • - - 1 1 1 6 6 6 0 0 0 0 0 0 • • •
3 7 2 2 2 2 ? 2 2 2 2 7 ? 2 • - - 1 1 1 6 6 6 0 0 0 0 0 ft • • •
3 7 ? 2 2 7 2 ? 2 2 2 2 2 2 • - • 1 1 l 6 6 6 ft 0 0 0 0 0 • • •
3 7 2 2 2 9 2 5 2 2 ? ? 2 2 • • * 1 1 1 6 6 6 ft 0 0 0 0 ft • • •
3 7 2 2 2 9 ? 2 2 2 2 3 2 2 » - 1 1 1 6 6 b n 0 0 0 0 0 • • •
3 7 2 2 2 2 ? 2 2 2 ? 5 2 2 • - “ 1 1 1 6 6 6 0 0 0 0 0 0 ♦ • •
3 7 2 2 ? 7 2 2 2 2 2 2 2 2 - * • 1 1 I 6 6 0 0 0 0 0 0 0 • • •

3 3 3 3 3 3 3 3 3 3 3 5 2 2 - - - - - - 5 5 5 0 0 0 0 0 ft • • •
3 7 3 3 3 3 3 3 3 3 3 2 ? 2 - - • - “ 5 5 5 0 0 0 0 0 0 • # •
3 7 3 3 3 1 3 3 3 3 3 ? 2 2 5 5 5 0 ft 0 0 0 ft • • •
3 7 7 3 3 7 3 3 3 3 3 7 2 2 - - “ - “ * 5 5 5 0 0 0 0 ft 1 • • •
3 7 3 3 3 7 3 3 3 3 3 ? ? 2 - “ • • • * 5 5 5 ft 0 0 0 0 ft • • •
3 3 3 3 3 3 3 3 3 3 3 ? 2 2 - " * - - • 5 5 5 0 0 0 0 0 ft • • •
7 7 3 3 3 7 3 3 3 3 3 ? ? 2 • “ - ■ • s 5 5 0 0 0 0 ft 0 • • •
3 7 3 3 3 7 7 3 3 3 3 2 ? 2 * “ - 5 b 5 0 0 0 0 0 ft • • •

? 2 3 3 3 7 7 3 3 3 3 ? 2 - - - - - - 3 3 3 0 0 0 0 0 ft • • •
7 7 3 3 3 7 3 3 3 3 3 ? 5 2 • - * - ■ • 3 3 3 0 ft 0 0 0 ft • • •
7 0 3 3 3 7 3 3 3 3 3 7 2 2 - - “ • - “ 3 3 3 ft 0 0 0 0 0 • • •
2 9 3 3 3 7 3 3 3 3 3 ? 2 2 • * - “ * 3 3 3 ft ft 0 0 0 ft • • •
7 9 3 3 3 7 3 3 3 3 3 2 2 2 - * * - • * 3 3 3 ft 0 0 0 0 ft • • •
? 9 3 3 3 7 3 3 3 3 3 ? 2 2 - “ * - * * 3 3 3 ft 0 0 0 0 0 • • •

? 9 3 3 3 7 7 3 3 3 3 3 2 2 • • • m • 3 3 3 0 0 0 0 ft • • •

9
?

9
9

3
3

3
3

3
3

3
7

3
3

3
3

3
3

3
3

3
3

5
?

2
2

2
2 - - - - - -

3
3

3
3

3
3

ft
ft n

0
0

0
0

ft
ft

ft
ft

•
•

•
•

•
•

V aT  C O N I  P g R  c  V O L  

2 ? * 2 2 2 2 2 2 l  
2 ? < 2 2 ? ? 2 2  * 
? 2 * 2 2 ? ? ? 2 l
2 P 2 ? ? 2 ? ? 2 1

2 ? * * 2 2 ? 2 2 l
2 7 ^ 2 2 2 2 2 2 1
2 5 * * 2 2 ? 2 2 l
2 7 2 2 2 2 7 2 2 1
2 ? 2 2 2 2 2 2 2 l
2 7 ^ 2 2 2 2 2 2 1
2 7 2 2 2 2 2 2 2 1

2  7  

2  72 7 
2  7  2 7
2  7  
2  7  2 7

2  2  

*  2 * 2 2 2  
2  2 
2 2 2 2 
2  2

2  2  3  3 

?  2  3  3  
2  2  3  3  
2  2  3  3 
2  2  3  3 
2  7  3  3

2  7  
2  7  
2  7  
2  7  
2  7  2 ? 2 ? 
2  7  
2  7

c  2  
2 2 
2  2  2 2 2 2 2 2 
2 2 
2  2  
2 2

♦

*

• OOP 3 P Y M F  R J N  
i» p O n  S D j i j r  n | N  
WOOD $ o j M r  « J N

9 S A M P L E T l ' i p 1 *
9 s a m p l e T l M r 1 *
9 s a m p l e T l « r 1 *

D A T E  3 0 0 9 7 5  
D A t E  3 0 0 9 7 5  
D A T E  3 0 0 9 7 5

M O r s T l I R g  r ^ M T F M T
3  3  7  3  3  3  
■* 3  3  3  3  3  
’  3  3 3  3  3  
’  3  *» 3  3  3  
■* 3  3  3  3  3
■* 3  7  7  3 3
■* 3  7  3  3  3  
■* 3  3  3  3 3  
*  3  7  3  3  3

? ? 7 2 2 ? 
7  7  7  2  2  2  
7  ?  7  7  2  2  
7  ?  7  2  2  2  
7  7  7  2  2  2  
7  2  2  2  2  2
7  ?  7  ?  2  ?  
3  7  7 2  2  2  
3  7  7  2  2  2

7
7
7
7
7
7
7
7
7

*»E1<*h T  
2  2 -  
2  ?  -  2 ? - 1 
2  2 -  

7  ?  * 
? 2 * '  
2  2 -  ? 7 - ' 
2  2 * '

L O S S  
-  1 
-  1 
-  1
-  7

- i- i
• 7

* i
-  7

S E G
1 1 * * *  
1 1 * * *  
1  1  4  *  *
1  M  M

1  1  4  4  ♦  
1  1  *  M  1 1 * ♦ ♦ 
1 1 * * *  
1  1  ♦  ♦  ♦

** 3  7  3  3  3  
** 3  3  3  3  3  
** 3  7  3  3 3 
’  3  3  3  3 3 
3  3  7  3  3 3  
’  3  7  3  3 3  

’  3  7  3  3  3  
** 3  3  3  3  3  
■* 3  7 7  3  3

7  3  7  3  3  3
3  3  7  3  3 3
7  3  3 3  3  3
7 3  3 3  3  3
7  7 7  3  3  3
3  7  7 3  3  3
3 3  3 3  3  3
7  3  7  3  3  3
7  3  ■» 3 3  3

7  2  27 2 27 2 2

a  0 0 5  5  5  
A 0  0 5  5  5  
a 0 0 5  5  5  
a  n 0 5  5  5  
a  0 0 5  5  5  
a  0 0 5  5  5  
0 0 0 5  5  5  
a  0 0 5  5  5  
A P 0 5  5  5

•‘ 7  7  
* * 3  3 
’ 3 3
• * 7  7 
3  7  7
’  3  7
’  7 7
■ * 3  7
* * 3 7

7 3 3
3 3 3
3 3 3
3 3 3
3 3 3
7 3 3
7 .7 3
7 3 3
7 3 3

7 7 7
7 3 3
7 7 7
7 3 3
7  7 7
7  3 3 
7 7 7
7  3 3 
7  3 ’

3 3 3
3 3 3
3 3 3
3 3 3
3 3 3
3 3 3
3 3 3
3 3 3
3 3 3

7 3 3

3  3 3  
7  3  ’  
7  3 ’  
7 7  3

3 ’ ’
7 7  1
7 3 ’
7  7 7

5  5  5  
5  5  5  
5  5  , 5  
5  5  5  
5  5  5  
5  S  5  
5  5  5  
5  5  5  
5  5  5

* C E T  B g 0 N  r a T F  CM 7

"  «  0 0 0 00 0 0 0 0 0
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0 0 0 0 0 nft 0 0 0 0 o0 0 0 0 0 0ft ft 0 0 0 nft 0 0 0 0 n

( I I 1 U V V -
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0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
n 0 o 0 °  0
0 0 0 0 0 0
0 0 0 0 0 0
o o 0 0 0 0

0 0 0 0 0 ft 0 U 0 0 0 0 0 o 0 ft 0 0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ft 0 ft 0 0 0 o 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 ft 0 0 0 n ft

0 0 0 0 ft
0 0 0 0 ft
0 0 0 0 0
o o o o f t  
n  0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 ft 0
0 0 0 0 0

ft ft ft 0 0 ft ftft ft 0 0 0 0 ftft ft 0 0 0 0 0ft ft 0 0 0 ft ftft ft 0 0 0 0 ftft ft 0 0 0 0 0ft ft 0 0 0 ft nft ft ft 0 0 n ftn ft ft 0 0 ft ft

0 0 0 0 0 n 0 0 0 ft 
0 0 0 0 f t  

0 0 ft ft 0 0 0 0 0 ft 
0 0 0 0 f t  ft 0 0 0 ft 
0 0 0 0 0 
0 0 0 0 f t

v * 1 c o n t  p g R  c  

2 2 * * * 2 2 2 2  
2 2 * * * 2 2 2 2  
2 2 « 2 2 2 ? 2 2  
2 5 * 2 2 2 2 2 2  
2 7 * 2 2 2 2 2 2  
2 7 * 2 2 2 2 2 2  
2 2 * 2 2 2  2 2 *  
2 2 * * 2 2 2 2 *  
2 ? * 2 2 p ? 2 2

V OL  
1  l  1 
1  1  1 
1  1  * 
1  1  1  
1  1  1 
1  1  1  
1 1  1  
1 1  1 
1 1  1

2 2 * 3 7 3 3 3
2 7 * 3 3 3 3 3  
2 7 * 3 3 3 7 3  
2 2 * 3 3 3 3 3  
2  2  *  3  7  3  3  3 
2 ? * 3 ’ 3 3 3  
2 2 * 3 3 3 3 3  
2 7 * 3 3 3 3 3  
2 7 * 3 7 3 3 3

3
3
3
3
3
3
3
3
3

2 * 2 
2  2  2  
2 2 2 
2  2 *  2 2 2 
2 2 2 
2 2 2 
2  2  2  
2  2  2

2 5 * 3 7 3 3 3 3
2 5 * 3 3 3 3 3 3
2 2 * 3 7 3 3 3 3
2 7 * 3 7 3 3 3 3
2 7 * 3 7 3 3 3 3
2 7 * 3 7 3 3 3 3
2 7 * 3 7 3 3 3 3
2 5 * 3 7 3 3 3 3
2 7 * 3 7 3 3 3 3

2  2  2  
2  2  ?  
2 * 2  
2  2  2  2 * * 
2  2  2  
2  2  2  
2  2  2  
2  2 *



HISTGRE
This programme calculates the moisture content, weight loss, water 

content and acetylene reduction rate in segments taken from blocks 
exposed to soil, as does TIGROT. It then plots histograms and graphs of 
the results on the line printer.

The main programme calls BOTIN, INBAT, WDVAL, ARVAL and AVBLK, as in 
TIGROT. Subroutine STORGE transfers the results into a three dimensional 
array for access by the plotting routines.

HISTR plots a histogram of MC, WL, AR and WC in each of the 12 segments 
in the blocks at each sample time. It also plots the standard error. It 
calls GRAMR, PLUS ERR and WLGMR. GRAEER 1 calls. AVPLOT which sets up an array 
of values which are first plotted against sample time. The same values are 
then plotted so that the graphs of MC, WL, AR and WC are all on the same, 
appropriate, scale. GRAEER 2 calls ARRER which sets up arrays of MC, WL, AR 
and WC and plots each against the others. Both GRAEER 1 and GRAEER 2 use a 
modified GRAEIT graph plotting subroutine from the Imperial College Programme 
Library.

The subroutines common to TIGROT and HISTGRF are not listed. The 
input to HISTGRF is identical to that of TIGROT, so that the same deck of 
data cards could be used with both programmes.

HISTGRF could produce graphs on the line printer and on microfilm, 
from which the graphs in section 2 to 9 were produced. Values for MC, WL,
AR and WC in segments 1 to 12 were plotted as the characters A to L.
Segments 1 to k (from the zone above ground) were plotted as A to D 
on one vertical line, segments 5 to 8 (from the zone at the ground line) 
were plotted as E to H on a second line, and the segments 9 to 12 (from 
the zone below ground) plotted as I to L on a third line. If more than 
one value occurred on the same point, the number of points was plotted.

To generate the three-dimensional diagrams used in sections 2 to 9, 
the average MC, WL, AR and WC in each segment at each sample time, was 
transferred to a two-dimensional array and stored on permanent file. This 
file was accessed by the MATMAP programme of the Imperial College Programme 
Library using a Tektronics l|01l* graphics terminal. The pictures could be 
generated on the terminal and then on microfilm, from which the pictures 
in section 2 to 9 were produced. Time of exposure in weeks is shown on 
the righthand axis, and segment number and zone on the left-hand axis.
The values of MC, WL, AR and WC are plotted vertically.



tr *

289

i •».
1 i ,
13,n.
u .l?.

PROGRAM MISTSftF (INPUT.OUTPUT*TAPE5« INPUT ,T/kpt6 aOUTpirr 
d i m e n s i o n  S p e c ( 6 >  • i s l k p ( 6 » ,  WcT B ir i2 * 6 i *  w e t v u a . s i

2 S Y M B O L i2 5 ) .  N B I N ( 6 ) .  IS A H T (6 ) ,  D R Y B (1 2 « 6 > *  DRYV(t2 , 6 t
3  CONMAV*]2). BLKM(6 > .  I DATE ( b) * T I U N f l 2 * 6 > *  V /4 T C (1 2 .6 t  
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5 RTCMAV f 1 2 ) t V C 0 N M > 1 4 * f t « l ? ) •  T I T M | 1 ? * 6 ) «  Vs E 6 ( 1 2 * 6 )
6  WCPCAV f 12 )  * VRTCMfI4 . b « 1 2 > » TQTMirl2 « b ) *  N sE G ( 1 2 . 6 >
7  C M S E R R * 1 2) • V W C P C V > 1 4 * 6 » 1 ? ) «  W C P C V ( l 2 « b > *  S L O T ( 1 2 . 6 )  
8 W L S E R R * 1 ? ) »  V W l S E G (  l * » * .  1 2 )  * W | _ S f 6 r  • T I H E . M 2 . 6 *
9 RTSEBR'1 ?) • HISTG(IOO) • UNITT(12«6)« RTCMM2.6I
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I f  ( N B  . E Q .  o  > 6 0  T O  i O l O
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C a l l  a r v a l  » N g .  n s .  m ,  h i m ,  t i u n .  t o u n ,

2  S T O B .  U M I T T ,  T I M E ,  R T C H ,  S L G T  >
c a l l  a v s l k  ( N g ,  N s .  c o n m ,  c p n m a v .  w i s e r .  w l s s a v * R t c m .
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4 . Da  n p
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SU8ROUT1 NE SESrL f A3C. NB* N s . OEF. 
OlMEN/gloN X I 2 I V  » A 8 C ( I ? » 6 > .  D E F ( j 2>»  
DO 1 5 9 6  K = l i  NS 
1 = 0  
SUM « 0.0
00 1597  L *  1 .  N8
1 *  I  ♦ 1
H i t  •  ABC i k . l >

1597 CCWIWDE
CALL AVRAOE 1 X .  I  0EFtf<> = XBAR 
6HHK) = XERR

1 5 9 8  CONTT»J0E Return 
emd>

x b a r .« x e r r  )

GUI ) 
G H I(12 )

1. 
p . 
7 . 
4 . 
t;. 
4 .

11'. 
11 . 
12. 
1 I .  
U .  
1 " . 
1 *■. 
1 T. 
1 -1 .

SUBROUTINE AVRa&E ( X *  NTMS. XAV. XPLUS >
DIMENSION X<20>
N  ■ 0

XPLUS ■ SM « XAV = SSR = 0 *0  
PO 1722 1 * 1 *  NTHS 
I f  ( X f l l  .S r .  9 9 9 .9 9 9  1 0 0 )7 0  I 7J2 
SN « SM ♦ X f D  
SSQ ■ S.SR • X C D  •  X ( D  
N » N * I

1 7 j 2  CONTINUE .
Ip  ( SM .G T . - J . o f - l o  .AND. 5M .L T . j . o E - 1 0  > GO TO 1 7 1 4  
AN « N
XA* *  SM /  AN
l r  I w . e O. 2 ) Go T Q  ]7 1 4
XPLUS = X f i V  * asO R T^S S R -S M -X A V ) /  /  SRRTtAN))
I F  ( /P L U S -L T . - 5 0 .0  .ON. XPLUS .G T . 2^ 0 .0 ) xpLUS •  1 0 0 -0  

17x4- RETURN END
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SUBROUTINE STOfcoe ( |O0. NS. ISAMr* conm* vconh* wlses. vwuseo.

2  R T C M *  v n r c r t .  V l f c P c v .  V W C P C V .  C O N M A V .  V A - S G A V .  R T C M a V .  V f c P e A V  ) 
O i M e M S l O N  I S A M T ( 6 ) .  C o N M A V ( 1 2 ) ,  W U S & A V ( 1 2 »  • rtPGM(l2.6) .Vc P C V ( l 2 * 6

2> .COMM'3 2 *6 ) .  RTCMaV (121* VCONMj 14 . 6 . 12> .VtPCAV M 2J . VRtCM
3 U 4 - * 6 * l2 ) .  VWCPCV/C1 4 ,6 .1 2 I  . VWLSEG1 1 4 * 6 .1 2> • *LSEG< i 2 .6 *

1 . I t  -  ISaMT (1) /  14<*. 00 4000 IL  !  l i NBDO AOOO XK • 1 , vs
*>. VcONH CIt . IL »IK) * COrtMCIK.lLl7 e vv ls e g c it . i l . K ) * WlSEG(IK*I

i f  (Rtcm ( ik ’ . i l ) *6T. 999.9990 . VRTCMdT.IL. IK) - RTcM rlK .iL)1 ~ . v w c P c V ( i r .u .K ) * WcPCV ( IK .1 1 . 4000 CONTINUE-1 ■> . IL  * 6
1 1 . Do 4001 XK * 1 , NS
1 4 . VcONii ( IT , IL f IK ) 8 CONMAV(IK)1* . VWLSEG(IT,XL,IK> * WLSGAV(IX)J S . Vrtcm ( i t i I L jUO •  RrCMAV(TK)) 7. W cPCVdT fXL .IK ) ■  WcpcaV (IK )lo . 4003 continue
10. returnj> > end
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2  RTCMAV, WCPCAV. H IS T& . IV A L . CMSER*. RTSFRR. W^SERR. VCs ERR) 

DIMENSION SPPC»6). N & IN C M . rSAHT(61 * ID A T C (6 ). C0NHAV(12i .
2  W LSG AV(l2), RTCMaV (2 2 ) ,  V C P C A V(12). H ISTG fLO O t. IV A L ( I2 )«
3 C M 3E R R U 2). WLSERRci2>, RTSERRM2) • WCSERR(l2>* IcM S R fla )
A ♦tWLSRr1 2 >• lR T 5 R ( i2 ) ,  IWCSR(1 2 )

L *  1
V R IT E (6 » I6 2 0 )S P £ C (L ) .N f t IN fL ) . JSAm t < L ). 10ATE(U  

1620 FORrtAT(iHa,ANW OOD.lX.AS'.3X . 3H B lN . iX . l 2 . 3X .im s A N P L e  TIM e .1 X .1 3 .  
26Xf4NDATE.lX.l6)

Wr it e  (6 *2 4 0 1 )
2ao1 Format (i Xi / l x * i 6KMoisture  content)

Wr i t e  (  6*24-02)
2 4 0 2  FORMAT(X) f . 3O X ,lH O .9X ,2H2 5 ,a X ,2 H50 , 8x ,  2H7Sf a x ,  3HlOO» ?X» 3H 125,

2  7 X , 3H15o» 7X , 3H 175. 7 X . 3H2<)0* 7 X* 3H225 * 8X * 3H250)DO 2603 K * 1 . NS
IF  ( CONMAVOO *GT. r5o*0 ) CONMaV<Ki -  250*0 IVAL (K> « CONMaV(K) /  2.5  ♦ 1.0  
IcMSR. 00 = cMSERRfK, /  2 .5  ♦ 3 . d

2 4 0 3  CONTINUE
CALL 6RAMR ( IVAL* Afe. HlSTG. ICMSR)
Wr it e  ( 6 * 2 4 ii)

2411  FORMAT (lX » /,lX » 4 2H V /A T E ft COGENT AS PERCENTAGE OF WOOD VOUUHt) 
WRITE ( $ . 2 4 - 1 5 )

2415 FORMAT ( l X ,  BOX, IH O f 9X* 2H 10. 8X* 2H 20f 8 * .  *H 30 * 8 X . 2«4o*
2  2NSO, 6 X ,  2H60* 8x .  2H 70. 8X . 2H8o» 8X. 2H90* 8X . gHiOo>

Oo 2 4 1 3  K ■ 1 .  MS 
IV aU K ) = WCPCAV «<) * 1 . 0
IWCSR(K) *  WCSERR(K) ♦ l . o  

2413 0O t + r t N U e

CALL GfUMR ( iWAL* NS* H lS TO . IVCSR)
w r it e  (  6 »24o$>

240 5  FORMAT (1 X ./ .1 X .3 4 H A cETYLEN6 REDUCTION r a t e  M M /H R /O 0) 
w r it e  ( 6 , 2409)

2409 F0RMAT(31X. 4H .001. 2X» 4M.002 , 4X, 4H.005* 2X. 3H*0l»  3X* 3H.02>
2  5X, 3H . o5» 3Xf 2 H .1 .  AX* 2 H *2 f 6* i  z H .5-.4j t ,  m i ,  SA, 1M2, 7X*
3 1H5. 5 X , 2H10» 4 X , 2H 20. 6X . 2H 50. *X. 3« lo o )

DO 2 4 1 0  K  s I .  NS
IF  ( RTcMAV(K) *LT. 0*001 ) RTCMaNOC) *  o . o o i i  
I f CRTSERRIK) .LT . 0*001) RT3ERR(K) -  0*0011 
IVAU (K) =(AL0g10  C rTCMAV(K) •  1000.0) *  2 0 .o) * 1.0  
IRTSR(K) -  (AL0&10(ftTSERR(K) * lOOO-o) •  20*0? * 1*0

2410  Co n t in u e
CALL GRaMR C IVAL. Ns* HlSTG. UlTSR)
WRITE (6.2405)

2A 05 FORMAT(lX, /IS H N E IG M T CNANge)
W R lT E f6 ,2 A l4 )

0414 FORMAT(lX,±oX,4.(iH*)f iiHWElGHT &AlN ,5 ( lH f )  .5 H H -) , 
i  4 (11HWEIGHT LO S S ,9 (lH -))) 5W

Wr i t E (6 ,2 4 6 ’6) "  ’
2406 Format (lx. 1ox ,2H2o . 8x . 2H1o» tx , 2h  o , 9x . 2N to . b x , 2M»o» s x ,

Z 2HS0, » *, ZHAO. 8X , 2H50* « X . 2H6ol g jl S lo )  « * . Sso!
DO 24o7 K *  1 1 NS 
IVAL(K) = WUSgAV(K)

Z h r O l  CONTINUE
c a l l  WLgMR ( IV A L , Vd-sERR)
Re t u r n
end

, SUBROUTINE 6RAMR ( IRGM. mV, HISTG* ISERR)
 ̂ DIMENSION 1H»4(12) , HISTG(lOO), I3EMR(12)

•, DO 2 5 0 0  X = i .N V
4 ‘ 00 2404  KB *  1 *1 0 0

HISTG <K0> « 1H 
2404  CONTINUE



7 .  lERROft *  IS E R R (K I
3 . Ca l l  p lu s e r r y  ie r Ro r >
*>. H i s T G ( IeRR0R> 1 1H

1 n . McH = IH g M<'K)
n .  I F  l U C H  .L T . i  ) t 4 c H  -  1
1?. l r  l N c H  »ST. 100 ) tfCH a lo o
n .  OO 2502. KT *  i i  NcH
l ft. H isTG  ( K V  *  1HX
1 f t .  2502. CcrtjlNOEI1. Vlft.TTE(6»2503) (HlSTOrKH • KZ = 1. 4fl0'17. 25q3 FoftMATdH*» 3GX. £o0a1>
1 * .  2500 COfirrAJOE
i - .  Re t u r n?■». ew©
i. SUBROUTING PLUSERR. ( HLJNE.IERR)DIMENSION HLINE (i00)
1. If ( IPRR .©T. 1001 i£RR « ioo*. If (IERR .LT. 1 1 IERR = ift. HLINE(I£RR.l = 1H1ft. Writer(».2901 > ( hlincocYK KY * 1. d©ol7. 2qU FoRMATIalXi lOOAl)3. RETURN
3 .  EM?
1 . SUBROUTINE WL£Mf? ( lM6rtt RERR)
?. PlrteNSlON IHGM(12) , AUNEfiOO) . RERRM2#
i .  0© 2700  NU *  1 ,  1 2 .
* .  DO *7 0 2  KJ *  1 .1 0 0
*1. ALI|J£(KJ> = 1H
*•. 2762 ccwriNue7. I F  ( . L T .  -3 U 0 I IHGMlNV) S  -  20
3 . I f c iH sh(N V ) .© f .  SO » IHGM(NV) = fl©
7 . I f l IHGMCNV) .L E . - i  ) GO TO 28o i1*». H3 = 21 ♦ IHGM(NV)11. DO 2602 K = 21, M3

1?. ALINEOO « lHX
H .  2602 CONTINUE 
H .  GO TO 2602.
1ft. SL80I  N i  = 2 i  • IHGW(NV)1**. DO 2bOi K = N2 j 20
i t . ALINE (\c) = i H *1° . 2 * o l CONTINUE
n .  2 8 02. WRITE ( 6 ,2 2 0 1 )  (ALINE(NcH) , NCv4 = 1 .  lOO )
?«. 2201 fo rm at  ( i i x ,  100A I)
? i . terror  = r e r r ( nV)

_IF_ ( TERROR il.LT, - 20) I  ERROR -  -2 0  
'-7 . IF  ( I6RR0R .G T. 80 ) I  ERROR = 80

I f  ( IERROR .L E . - 1 )  go TO 2803  
=»=>. ALINE ( IERROR * 21 ) = 1 H I

Go TO 290*-
•■*7 . 2903 Ter ra  =  2 1  -  i a 8 5 ( i Error>

ALINE (IERRA) » 1HIp». 2964- Wr it e r , 2805)  (ALINEfNcHS) f NCHS « 1 . ioo)
28o5 FORMAT f iH * .  lo X . lO flA l)

11 . 2700 CONTINUE
1 ?. Re tu r n
' l l .  end

1 . s u b r o u t i n e  g r a f e r i  (  n o s a m t » n s l ,  v c o n m » w l s e g * v r t c m » v v / c P c V
7 .  d i m e n s i o n  v c o n m ( U , 6 . 1 2 ) .  v r t c M ( u . 6 . 1 2 >  ,  v v c p c v < 1 4 . 6 . 1 2 >  ,

2 VVA-SEg (1 4 * 6 •  12) * NBL(IA-)
1 . READ (5.4-2021 NOSAMT
ft. 42 o 2  FOWIAT (1 2 )
ft. REACM5jA2 0 3 )  fNBL(IST» tIS T =  1« NOs a MT)
*>. 4 2 6 3  F O R M A T  ^ 1 4 ( 1 2 . 1 X >  )
7 . Ca l l  a y p l o t  ( vconM. n o s a m t , i >
3 . c a l l  a v p l o t <v w l s e s , n o s a m t , 2 >
7 . c a ll  aVp l o t <v r t c m * No s a k t . 3 )

1 r- . c a ll  aVp l o t (vwcpcV , n o s a m t , 4 )
1 1 . RETURN
1 7 .  E N d

1 . su br o u tine  auplot ( avaray , nosam . n >
7. DIMENSION AV’ARAY(14-.6«i2) ♦ X(looo>« Y (tO 0O)
1. NPT s 0

. I  s 0
7 . IL  * 6
ft. IKL ■ 1
7. 6000 IKM = IKL ♦ 3
" ,  NPT = NPT ♦ L
a . Do 6002  IK  = IK L . IK m

i " .  do 6004- i t  » i<  nosam
11. I  » 1 • 1
17 . Y (T ) « A V A R A T d T .lL .lK )
17. IF  c NPt .£Q. 1  ) x ( 1) = ( IT  • 7  1 .  z
l f t .  I f f NPT .EQ. 2 )  X ( I )  S 1 IT  •  7 ) . 1
IS .  IF  ( NPT . E Q .  3  ) X ! i>  « ( TT •  7 )
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f

1 * .  6004- CONTINUE
l 7 . 6002- CoNTlNLfc1°. 1M. * U(M * i
I V  IF ( IK L  .N E . 13) 60 To $000

1 * 1 + 1
?1 . X fU  « 1 0 0 .0??. Y»i> * o»o
? i .  CALL ©RAFITt X . r .  X. 50» MOSArt I
P * . IF  ( M l  ) Y (X )  a 2 5 0 .0
? V  IF  ( N .EQ . Z >  Y ( I )  = 8 0 .0

IF  ( M .E<*. 3 > YU) * 1 0 .0
IF  ( N .EQ . A- » Y ( I )  = 1 0 0 -0

? « . CALL GRAFIT (  X . Y , X , 50 .d09A M  )pi. Return
v . EMo

%

1 .

u
«.
7
ra
]" 1 1 1 ? 1 7

SUBROUTINE ARReR(VARR* RARR«M« NbL . NoSaM > 
DIMENSION VARft(14*6»12), RARR(iOoo) • MbL(U) 1 * 0
0 0  6005  IK  3 1» 12DO 6005 IT = If NOS AM
# 8  3 N 6 L (IT )  ..................
DO 6005 1L = It MB1 3 I *1
Ra R R (I)  « V A R R (IT . i l . IK )6005 CONTINUE NV 3 I 
r e t u r nEND

1* 11 1? 1 7 1* 1* 1* 
* 71 a

SUBROUTi ME 6RAFER2. ( NoSAMT, N 8L. VCoNH. VWLS03. VRTCM. VWCPCV > 
OXMENSIOM VCONH ( 1 4 . 6 . 1 2 ) .  VWLSE6 ( U . f i . l Z ) , V R T C M (i* .6 . l2 )  ,  

z VW C PC Y(14.6 .12) » N©UH). CRARR(iOoo) . VLARRC1000 ) *
2. RTARR(lOOO) . WCARR(lOOO) fJBLOCK = 0

CALL A R RERfVcO l*. CHARR, IV .N B L * No sa m t)
Ca l l  a r r e r ( W l s c 6 .  Wl a r r . i v .  N3L. no sam ti 
c a l l  a r r e r iv r t c m .  r t a r r .  i v . n b l .  Nosamt) 
c a l l  a r r e r (VVcpcV ,w c a r r . i v .  n b l ,  w<>s a m t»
DO 6006 I T  3 I *  NOSAMT 
V8L0CK = WBLOCK * N S L d T )

6006 Co n t in u e
CAW. S R a F I T  ( CM A m . WLARR. I V .  50 * N8L0CK >
CALL 6PAFZT f CMARR. PCTARR* IV . lo O *  NBLOCK *
c a l l  g r a f t t  ( c m a r r . w c a r r . i v . 5 0 . n s  lock  »
c a ll  g r a f it  f w l a r r . r t a r r . i v , 10 0 . n b lOck >
CALL GRAFIT t WCARR. WLARR. I V .  SO * NBLOdC )
Ca l l  g r a f it  ( w c a r r . r t a r r . i v . 10 0 . n b lo c k  »Returnend

7 .  
a .  
a .  

1". 11 . 1
1 v
1*. iv 
1 *». 
17.i°.IV ?«. ?i. 

.
? 7 .  
?u.?V
’7 . 
? n  . 
?•».

6
i o

SUBROUTINE GRAFIT < X . Y .  NN» ZHEAD* NoRP )
DIMENSION X C N N ).Y (N N ) .P L 0 T ( l0 l) .N T E N s a 2 ) fNHUNQ Sdl) , c HaA U R i 
DIMENSION CXaX IS (A )  , CNUM (9). IP L T C T ( l0 i )  ’ C W ‘ 151
d a t a  c i / i h i / ,  c Bl / i r  / ,  c x / i H * / ,  c m in u s / I K - / ,  k&l / i h  / ,  K a t i e / i m s  

1 ^ C X A X lS W ) ,J = l ,4 ) /5 « ^ 7 6 5 ,5 H 6 3 z l0 .5H l2 3 6 S .5 H 6 7 iv o / /  X 1 ‘
2 f c H A R ( J K » ,  J K  =  1 . 1 5 ) / 1 H D *  l r f E .  l H F .  !H G .° f H l f T  1 H I .  i H J .  4 HIC
3  1 H L .  1 H M .  1 H N ,  1 H 0 .  i n -  < u 0  f u * /  1  *
4 - < C N l M I J l)  ,JL =1 . 9 ) s£M ,  1 H 2 *  l H S .  1 H 4 *  1 H 5 .  < H 6 .  1 H 7 .

REAL IN VX IN T .IN V Y lN T  
N s NN

TYlN TS *  TABS ( IH E a D ✓  l o  > *  lo  
IF  ITY INTS .L T * 5 0 . )  TYINTS = 5 0 .0  
c a l l  g r a f ix  « x. n. xiwr. n x o r . loo.o » 
c a l l  g r a f ix  ( y , n , y i n t , n y o r . y y i n t s i  
I f  C ih e a d  . g t .  0  > GO To L  
w r it e  ( g »2> x i n t . y i n t

Z  FORMAT ( 1X» / / / .  3 0 * .  13H X INTERVAL « , F 8 .a* i 0 v .
Z  13H Y  INTERVAL F 8 .L )

G o  T O  i  ‘
. Re a d (5 * 5 )  ( p l o t o ) . J  = i ,8 0 >

Fo rm at ( Q o M  »
w r it e  (6 .6 *  x i n t . (p l d t ( J ) .  J  3 1 . 8 0 ) .  n n
Format (13H1X IN T B IV al  =»£9 .Z» 15X . 80 a1 .5X« 14* IX .  6HPOINTS*
Do 7 0s 1 .8 0
IF  l PLOTJJ) ,N E . C0L) PLO TlJ) *  CMlNUS
c o n t in u e
Wr i t e (6 * 8 )  YlNT. (PLqT * J » , J  3 i - 8 0 *  « N6RP
FORMAT (13H Y  INTERVAL = .E 9 .2 .i5 X .B O A i.3 /.H .lX .6 H G flO u P < /< fX l
NLINES « TYINTS ♦ 1 .1
Do A O  L IN E 3 i  , NL1ME5
C0LK a CBL
NAXXS -  NYOR .  NLINEs  -  l i n e  
I f / MAXIS .E q . 0  ) cBLX = CMlNUS 
DO 15 J = l . l d
I | » L T C T ( J )  -«  0
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*

♦

%

♦

♦

ii. 
.

n .  
* * .  
15. 
i * . .
1 7 .
1 ° .
i o .
44 .
41 . 
4? . 
4 1 .
44 .
4 5 . 
4*«. 
* 7 .  
* “* .  
4 1 . 
54 . 
51 . 
5? . 51.
5 4 .
5 5 . 
54 . 
5 7 .
50 . 
4 3 .
4 4  . 
41 .
43 .
M .
44 .
45 . 
4 4 . 
4 7 .  
4 4 . 
4 3 .
74 . 
71 . 
7?. 71.74 .
75 . 
74 . 
7 7 . 
70 . 
7 3 .
A 4  . 
‘11. 
03 . r'1 .
«4 .
55. 54 . 
5 1 . 4 0 .
»- J . 
°4  .31 .
0 3 .

31 .3

37 .
C.i. . 
3 0 .

15 P L c rrrj) = cblK  
IA X IS  = 1 -  NXOR
I f  ( IA X IS  *6E . i  .A M ). IA X I5  .L £ .  io l>  PLOT (IA X IS )
im Vx i n t  t i . o /  x i n t
W V YIM T * 1 . 0  7 YIM T  
DO 25  J  *  l i N
x j a y  « x i j i
YJAY ■ Y «j»
SlMG » 0 *0
I f  i Yj a *  .&t . 0«0> Si NG ■ 0 *5  
I f  i YJAY .L T . 0*0»  SlMG = - 0 . 5  
10 « I F i X  r >JAV •  IM W IM t  ♦ S IN g  )
I f  C 10 .ME. MAXIS 1 GO TO as  
S IG  ■ 0 .0
I f < XJAY .L t .  O.OJ S lG  « - . 5  
I f  ( XJaY  .G T . 0 . 0  ) S I©  *  .5  
M « i f i x  < x j a Y  •  iN v X iM r • s i&  i ♦ j a x is
IPLTCT (MI « ZPLTCT(H) ♦ 1
J K  •  ( ( J  *MGRP 1 - 1 1 /  MGRp
I f  t J K  .G r .  15  I JK ■ IS
IF  • PUcrr(M) .N E . C0uK 1 GO *T0 7o
PLOTfNi *  cHa R i JK*
Go TO 25

70  McMT •  iP i-T C t iH>
IF  ( McMT .G E . 9 1 McMT = 9 
PL0T1M1 « CNUM(MCMT)

2 5  CONTINUE
t a x is  = f l o a t  (Ma x is )  •  Y im t
max *  i a s s  ( n a x is  -  ( m axis /  l o i  *  io )
i f  ( Max . eq. o > w rite  (6.3oi Ya x is . maxis . plot

36  FORMAT ( 1 H * .1 p E 1 5 .2 . I5 » 3 X .1 0 1 a 1)
i f ( Ma x  . n e . o » W R irE fG .as ) m a x . p l o t  

2 6  F0RMAT( 1H# «1SX« 1 5 .3 x » lo lA l )
4 6  C0Mt i M |£

00 A3 J  *  l . i o
PLOT ( 2» J -  1 1 = cX A X IS O )

4-3 FLOY (Z * J 1 *  CXAXISI4.1
I F  (  MXOR .G E. 0) 6 0  TO 4-7
MREV = -  NXOR /  10
I f  ( MReV .G T . 1 0  1 MPEV *  l o
0 0  4S J  « 1 i MREY
p l o t  ( a *  j - 1 i » c x a x i s i d

45  
4-7
46

66

6 Z

63

64-

PLOT (2#J ) = CXA XlS(z)
Wr it e (6 *46> (p l o h j ) ,  j=  1 , 20)
f o r m a t ( i h « / 1H * • 23X . lH o . 2o a s )
HTEM S(l) « MXOR /  10 
PL0 7 (1 )  *  FLOATfMXOrtl ♦ XIM T  
00 60 K « i i l l  
MTeNS0C*1) = NTENS(K) > 1  
P L C rr(K *iI *  P U TH K ) ♦ i o . 0  *  * IM t  
NHUNDS (lO = I a8 S ( Mt£ N S « j /  101 
NTEMS(K) » MrENSOO -  (NTENSOO /  l f l i  •  10  
NXVALO = -  NXOR /  l o  ♦ 1
rF(MXVALO .L E . 1 1  .AMd . NXVALO .G E . I )  PLOT(NxVAIo ) 
W R IT E (6 .6 Z ) (MTEMSOO, Ks 1 .1 1 )
FoRMAT(lH* t lA X f l lC 8 X .X 2 ) )
IF (IA & S (M X 0 R .5 o ) .G E. 1 5 0 ) WRITE ( ( , • & )  N H l W  
DO 63  K  ^ 1 .1 1  v , ,
IF  ( MHOMOS(K) .BQ. o  > NHlAI0S(Ki = KB

IT  (l^WWDS (K) .EQ. 1) NHUWDSW = WONE 
CONTINUE
I f ( IABs (Nxor.50) .Lt . is o )  W RITEfc.64> MM^os
F0RHAT(dH* .14X.11 (9X.A1) )
WRITE( 6 164) (P L a r (K ) ,K  = 2 .1 0 *2 1

6 6  FoRMAT(1H*i 1 8 X i 1P5E2o .2 )
W ftrT£(6.6© > ( P L O T M ,*  = 1 .1 1 * 2 )  

6 6  FORFW 7(1H*»8X.1P6E20.R.)ReturnEND

- ci

0 *0

1. SUBROUTINE 6RAFIX (A .N .A lN  . MOR. T IN TS)
“ . OIMENSION A (N) > PREF (14 )
1. DaTA (P R EF(J) • J -  i > l 6 )  /  1 .0 >  1 . 2  t 1 . 5  * 1 . 6  , 2 *  t 2»S * 3 .0 »

1 3 .5  t 4 .0  i 5 .0  , 6 .0  t 7 .0  » 8 .0  , 10»0 /
4 . a n it  = a im
5 .  i -  AMAX = A H )
4 . AMIN «* A l l )
7 . 00 11 J  = £ •  N
». I F  ( M J )  «6T • AMAX) AMAX ** A(J»
a. IF  < A (J ) . L T . AMIM) AM IN » A (J l

n .  CONTIMUE
11. IF  ( AMAX *L E . AMlN i 6 0  TO 20
17. ANIT = l AMAX -  AMIN) /  T IN TS
1 1 . XPTEN = ALOSlO (ANIT)
U .  IF  ( A N IT  .LT . i . 0 >  IPTTEN = IP T eN -  1
1 5 .  AMJT * a M IT  /  1 0 .0  •• IPTEN
14. DO IS  J *  1 .1 3
1 7 . IF  ( P R E F(J*1 ) . o r .  ANrrJ GO t o  16
1 « . 15 c o n t in u e
p . J  = 14
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?‘n. 16 ANJT * PREFfJ> • io .6  • *  IPTEN?i. SZG = -.4-6
2 ? .  I f  ( AMlN . U T .  0 . 0  ) S I S  = - . 9 6
2 3 .  I F  l AKfcN . S t .  0*0) S i s  = .0 *

Nor = i f i x  ( o . l  * a m iN / antt ♦ s is  > • do 
2 * .  A I N  = A N iY
2 *. i f  ( a m a x  /  a n i t  -  Fl o a t  ( N o r ) . l t .  t i n t s  * o.s>
2 7 .  J  = j  * i
2 «». I f ( J  .L E . i4 >  GO To 16

J  » J  -  19-
i r .  i P T E J S f  = I P T E N  ♦  1
31 . GO TO 16
33. oo 2 5  J  = 1 ,  M
3 3 .  2 5  A < J )  « J

■>*. W R IT E (6 .3 6 ' AMA<
if. 30 FoRKAT̂ 63H-»»2.5#* all ELEMENTS Op X OR Y 

1 V A LU E .1P E 12.4-45H  SO ELEMENTS REPLACED BV 
3*.. GO TO 1 6
3 7 .  END

*

♦

m

♦

RtTUffS

a r r a y  Ha v e  sam e .
OWN SUBSCRIPTS'*



LINRBG1
This programme performs linear regressions on MC, WL, AH or 

WC data from the segments of the blocks \diich were exposed to soil 
contact and described in sections 2 to 9.

The main programme calls the subroutines BOTIN, INDAT, WBVAL, 
and AHVAL which perform the same functions as in TIGROT a-nfl HISTGHF.
The subroutine STORGE sets up three-dimensional arrays of MC, .WL, AH and 
WC. The dimensions are the 1U possible times, the'6 replicate blocks, and 
the 12 segments in each block. These arrays are accessed and the linear 
regression carried out using subroutines modified from the programme 
published by Sokal and Rohlf (1969),

Subroutine REGRN reads in a title card, the number of sample times, 
and the number of blocks sampled at each sample time. It reads in a code 
which selects MC, WL, AH or WC for regression analysis and the sample 
times to be used in the regression. The number of segments to be analysed 
is read in, together with the code numbers of those segments. Transformation 
of the data can be selected. REGRN then calls ARRYETi to set up the x and y 
arrays for the regression and then calls LINREGA with the x and y arrays, the 
transformation codes, a t-table, and the confidence level. LINREGA 
calls INPUTA (which transforms the data, if required, using the function 
TRANSG) and then performs the regression using analysis of variance. It 
prints out a conventional *Anova* table, and returns control to REGRN.
REGRN calls REGCOMP which calculates values for an *a posteriori* 
test of the equality of the regression lines. SIGTST is called to print 
a list of the tests to be performed to assess the statistical significance 
of the results.
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PROGRAM LZNRrCi ( INPUT,OUTPUT* TAPE5 *TNPUT»TAnr*=0UTPUT)

R.10. 
11 . 1?. 
1 .

in. ll. l?«
13.
14 .  1 ̂ . lft< 17.
1 A. 1 «*. 
?P.  
21 . 
2 ? .
2 3 .
2 4 .
2 5 .  2*.. 
2 7 .  2° . 
2 ®. 
30.  
31 . 
3 ? .  
3 3.

«rrwM?i4)» 5tOA(6). 
o r y w (12,6)» SrnBcft), warcri?*A.t • 
r n N R ( 1 2 . 6 )  » R n W ( f t O ) ,  
W R F n  ( 1 2 , 6 1  * N n L ( l 2 )  ,  

N 5 F « M 2 * 6 1 »  E ‘ » P B l l 6 0 1 »  
S i  r,j 1 1 2 . ft) * F a C B ( l * o ) .  
TT*if,i2.6) f
t » T r M (  i  ? . f . j

1 01 1

OTMFNStnu 5»EC(ft). I B U < P « 6 ) ,  *ETB(12*6)
?  M H N ( f t ) .  i S a m T  ( 6 )  • D R Y B f 1 2 . 6 )
1  I D A T E  ( 6 )  • T I U N ( i ? . 6 1
4 w R E M ( f t ) .  m ( 1 2  * 6 )  * T O U N j  1 2 * 6 )
A V C O N M ( 1 4 • 6 , 1 2 ) • TlTM(l? t6 j
ft V»TCM(14fb.l2) » TOTM ( 12t6)
7 vwCPCV>]4 . f t ,12)» WCPCVil2»6)
« v / w L S E G f  14,6,1?) , WL S E G (12»6)
o TITLE(BO)t UNTTT(12t6) .

C A L L  ft C H 'S M  ( E m P B *  F A C t ) * v c o m m ,  v w l s e r .  v r t c m ,  V * C p P v >
C A L L  I N O A T  < N q ,  N S t S P E C ,  N B I m ,  B L K N ,  t o i . k p ,  I S A m T .  1 0 A T E ,

2 W J M J ,  wPfTM, S f o a *  S T q B *  n S £ G »  M , WpTq, OpYq. T f * IM« TOlJN. Tj Tm,
3  T O T M .  S L G T  )

I p  e m r  . e o .  n ) n o  t o  l o i o
C A L L  K O V A L  I N n ,  N S « M» * E T r .  O R V B *  E M P O ,  S L O T .  «*f T w ,  q R Y w ,

2 WaTc» COMM, W S E G *  WLSEG. WCPCV, wJmI )
C A L L  A R V A L  ( N q ,  N S ,  M , T I  T * 1 ,  t I U N ,  T o m m ,  T O T m .  E a C « ,  S I C A ,

?  S T f i q • M M I T T .  t i m e * R T C M .  S L G T  )CALL S T O f i S E  < M B ,  N S ,  I S A M T ,  C o N M ,  V C O m m .  W L S r G ,  V * I S E G *
2  R T C M ,  V P T C M ,  *»Cp C V ,  V W C » C V  )

G n  TO  1 « 1  1
, „ f o  C A U L  R£&RH I V C O N M .  v W L S E G .  V M T c m ,  V W C P C V  )
1 ' S T O P  

Emo

S U B R O U T I N E  R E 6 R H ( V c O N H L  V W L S E & ,  V R X C H ,  W c P c V '  )
DIHENSXÔ  VCnN'l (]4.fc,i2)« VwlSEG () 4,6*12) * voTcm( i 4 .ft*i2)•

? vwrprvV 1 4 .ft, 1 2) . IXval<1 4 ) .  JSEGM2), ARX(1 *j . m«LM«> •
3 ARY(i"n). t i t l e t*o). t a t s o o ) .AsiiMXjnz), ash«*y u 2 ) ,Assexp(i2 )
4 . ASS"*FXri?). TLIMn(BO)

D A T A  (TAT^IL). L =I » 3 0  ) /  12.71, 4 . 3 0 3 ,  3 . 1 «2 , 2.77ft, 2.571.
2 2.447. 2.365, 2.3o6, 2.262, 2 .220, 2.201, ? • 1 7P. 2 . 1 6 0 . 2 . 1 4 5 ,
3  2 . 1 3 1 .  2 .  l 2 o « 2 . 1 1 0 ,  2 . 1 0 1 *  2 * 0 y 3 .  2 . o f l<>, ? . n p n ,  2 . P 7 * .  2 . p 6 Y ,
4 2 . nft4 . 2 . 0 6 0 , 2.056, 2 .052, 2 .P4 B, 2.045, ?.042 /

P F A O  ( B . o p p O )  N O S A M T ,  ( N R L t I Z J *  T 7 =  1 *  N O S A m T )
a.-.oO EORmat , I?, JX, 14(f2, IX) )

. . • • RpAnS ,,n. Sample tim^s , Then no. rlo^ks Samplfo at fach TtME 
p * * . . . E . G .  O'- 04  04 04 0 3  A 3  0 3  

g r n l  PrAn(q.9O03) (TITLE(j) , J = 1, f<o>
9 - . 0 3  P o r m a t  r 8 0 A I )

...RfDaS Tm TITLE CAWD---PABAMETEW---SEo NO.— -54»tpl.E TIMES c#* PrAO (P.P0O7) TNUM. mOXVAl , ( IXVAL(TN), I N — 1• NnxVAL )
ar07 EHRMAT ( T?. iX, 12, )X, 1X. ( 13. 1X) ) «aimf5

r . . . * * REAnS Tm A COPE NUMBrR • THEM MO. OF »-VALUES. T»'FM ACTliAl x-Values
r " * , » E . G .  ol oft 014 ( ) 2 »  04? 05ft 0H4 1 1 2  ,.NTrNT

{ s m o j S t i i p f  r .O'JT  2 = W E I G M T  L O S S  -» =  A r E T  REO N  ° a T f  , , = v»a T E p  CO  

*.... p=PeT"om
K Ir T tmum .EO. b ) Gn TO 0012

Pr An (>;. noPw) ISEGMO, { ISEG(IY), IY - 1 . ISep-mm )
9 r n P F o r m a t  r 1 2 *  l v ' 1 2  ( 1 2 *  l x * 1

, .  . P p A n S  1*' M O . O r  S r r . S .  t m f . m T d E N T i f Y I m g  N O S .  n r  S t n M r N T S  
c* 9 , . E . G .  o P  O l  0 ?  0 3  »>3 n 4 p*> p 6  0 X 0 P n o  

0 0  o n n a  I X  =  ) .  N O X V a L  
A O X ( I X )  s  I X V A L < I x )

9 f - n q COMTIM'tc
P r A P  f c , o n ] 3 1  T C O I ' E ,  I T W A M X .  I T w a m y  

9r•)3 Format f 3 » T?» JX j )
, R r  A n S  f i  r n P F  M O . .  ToaMSF n « M  c O | ) E  F O n  x ANO y .
. I r O n F  - , r»T '1 .  ) .  OR 2 .

O n o n )  a |W a  1 ,  I S F G .10 
I  *  e  T P r  r. ( T w )

ir (TNM‘\F0.1 )CALL ARpYFL( YCONM.IXVAI ,NOXVAL.MPl..TK.IrNT,.RY) 
Ir ( imiim rO. 2) Caul ARmyfL ( Vwl.SEG. I XVAi ,mOXVAL. • I* • 1C yt . *
Ir{|NH !.r0.3)' «LL ARnYFL( VRjCM.IXVAi ,MOXVAL.M«L.IP.Ir Nr.•uT' 
Ir fiM,)-i#rn.4)C«LL A»oYrL(YwCPCV,ixvAi . mOxval. m»u . T k . t C mt . 0u Y)

J  = 1 .  Po)

f’O
.NF. j . j  )  TLIMO(J) =  

(CLINO , J) , J s 1 . «fl)

)

Wq ITT ( ». , Of) p 4 ) ( TITLr(J)
g. oft F o r m a t  t l ‘ U ,  ^ x .  k o a I )

On *>0 r> .1 = 1
Jp | T1T|.F(J)
WDITf (ft.OOPft)

9005 COMTfMMr
9 0 0 6  f o r m a t  r 3 x .  8 0 A J .  /

wrttp f6 .gnl1 ) I*
?Oil PnRMAT f 3X. lAHSFGMpUT NUMBER, 12 ) 

r..,..ADG"MPMT5 FOR LlMOEGft 
..... I A.......Ml imp r 9 OP X. VALUES = NOXVAL
..... IrOnf. •.. TmPmt CO11E---NOT n l ? (rnR INPUT ran-* caposi
r....ITRAMX...TR»\MSroPMATTnM COOES FOR X-wAlUES
...... I TRxMY...TRaMSFOTma TT0M COOES for Y-WAI UES
..... TALPM....T VAl.Jfc ERG.. TABLES
..... At p r a....c o n f d e n c e value °.°5
r..... IfRf m. ... aRMay with .,0. of y-valufs aT Each *  = ‘|aL

SSUNEX )

3 4 . IJ?F = X cNT “ 2
3B. Ir ( J O F  .f;T» >
1ft. TaLPo = TATb(lOE)
1 7 . C f L L  LINppga (M.0XV,? S'lMXY, SSE
3«. Â !/**X 2 ( * R) = SJ MX?
32. A c; (| m X Y ( T W ) s 5.IMXY
40 . A<;srXRCTR) = SSEXw
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t- n. 
41 .
4?.M.
b 4 • 4 =
44. 
47. 6«. 4*. 
70. 
71 . 
7?.

71.
7*.74.
74.

. point amova table
•'RITE (4.5") SUMY2 , I AMI » VAbG, PSG3 «

2 SSEXP. 11 . SSpXp , PSFXP*
3 SSIP'EX. I amp. vumEX, PSi?EV,
4 SSE°0 » nof. wawVaR.
4

Fophat r /?5x
SSTOT. NTOTmI

. 2 1 h analysis of VARTArtC6>/
2 7K S0URC6, 7 X• 2 USS* 2 0 X. pHl'F <> ] 4 X « 2MMS, 1>*X. VHX 1
37m GROUrS. P 1 3 . A 1 1 7, 2FP0.4/2X.
AfeMLTNE/vp.. PIS.4, I 1 7, 2F P0.4/2X,
54MpPV. PI 7.4. 117, 2P?0.4//
hf.M EPR"”. P 1 4.4 . 117, P20.4//
74M TOTAL. P 1 4.4 . 117)

..... p/?tp/xp€ TAMir OF YMAT. Cf>uF lUF NCE LIMITS aNI nF«t/»nOMb
</DITF (6.^0)

ao format t /2x. bHSAMoLK. s*. ihx, u», ih yt to*. ^HLi. ’°x*? 4.4THAT. nX. jHLv* ?x» RHjiEVIaTIom )
On 7 0 » = 1 ♦ I *
V ^ a t  =  * ♦  M • x ( 1 )
0£V = Y«i/,R(I) .  YMA T
STDRXT • SqRT t VUMEX • ' 1-0 ' ToTN’ ♦ ( X(X) - >©*<0 * 
a l X U )  - XBAfO / SUHX2) ) * TAtPrt

*1 = YHXt -  STQWXT
= yUat * stdwxt

*RT TE(0.6^) I. X ( I ) • YMAH(I), Yl, YHAT. y?. pCy 
fr5 P0O *‘ AT f T*», A C 1 2 .S  i 
TO COMTI'IIĴ

"RTTt ( A,ion?)
j Oq? PqRmat (7'<n. gx, « - si)mXSQM0. 4X, 4hSU.<X»Y • ?*. GROUPS’ l x ’

? 7HSMYHt<;0. ;>X, 7*«SMpSOY X, 3X, MHSSWTTHlN, «,». 4-<m vx. ix.
1 7«qAR9A^V* SX. 5HHAo X, .IX, 7KA(YtNT)1
Wsitp fft.innj) SU-1X?. SUMXY. SUMY?. qSfXP, gqiir.r*. 4SrRR. •».

2 YBAR0. XHAll, A 
l*oi PnOMAT t nx. 1 a p i . 2 )

R c T l l R n
Eun

12 1.4
5 .

4.
7.
A .
Q .

1 0 .  1 1 • 
1 *. 
1 “». 
14. 
1 *. 
14. 
17. 
1 0 . 
1° .  
20 . 
2 1 .  
2 2 .
2 3 .  
? 4 .  
2 5 .
2 4 .  
2 7 .  ?o.  

2 0 .  
3 0 .

3 1  .
3 2 .
3 3 .
3 4 .  
3 5  .  
3 4 .  
3 7 .  
3 0 .  
3 o .  
4 0  .

S'lPBOlITTNf: I.’JPUTA ( 1 A • I FPE» YBAb , wA», WAyvAB. TTRAmS. AuRAYY) 
OTfir'iOTOM I Fre ( 2o I • yHAR(2o>» VaR(2 <)i , DATA r «.» • 4BBAYYr7d»
Wbj tp(6 . jni

30 F’nRf̂ AT flH 3Xt b^SAMpLEt ?X, 1HN, SX, aHMEAN. o x . h-»VaRTAmCF j 
SUMnP f  n.o

.........CALfUl. atiOM OP MEANS. VARIANCES. SUM op OP. AMU wr f i;MT»n <■ vER/>f.pWA VV/1M = 0.0 Jo - o
OO 7r. J = i» IA 
IFREO = TPRE(r)
PREQ = TPPPO 
OP = P p rO -  i
On ino'» ja= i ,  ippeO 
Jo - .)•» ♦ 1 
OAT A(JA1 = ARRAYYljB) 

iron Continue 
Siim = n.n
00 40 J = 1« lPREN 
Ip (ITRamS) 35* 35, 71 

71 DATA(.I) s TRAMSGj ITRaNS,OATA( J) )
75 Sum = sum ♦ o aTa (j)
60 Continue

YRART - SUM /  prpo
Ybap( i ) = yhabt 
VaRm = o.n
iP(irREO-l) 45. 4 5 , aR 

*«; Vart = o*0 
Gn Tn Si

4 <j On 5 0  J = 1 ,  Tpreu
VARM r WARN ♦ ( 0ATA(J) -  YBAR( II )

« 0  CnNTTNUE
v a rt » WA°V / Of 

S] YaRII) a VART
SUMpp = SUmQf • op
'-RITE(6.601 I, IFREO. YBART, VART , (DATA (J<, . j<c4 , FrEq ,

*.<* FORMAT f 17» 14, P10.A. F12.4. MFIO.3,1*) )
WAVVAW 3 WAWAfT • V.ArM

7 0  continue
*AyVA.R = WAVVAN / SU«OF
RpTURn
End

1 .  F . i nCTTOm TWAm s GI ICOnE. UATA )c... Tuis suponuTiNP performs various common transformationsr.... T m f o l l o w i n g j s an ar i t h m e t i c STa Te MfNT FUNpno-i
ASIH**’ = ATaN ( X / SORT ( l.o - X ; x 1 )

1 . Ip ( tPonri qg. 9 4 , ,‘ on
4 .  go  T OAMSn s  OATa
4. RrTURM
4 . Inn GO TO ( t . 2 . 3 , 4 . 5 . 4 , 7 , R,9) , I CODE7. 1 TRA^a =• ABSlOAr̂ l
o. RrTliRM
° .  2 TOAL’SG s SORTfriATA)

I n .  RrTURN
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*

1 1 . 3 T p a *'SG a S O R T !  D A T A  * 0 . 5  )
1 2 . R r  TllPM
1 3 . 4 T d a m S G  s  D A T A  * D A T A
1 4 . R r T U R M
1 5 . 5 T R A W S G  a A L O G l A ( D A T A ,
1 *-. R r T U R M
1 7 . a T p A N S G  a A L O G I p J D A T A  ♦ l . n )
1 «. R r T U P N
1 R . 7 Ir ( 0 a t A -  1 . 0  ) 7*;, 7 1 ,  71
2 0 . 7 1 T o A M S G  a  9 0 . 0
2 1  . R r T U R M
2 2 . 7 S T P A M S G  a  A S I N  ( S O R T  ( D A T A )  ) * 5 7 ,?Rc;7 n
2 3 . R E T U R N
2 4 . H I F  ( n.'rA -  1 0 0 . 0  ) 0 5 , 7 | f ;j
2 5 . as T O A M S G a  A S I ^  ( S O R T  > D A T A  / l o O . O  1 ) • S T . P R ^ T P
2 5 . R r T U P N
2 7 . 0 T p A N S G  a  1 . 0  /  O A T A
? a . R r T U P N
2 °. E n d

*

*

*

#

»

*

i
73
4
5

a0l* 1 1 
12 
1 3
14 
1 1 1 41 -r 1« 1 R
20
21 
2223
24

2s;
2a
27
2*23in
31
3?

1
?
3

4a
a
7

ao
10
11
1?
13

1415
1 ft 
17 1 0
1920 
21 2?
2324
25

2*>
27

SUBROUTINE HFGCOMP ( I s E G n O .  m O X V A L .  A S U M x 2. ASU^XY. a S s E x P.
? a S S U M F v 1
O T M F M S T o m  a S S F * P ( 1 ? ) .  a S<Jm X Y ( 1 p ), a  S M M X 2 1121 • A S S U N F X f l ? )
0| a Q P  a Q 3  = S M S S W n x  =  n . O  On 7nno 8 1• I Segno

........ . 1 I S  S U M  O F  { S U M  Y m A T  S O M A p E D  1
Ol a 01 ♦ ASSF*P( III)

......3»IAMTT^ 7 IS S IM of t SUM PRODUCTS X«Y )
Q?=02 ♦ ASIIMXVdUl

..... O'.'AmTtTv 3 IS SUM OF ( SUM OF X SOUAoEn )
0-, = O 3  ♦ A S U M X jM I U )

........ S m S S U m X 1 5  S U M  O F  < m n e X P l a I N E D  s u m  o f  S O U A R r S )
S m SSI'm * _ SMSSJNX ♦ a S S U N E X ( I U j 

7 'l0 n C O M T I U U ^
3 4  a ( Q ?  • Q ?  ) / O i
OS a Q2 /  03
3 a  a 01 - 0 4
O f f  = T s e g n o  _ i
37 - Q6 / off
S M N P P S  r M O X V A L  * I S p O N O
O C M S  a S M M P P S  - ( 2 * I S E G N O )
Q o  a S J ^ S U N X  / D F " S  
F S — {̂ 7 / Q»)
WO I TF ((}. 7nn 1 )

7 n n  1 F o d m a T j j R ] ,  4 . S M T F S T  F O P  E Q U a l I T y  O F  S i. O P e  O F  o r o R r S S f O N  i I N f S, 
w o j t f (ft.7no2)

7 n 2 F o r m a t  i ]i«n. ? a h a n a l y S I S  o r  v a p I a n c e )
wo jtf (ft. 7nn;n

7 o n 3  f o r m a t  r i m p , a x ,  i r v,s p u r c e  o f  v a r i a t i o n * * x . ’ k 'F, •*«. ? m S S »
7 ax, 2u m s , fi», i m f)
WO]TF If,. 7 0 0 4 )  'IFF, 0 t , t  Q7, fS

7 ^ n 4  f o r m a t t i h o , i i x , 7 h a m o n g  m * 3 x , 4 f 1 o . p i

WolTF (ft* 7P0S)7 PS FnRMATC'X. 1 7  w >/ A p f: A,.OMG RKGRNSl 
WOTTF rb.7noh) OFI'S,  aMSSUNX, QH 

7 " 0 *• FORm aTIiHO, 7 X . 11HWT AV f)EVNS» 3X. iF10.2) 
woj tF ( 6 . 7 o n 7 )

7*.o7 Format t 7X, *»)HAV Vap*j -ITh IN REGONcj««TUrtaJEND
SunPOllTruF SIGTST
woit f (&,snnO)

ar.nn form a t t i»«o, i o t h If FSGmou p s tS Greatfr t-m i , f f w o-* taHi_f S
7 (FOR pFaPOUPS «/ERSUS OF ERROR) Thf n aAMPLES nrrrrP s raNtr ,CANT( Y i 
nojrria,aon1>

aonl format r lup, )P7h If FSDEV is rRf aTeR t*u ,i f xroa i.r^fS
7 (FOR nroFV VERSUS UFrRBOR) TmEN LINF IS LINFad ,
•hoitf (a.aoo2)

ann? Format r IMP, io7HlF FS LINEAR IS GREAtfr Tmam r rRoM
7CFOR pFi INFAR VERSUS dfoEV) Then REGRESSION la significant t
WO I TF (a . POP3)

ar m  Format t i m p, i o7m If famo n g r Is greater than f fr o m tables
7 (FOROFAmONGB VERSUS o FwTAV) THEN SLOPES ARE STGn IF MFFrRrNT ,

*101 T r  < a ,  n p p 4  )

AOP4 FORMAT ( Im O, ?07HA POSTERIORI TESTS fad olFFPRFNrEs AmOmg a
?Sf T OF REGRESSION COrFFS. HY THE SIMULTANEOUS TrST RRpCfPmPe »
Wo ITF(a,apnsi

aopR FORMAT < IMO, 1 0 7 H S S C R I T  = DFAmONGB X "SwTAVprVM X F fro
7  M TftFM.Fa FOR OPAMONG,, VERSUS DF h  T AV ,
woITF(a,HO 0 6 1

son* Format < luo, Tothto Compare a SET of rnrrrs -ith SsCRIT
7
WRITE(4,0007) 

a:.n7 for m a t c JH0.
wottt (/'.BonR)

q0n« Fo r m a t rtHp,
woTTFla.OftnR)

qnpQ EpRm ATIIMO*
WoITF<a,aplp) 

a m o  f o r m a T I i h o ,
Wo I t F ( 4 , P p l l )

4jhouanti ry ! = sum of r y m.. tso»o > tor Set
4 1 HUUANT i t y ? = sum of , S11 m X # Y , r(,„ Se t

AlHOUANTITr 3 = SUM OF I SU -X2 ) Cnp 5(. T
41 H DUANT1 - ( (pUaNT2*0>ia.,TP) /

aifl FnRMATtTMp,
?N IT IS SIGNIFICANT 1 0 7HI F SSC AlC1 IL a tEo IS Gopatpo Tm ,.v SsCRIl Tmc

RrTURN EmP



LINREG1 Input

Cards 1 - n : As in TIGROT and HISTGRF
Card n + 1 : Number of sample times, number of blocks sampled at

each time, 
e.g. 06_04_03__03_03_03__03 

Card n + 2 : Title card
e.g. WATER CONTENT SEGS 1 TO 12 SAMPLE TIMES JO TO 154 BIN 12 
Card n + 3 : Code number ; 1 = MC, 2 = WL, 3 = AR, 4 = WC, 5 = Stop.

Number of X-values (Sample times), actual X-values (days)
e.g. 04_06_070_084_112_126_I40_154
Card n + 4 i Number of segments to be analysed, Code number of segments 
e.g. 12J)1_02J)3J)4_05_06__07__08_09J 0_11_12
Card n + 5 : Code number for input ( Not 0,1 or 2 which are for input
of Means from punched cards ), Transform codes for X and Y ( 0 = no transform) 
e.g. 03_00_00
Cards n + 6 to n + 9 • Same as n +' 2 to n + 5 to continue data processing 
To end processing :
Card n +‘ 6 : Title card to end program
e.g. END OF REGRESSIONS
Card n + 7 : Code number card which selects option 5 (Stop)
e,g. 05.01_.000

LINREG1 Output
411 Tro '■'"I'TTNT S 1 TO \ p Sa»PLF TIMES t ; TO 15* BIN 12

^ p » ;u r*jT  'JIJU:* F »  1 

* X-VaJmES
Âup̂ r M 
' 4

4 • I-PUY p O D E t r a n s f o r m a t i o n  c o d i

u r / i N V A D l A M r E

6 * . 5 « 3 * 3 * . 0 9 0 4 * • 0 2 1 5 9 . 4 2 9 5 6 * 3 8 1
6 4 . 3 7 0 * 2 . 1  * 0 3 6 3 . 1 1 1 6 6 . 0 0 0 6 * . 0 0 0

8 0 . 7 4 5 - ' ' 3 2 . 0 1 «* * • 6 4 7 8 1 . 5 2 4 8 4.0 *4
7 3 . 9 7 5 5 1 0 1 . 2 4 7 9 7 5 . 3 7 8 6 3 . 2 8 9 8 3 . ? 6 9

7 1 . 7 4 3 /. 7 * . 1 3 n 3 7 7 . 9 7 7 7 5 . 3 7 8 6 ? . 9 3 5

7 2 . 7 7 * 4 7 . 2 * 0 1 6 9 . 6 0 9 7 4 . 6 6 7 7 3 . 9 5 6

E Q U A T I O N I S  Y • 5 0 . 4 7 1 « 9  ♦ , 1 3 5 0 0  X

, 0 0 0 0 0 m f a m  o r y ■ 7  *.5 9 2 4 a TOTAL N « 1 9 .

6 9 . 7 4 4

V*RI*NCF nr X ■ oao.OOOOO VARIANCE OF v ■
8 5 , *  P F « r r N T  C O N r I 0 E N P E  L I M I T S  r p R  T m E S L O P E  A R E

4NA( YSIS OF VARIANCE

7 0 . 7 8 0 - 4 *  

- . 0 2 6 3  AnD

Ŝ jRfr
3P0"PS..INEio
n£V.
EpROR
T^TAi.
4AMRir1

21
45 *

ss
7 3 4 . 0 4 * 3  

3 ? 1 . 8 1 2 T
4 1 2 . S ? 9 -  

4 * n . 0 0 3 - »  

j - j .T 4 .0 4 4 l

7 0 . 0 0 0 0 0  
A 4 .0 0 0 0 0  112.000OO 1̂ 4.00000

i*o .ooono
f q 4 . 0 0 0 o n

6 2 . 0 9 3 4 1  A4.l7m7 
R 0.T 44Q 7 
7 3 . 9 7 0 * 9  
7 1 . 7 4 1 4 2  
7 2 . 7 7 0 3 7

nF
5 1

4

n  
1 R 
LI
5 6 . S 5 0 7 *  60.11601 
6 5 . 4 T 6 5 5  
6 7 . 0 7 2 s *  
4 7 .4 9 6 2 *5  67.09110

MS

. * 9 6 3

rs
1 4 6 . 8 0 8 5

3 2 1 . 5 1 2 7
1 0 3 . 1 3 2 4

3 . 5 3 * 33.11752.*«2o

*jmXSQRI
t 7 4 * 0 . 0 0

SlJNX#Y SSOPOUPS SMYHTqQ2381,48 734.0* 321.41

* 1 . 5 3 8 8

yhat L2 nEVIAT IOn

6 4 . 9 2 2 2 * 7 3 . 2 9 3 7 2 - 2 . 3 2 0 0 1
6 6 . 8 1 2 3 1 7 3 * * 8 8 6 1 • 2 . 4 * » 9 *
7 0 . 5 9 2 * 5 7 5 . 5 0 8 3 5 1 0 . 1 * 2 5 2
7 2 . * 8 2 5 2 7 7 . 8 9 2 * 9 1 . 4 9 4 9 0
7 * . 3 7 2 5 9 8 1 . 0 4 0 8 9 - 2 . 6 0 9 1 6
7 6 . 2 6 2 6 6 8 4 . 6 3 * 1 * - 3 . 4 9 2 2 9

SMDSQYX S S wITMIN 0 YI
* 1 2 . 5 3 4 * 0 , 0 0 •  1 4

T ■  2 . 1 1 c  A7 p ■  . 0 5 0 0

PROS

, 0 4 0 * 0 6
. 1 8 1 2 5 5
, 0 9 4 9 * 9

RAoBARY 
t O , 5 9

04R X 112.00 ArYINTI
5 5 . 4 7



GRFPLT2
Program GRFPLT2 was used to analyse water content data collected 

from the segments of wood blocks exposed to soil and described in Sections 
2 to 9* The program uses the average water content of a segment at each 
sample time and calculates a moving average and the slope of the curve 
of water content against time at each sample time. The technique is des
cribed by Gregg, Hossell and Richardson (1961*), and in Section 11.2.2.
If the slope, logarithm^ of slope, slope -5- moving average, log^Q (slope 
-5- moving average), and log^Q (slope -f- moving average squared ) are 
plotted against sample time, then the characteristics of the resulting 
curve indicate the type of curve which will fit the original data.

The main program reads in the title, the number of curves to be 
analysed and the number of sample times for each curve, and each sample 
time in days. It then reads in the values of water content for a segment. 
Subroutine MASLP is called which calculates the slopes and moving averages 
for the curve at each sample time. This is repeated for each curve. The 
characteristic values for each curve are calculated and the main program 
then calls GRAPIT nine times to plot out the data. Further data can 
be analysed or the program terminated.
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%

m

♦

%

*

*

*

FFC.IRAF. GHF1-LT2 ( INPUT,OUTPUT,TA1 E5=INFllT,TAP E6*0 UT TJT)
DIMENSION ? ( 1 7 0 ) ,E ( 1 7 0 ) ,  F (1 7 0 ) ,  C (1 7 0 ) , H ( 1 7 0 ) ,? ( 1 ? 0 ) ,  5 (1 7 0 ) ,

2 Y (1 7 0 ) , 2 (1 7 0 ) ,  3Lp( 1 7 0 ) , HOVAV( 2 5 ) ,  XTI! E (2 5 ) , Y P 7 3 (2 0 ), V (170) 
5 , ATITLE(OO)
REAL K, KOVAV 
IY=0
P EAD( 5 , 3007) ( ATITLE(NC) , NC= 1 ,8 0 )

3007 FC:-C'IAT(80A1)
3008 HRAT)( 5 , 3000) NCURV, IIV, EFTS
3000 E'CRFAT ( 313 )

C ......... NCJRV 13 NC. OF CURVES TO BE ANALYSED ( 12 OR LEE" ) 000 FOR STOP
G......... i.“V 13 NO. OF EAIO'LE TIMES ( 14 OR LEE" )
o ..........  r.cuRv *  ; jv k c t  greater  than 170

I F  (  IICUR V  . B i .  0  )  s t o p

HEAD ( 5 ,3 0 0 1 )  (X T IK E (I1 ), 11 = 1 , KV )
3001 FORMAT ( 2 0 F 4 .0 )

IK. 5002 10 = 1, I.'GUP.V
I'EAD ( 5 ,5 0 0 3 )  ( Y i^S ( 1 3 ) ,  13 =  1, NV )

300 5 KORI-jVr ( Or 1 0 .3  )
GALL MAI-ILF ( YFT'G, NV, 5 , "L P , I’OVAV )
DO 3004 IK = 1, IIV 
IY= IY + 1 
V (IY) -  Y IT E (lK )
- ( IV )  =  :o 'i ;-:h( i  )
Y( 1Y) =  SL P (IX )
. : ( IV) = KCVAV(IH)

,oo.: co ir iN U S 
5002 co ntinue

14 = iicumv *  ::v 
do 3005 i x  = 1 , 14 
:•:( i x )  =  o .c
F (J.< ) =  0 -0
g ( t ::) = o *o  
! ( I .< )  = o *o  
f ( i x ) = o * o
G.(lX) =  0 *0

5005 icntin uk
WRITS ( 6, 3009) ( ATITLE(I:g) ,  IJC= 1 ,8 0 )

<009 rCKFAT ( 1H1, 80A1 )
.-.RITE ( 6 ,2 0 0 6  )

2006 FCEA-AT ( 1H0, 6X, 5RI-TJEX, 2X, 4HTIFE, 8X, 4H1)A*’,JI, 6X,
2 9!r:0VIKG AV, 3X, 5i:GLCPrJ, 5X, 9HL0G ."LOPE, 2X, HNLCG DATA, 3X,
3 9 : : : : : .P ' / v o v a v ,  2 X ,  ? n l c c ; ; l / : : a ,  2 X ,  i o i t e j i p  :  a t a ,  2 X ,
4 15 :fo j :■ /. a .p o , /  )

2;  3006 I X *= 1, 14 
" ( IX )  = ALCG10(W(IX))
f ( i x ) = 1 . /  w (ix )
IF  ( Y (IX ) . I.T. 1 .0 E -1 0  ) G (IX ) = 0 .0
I ?  ( Y( 1 X) .L T . 1 .0 3 -1 0  ) GO TO 4000
G (IX ) = A:.0G10 ( : ( I X ) )

,1000 IF  ( Z ( lX )  .L T . 1 .0 F M 0  ) E (IX ) = 0 .0  
IK ( Z (JX ) .L T . 1 .0 3 -1 0  ) CX, TO 4001
IF  ( Y( IX ) . I T .  1 .0 E -1 0  ) (X VU 4001
K(1X) = Y(1X) /  2 (IX )

4C01 IF  ( 3 ( lX )  .L T . 1 .0 5 -1 0  ) ? ( I X )  =  0 .0  
IF  ( r (IX )  .L T . 1 .O S-10 ) GO TO 400?
F( I X) = ALOG10 ( E ( I X ) )

400? I F ( z ( iX )  .!/ ! ’ . 1 .0S-1D  .CR. Y (lX )  .LV . 1 .0 B -1 0 ) Q (lX) = 0 .0  
IF (X flX )  .L T . 1 .0 3 -1 0  .C P . Y ( l / )  .L T . 1 .0 E -1 0 ) GO TO 2007 
I = Y (IX ) /  ( 2 (IX )  *  2 (IX ) )
IF  ( P .L T . 1 .0 B -1 0  ) 5(17.) = 0 .0  
IF  ( R .L T . 1 .0 E -1 0  ) GO TO 2007 
«i( IX) = A LOG 10 (R )

2 0 0 7  WRITE(6, 2005) I X ,  T ( I X ) ,  W ( I X ) ,  2 ( l X ) ,  Y ( l X ) ,  G (lX ) , : « ( l x ) f S ( I X ) ,  
2 F ( I X ) ,  I’ ( I X ) ,  p ( lX )

2005 FORMAT ( 1X, 110 , 13F11 .6  )
3006 co ntinue

CALL (7-i:a f it ( T , V, IX , 50, NV )
CALL C?;a v it (T , IX , 50, NV )
GALL a * :a f i t ( T , y . IX , 50, NV )

Ll. Cr.iiA'-'iT ( T , IX , 50, NV )
GALL c; IT ( T , IX, 50, iiV )
CALL Ct : ■ IT ( T, IX , 50, r:v )

)GALL GHaFIT ( T , i', IX , 50, NV
CALL CliIA KIT ( T , ’K, IX, 50, MV )
GALL QJ'AI’IT ( T , IX , 50, IIV )
GO TC 3008
END SUSEOUTIKS F.A3LF ( A, HUM, L, 3LP, KOVAV )

d if f u s io n  a( ? o) ,  s l p ( 2 0 ) ,  kuvav(2 0 )
REAL 2.0VAV 
DO 4003 13 = 1, KUK 
.Li ( IP.) = 0 . 0  

FC7..V (13) = 0 .0
4004 g l : t i ::ueIF = ( L / 2 ) + 1

ig  = ;t f  -  ( :. /  2 )
IX 4002 TT = IB , 1C
IK ( L .GT. 5 ) GO TO 4002
S L P (IT ) = tA (IT + 1 ) + ( 2 .  *  A (IT + 2 )) -  ( 2 .  *  A (IT -2 ) )  -  A( I T - 1) 
iOVAViIT) = ( A (IT -2 ) + A (IT -1 ) + a ( i t ) + a( i t + i ) + a ( i t + 2 ) ) / s .

t : or JC'Fi-ii.'t'E
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GRFPLT2 Input

: Title card
BIRCH 45 PC SMC WATER CONI’ENT TIMES 0 - 8 4  DAYS SEG 7-12 
: Number of curves to be analysed, number of points in each 
curve.

: List of 15 sample times in days 
e.g. 000*014*028«042*056*070«084*098-1 1 2 *126*140*154«168«182*196- 
Card 4 & 5 : List of water contents at each sample time for each

* segment.
e.g. 3• 3______ 40• 296____52• 530____72*533____74• 108____80• 654____78• 222____78• 0

78*0_____ 78*0______78*0______78-0______78*0______78-0______78*0
Card 6 & 7, 8 & 9, 10 & 11, 12 & 13, 14 & 15 : Same format
Card 16 : Title card
e.g. BIN 16 BIRCH 45 PC SMC WATER CONTENT TIMES 0-84 DAYS SEG 7-12

Card 17 - 24 : Title cards for graphs 
e.g. MOVING AVERAGES

♦ SLOPE___IF LINE IS H0RIZ0NTL = STRT LINE___ IF AT ANGLE = PARa BOLA

LOGARITHM OF SLOPE___IF LINE SLOPES DOWN TO RIGHT = SIMPLE MOD EXPNTL
LOGARITHM OF DATA
SLOPE / MOVING AVERAGE___IF HORIZONTL = SIMP EXP___ IF AT ANGLE = LOG PAR
LOG (3L0PE/M0VING AVERAGE)....IF DOWN TO RIGHT = GOMPERTZ 
RECIi-ROCAL DATA
L0G(SL0PE/M0VING AVERAGE SQUARED)....IF DOWN TO RIGHT = LOGISTIC

Card 25 : Card to finish analysis
e.g. 000_00000

Card 1 
e.g. BIN 16 
Card 2

e.g. 006_15 
Card 3

♦



FIT5PT
Program FIT3PT was used to analyse water content data collected 

from the segments of wood blocks which had been exposed to soil and described 
in Sections 2 to 9. The program calculates the equation of the curve 
for a parabolic, log parabolic, simple modified exponential, Gompertz 
and logistic curve, using the 3 - point method described by Gregg,
Hossell and Richardson (1964 ).

The main program reads in the average water content of each
sample time for each segment and then calls subroutine PT3. This
routine calls ABCFAC to calculate a, b, and c in the equations :

y = a + bt ( Straight line )
log y = a + bt ( Simple exponential )2y = a + bt + ct ( Parabola )
log y = a + bt + ct ( Log parabola )

It then calls subroutine RST which calculates a, b and r in the equations 
y = a - br^ ( Simple modified exponential ) 

log y = a - br^ ( Gompertz )

~  = a + br^ ( Logistic )
Subroutine PT3 then writes out the results.
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PROGRAM P2T3PT (INPlTT .OUTPUT,TAPE5-lNPUT,TAPE6-0UTPUTl 
DIMENSION AFAC (2 0 1 . B F A C (20 l. C F A C (20 I. Y P TS (2o i, X T l ^ E ^ I .

2CO«MoIL5FS c,t 0FAC, CFAC. RM
5007 I t l M Z l t t l l i  1 A T iU E ' “ i , t " C' 1' , , ) l  
,  ̂ f f^ D < 5 .A 0 1 0 ) NPFT. RM
*  1 9  R?aW ? ,1 oo| |  i t f / s F A C d l  . CFAC ( L I , L » l .  MPFT I
3000 F e | f> ( * f f3 0 p |0NCURV, NV, tfpTS

:? .? ? . NCuSv IS  WO? OF CURVES TO BE. /WALV-SED.<iZ OR L£SS » 000 FOR STOP
M  IS  NO. OF SAMPLE TIMES < IV O R  1.E3S »

‘... ^

^ ? 1 m (iCTIHE<I4,’ 113 A* ^ ’
' ( * Y P r s a 3 i , n  *  i .  n/V •

& \3W j J s jLa ‘ *  ’ * *"* ’80 ’( tpts, a/pft 1

3001

: 1.23.

15.
I s  >j . Jjt3 \

SUBROUTINE ABCFAC ( V .  XV* A, 8 , C )
DIMENSION AFAC (20 1 , B F A C I20 I, C F A C (20 I, V UO I 
COMMON AFAC* BFAC, CfAC, RH 
SN1 -  S M 2  = 5M3 * 0 .0  
DO 1000 L s 1, HV
SMI = SMI ♦ ( V ( U  * AFAC (L I I
5M2 = S H I ♦ ( T i l l  • BFAC(LI I
SM3 = SM3 I V ( L I • CFAC (L I I

1000 CONTINUE
A = SMI /  RM 
B = SM2 '  RM 
C - SMJ /  RM 
RETURN 
ENO

3 3. 1 J  ̂!. * _ •
.

-♦ -*

•* 1 11. 
3.

3) v - ■j.t
3 ' 1

SU0ROUTINE RST ( W, « P T ,  A ,  8  , « R  1 DIMENSION *<(20,1
4f  ( NPT «N E .  1 2  1 RETURN 

SUM = SSUN = TSUM = 0 . 0  
0 0  1000 1 * 1 .  5  

RSUM = RSUM ♦  WTII K s I * 7
TSUM *  TSUrt * Vi(K)

1 000  CONTINUE , „
SSUM0 *1 SSUM ♦ * Vi ( Jl

1 0 0 1  p ™  /  5 . 0
T  = T S U M  • 5 . 0  
S  = S S U M  /  6 . 0  
T S S R  -  ( T - S  I t  ( S - R l  
R N P T  * WPT

SPftS.i * * V «( RNPT -  5 . 0  l 1 * ALOGIO (TSSR)
( 2 . 0  -  S ) -T  ) -R

( (S * S ) _ r  * T * R I> /  3TR
STR = (nr

_ R l .  Z2
S r ' s^ R  +  «  ♦ (ft2*RR) ♦ RA ♦ (R V R R l 
B  =  ( 5 ? 0  /  R P R  > * ( < (3 -R >  * ( S - R l  ) /  3 T R  )

8®*"

’ J , I ,
I •* 3.
j •, 3-..* *
i'/.A •
J t
3 3.

SUBROUTINE PT3 ( Y , NP >
DIMENSION Y ( 2 0 i .  AFAC«20>. S F A C (20 I, CFAC(20 i . Yl 0 G (2 0 ) , e y , * - . .  
COMMON AFAC. 8FAC, CFAC, AM

1000 CONTINUE ^
WAXTC^lOOi*(Y, NP, APAR, 8 PAR. CPAR l

1001 S ĵ s s s -cSS; 1ha* 19x* ihb- i9x* ihc*

1003 roAMAT6 t 4a 8 S i 2X ? ’ i | K 6 sCp ARA60LA, 6X . 5F20. 5»

100,1 SK*&-{ 5• **• f“ -5>
V f t I T E ( 6 , l 0 0 5 l  A G O r t . Mt o O M ,  R R 6 C M

RETURN 
ENO

I C g i . Z P R O . S ,  2 0 X ,  F 2 0 . 5 )  
RRLOC I

2 F 2 0 .5 ,  2 0 / ,  F 20 .S )



%

*

FIT5PT Input
Card 1 : Title of analysis
e.g. BIN 16 BIRCH 45 PC SMC WATER CONTENT SEGMENT 7
Card 2 : Number of points in curve, curve coefficient ( which

depends on the number of sample times ) 
e.g. 012_______4004*

Cards 3 - 14: List of factors for the calculation of a, b and c. One 
card per sample time, 

e.g. ____3003*0 -869*0 55*0
Card 15 : Number of curves to be analysed (12 or less), number of

sample times (14 or less), number of points per curve 
(000 to end)

e.g. 012008012

Card 16 : Sample times
e.g. 014*028*042•056-070*084*098*112*126*140*154*168*182*196-

Card 17 : Average water content values at each sample time
e.g. 3*3______ 40*296____52*530____72*533____74*108____80*654____78*222__

73*0_____ 78*0______78*0______78*0______78*0______78*0______78*0

Card 18 s Repeat cards 15 - 17 for next data set (000 to end) 
e.g. 000000000

307

*

78*0



NLIN
Program NLIN was used to fit a Gompertz curve to the values 

of water content in wood blocks against time of soil exposure and 
described in sections 2 to 10. The technique is described in Section
11.2.3. The program is a modification of the NLIN2 program in the 
IBM SHAPE program library, originally programmed by Baumeister,
Sheldon and Stanley. It uses the Marquardt algorithm for least squares 
estimation of the parameters of a non-linear curve. The program was 
modified by P.V. Mueller of Imperial College to allow implementation 
on the CDC installation at Imperial College, and by the author to allow 
the analysis of the water content data in the format used in the GRFPLT2 
and FIT3PT programs.

The main program NLIN calls the subroutine NLIN3. This reads in 
the data and calls SUBZ to calculate the means and deviations for use by 
PCOBE. This calculates the values of the function given in FCOEE for 
each data point. NLIN3 then compares the calculated and observed results 
and changes the values of the curve's parameters systematically until 
the calculated and observed results are the same, or there is no further 
convergence, or a specified number of iterations is reached. The values 
of the parameters, and their confidence limits is printed out with a 
graph of the calculated and observed results.

The program was tested using the data supplied with the listing, 
and with the data for 'Commodity A* given by Gregg, Hossell and Richard
son. The program listing is given here, but no information on input or 
output, which is available from the documentation supplied with the 
program.



PROGPAH WLIW( IWPvn-.OUTPUT,TAPC3.TAPt5*INPUT.TAP£fc*0UTPur' 
COMMON X,1100,5t ,Y (100I 
CALL NL3N3fX.Y.100.5)
STOP
END

%

1. SUBROUTINE Nl1M3(x.Y,NPWHI,NPV>12i

NOMLINFAP LEAST SQUARE'S C BY D. V. maRquaRdV : PROGRAMMED BY T. BALMEISTER in.
J .  A n W S W E l D O * / A N D  R v j S >  h .  i t A H L f - V

IlKT-1 HEARS USE UPPER a MATRIY 
I0KT-2 MEANS USE TAPE 3

le. DIMENSION FMTIlZ, .pRRTcSl .SPRNT(5)
3. DIMENSION BS'SOt,0B'50i ,BAlS9l,6>S0).WlSll.1BiA9i ,SA<50>,Pl50l»Ai5♦0,511.0(50).TJTLEilO)• . DIMENSION X (NPWM1 •NPVM2I,Y(NPVmii
5. DIMENSION CONSi?5<

%

COMMENT this IS A MODIFICATION OF THE ORIGINAL MARQUAROT 3MaR£PR06RAM 
r IT IS ARRANGED TO 6E A SUBROUTINE WITH THE MAIN X AND Y ARRAYS AS l CALL1N6 ARGUMENTS
- i t  c a n n o t  w r it e  o n t o  t h e  o n - l i n e  p r i n t e r  o a p e i 2 )

IT DOES WOT USE SCaSE SWITCHES (CAN REAC EQUIVAI&J; COHMAWOSi 
THE OUTPUT IS MODIFIED SLIGHTLY TO MAKE IT MORE COMPATIBLE. WITH
in t er a c tiv e  t e l e t y p e  usage.

0

- MAX WO OF PARAMETERS IS K»«
C MAX NO. CF IND VARS IS MOO
C MAX NO. OF OBSERVATIONS T* N-SOO
' IWHER =-I MEANS PO ANY SPECIAL INITIALIZING FOR CASE.

IN KER = o  MEANS START WgW C A S t OR END RUN 
IWKER *  I  MEANS &E.1 P S  AAb F
jwheR greater than i  means get f only

fc. NPRNT*07. 650 IWMER « 0
r. 65Z 60 TO A

6 6 3  IWHER = IWHER
rt'iTU- - »5 . . . . .  ............---.........----... ........

1C. IF (IWHER.GT.0160 TO 65+
11. IF (IWHER.EQ.OiGO TO 660
U .  651 CONTINUE CODINS FOR CaSC INITIALIZING goes HERE.
13. Call 6UBZ(Y,X.6*PRNT.NP«NT.rNi

*

*

1 » . I F  (rB O O T .E Q .O i GO T o  6S2.'. ~ v*t i v • - ".... - >• -i .*t ♦ l • •’ * «♦•'• *
li. GO TO 650
I ! . 6 5 +  CONTINUE

CODING t o  HAKE F  COBS HERE 
F I S  Y h a T  (11

c  NPRNT is  t h e  WO. ftp  OTHc £  WOKtX, 7 0  0 E  °C \W T £ D
C IH£ WORDS To  &£ PC iaJTCO  A R e  UN fRNTf.X) . .. cK rjT - j5 . '

i7 -  c a u .  p c o p e  ( y .x . 0 . p a n t , p ^ i ,R ^ 5 )
1 5 . I F  ( IW hEC.NE. 1) GO TO 652.
1 * .  666 IF  (IFSSZ.NE.O i 60 TO 661
20. oBS CONTINUE

C CODING TO MAKE DF/D& GOES HERE
C MN<£ < OF THEM. CALL THEM P (J )c t h e y  ape  made from  x i I . l i  a a o  B U i
c .........................................................................................................

. •• ■ t : • -  .......... .. .-I »t, i .t.. it  r -|>  m.-i t . . . . . . . .
. 1 . CALL PCCPECP.X.B.PRNT.F.T)

I t .  °  Go TO 6S2.
<*3. 660 STOP

C THIS IS  THE EMD OF THE MAIN (fcoTOJ*
C ------------ ------------- -------------- ----- ----------------------------------------------------------------------

A INKER *  INKER 
C -  6 ♦

. : -  u »  -  - > : - -  i .........................................................................................
IF  (1WHER.LT.Oi GO TO S9 
IF  (IHHCR.CR.6i60 TO 10 

C 1 2 3 A
. • I .  8  6 0  I t )  (7 5 ,50L '60G *62 o1 • INKER

C MAO F I AST CARO OF NCYT C « £
10 ITCT«0 

. . .  I8OUT.0
i  . READ (3 -9 *O i M.K.TP.M.m».WCONS. (T rT L E iI )  . l « 1 . 1 0 i
I I .  WAITE I6« 9 I1  i ( T I T L E ( l l . I * 1 . 1 0 l
j . - .  NT ILW  «N*NCONS
i> .  XNT«WTIl DA
3 ..  IF  (N.LE.O)GO TO 20

READ I5.90O >IW SI.TW S2.IW S3.iw s a . i Ws5.IW 56  
<-.. IFSS3*2

IF  (IW S5.EQ .0i 50 To 230
c Pauses  In a c t iv a t e d  an d  se ns e  sw itc h es  r eplac ed  b y  rexcs
c PAUSE 5
C CALL SSW TCM(l.IFSSl)

’ • . fR IN T 1000
1000 F0RHAT(5OK TTPC 3  S&6 E 6WITCHEJ ( I  O K IT  EACH) 0 ‘ 0 fF  1 .0 N i

-  . READ 1 0 0 1 .lF 3 3 1 .IF 3S 2 .irS 53 .X F 3S 4 ..IA 5S 5
« i .  lo o l fo r m at i 5 5 i i

1F(1FSSI»HE.1 i 1FJSX*2 
-.<• IF t lF S S 2 .N E .il IF 552s 2.

I f i IFSSS.nE. 1 1 IFSS3.R 
. . .  IF llF S S 4 .N E .l> lF S 3 4 = 2

EFHFSS5.W E.1IIFS55«E 
I 210 CONTINUE

• 211 GO TO 21
C fcWD OF la s t  PROBLEM

20 60 TO • 19- I7 > *I0 K T
■ . ) 7 KCWXNO 3.. <> II; - lil-ii. •• .......... . I ...I .tri'.tu .1 TMli r i I . . . . . . . .
■I. 19 IWHEQ. 0

GO TO 663
3. 21 IF  ( IF P . LE. 0 160 TO 22.

23 C ovriuuC
CALL ATHAUZ.1BCK.1K }
CALL ATHAl/ZII0CM• 1H0) 
c a l l  ATnRUZ'IPCH.IHP)
CALL ATHKUZiITCH.IHT)
C /u .  athRuz  ix c h - i h k )
AJEAD (5 .9 3 0 ' yHV.SPRD 

12 Ir(X P .L T .O ) GOTO 30 
Zb A£a 0(5-9OO) C IB (I)  » I  “  1 • I  PI 

DO 26 1 * 3 , IP  
IF  (1 6 (1 ) -G T.0 )6 0  TO 20 

25 WRITE (6 ,9 2 6 )
IBO U Trl 

I / .  i.-A/TTUiP



c

*

%

m

%

♦

*

%

to WAX) E5-931. rr.T.E.T/U/Sxl-.GAMcR.O&L.MTA
oue in  input constants jp nor su p plied

c ( « L  U  CHECKED IN FTRST ITERATION 1
X F jF F .tr .o .. SOTO »s 

32 FP«*.
34 IFJE.Sr.O . 6070 37 
36 E..OOOOS

**. *7 IF (TAU.tr.0. i SOTO 39
36 TAOi.OOl

’ . J9 TFiT.er.O . toro 42
40 T i l .
41 IF  i<  .CT.25<GO T(7 46
4 4  X8XT .1

SO TO 50
>•. 46 I0KT*2

■ . REWIND 3
. . .  50 IFCCANCR.ST. O.t &OT0 5251 sa p o r  •  45.
.... 32 I* (DEL.ST. O.i SO TO 96
•V DEL*. 00001

55 IF CUT*.ST. 0 .. 60 TO 83t. xr>«.ie-»
•<. 53 w »a * 1 .
I. 54 CONTINUE

c OSAO IF/ INITIAL 6 CUESSsS 7 To THE CARD
• . READ (5*901) ( B il l  . I iX .K i
- I .  AEA0(5.3OOXi ( X lX .li.X  > 1 .  Wl
*/. 3001 F0*04aT (14F5.1)
V i. READ■ 5*300tl lY lX ). I  * 1 .  Hi

*. 3002 F O W T i^ l0 .3 .
:i. IW«£Rt-l
- s .  Oo TO 663

50 IS*A»1
C
c ............................................................................................................
c  START Tuc CALCULATOR o r  TH£ RTF MATRIX

- r .  JS w r its  (6 .»O 7)N .K .X p . m . i FP.6AM CS.0EL.FP.T.E .T /R /.*L .ZSTA
~ .  213 SO TO 61

to  CONTINUE
I I .  IF  (XVS5.NE.0) 60 TO i l
l . c .  IWS3* IV  43-1
I 1. IW SJ»R4T0(IW *3.0)
I • •  61 DO 62 1 * 1 .K
1 * 5 . 6  ( I )  « 0 .
1 . 3 .  DO 4 2  J » l . <
1 7. 42  A 1 X 0 1 *0 .
1 6 0  TO ( 6 3 . 4 9 . 4 9 . .  10*A
: •). 4 3  IF  i r w s6*EO*0)6O TO 6 3 0

c  CALL SSWTcH I3.1F .SS3I
C CALL 6SWTCH 12 .  IF  3 3 2 1
C CALL SSWTCM H . I F S S l i

: i .  s o  TO ;4 6 * 4 4 ) .IF S S 3
1 1 1 . 6 3 0  IFSS3*IW SJ

:FSS2*xw S2 
i n .  SO TO 7 0
l l i .  6 4  1FSS3*0
l ! ' . .  44  0 0  TO (7 0 .6 5 1  • 1FSS2
I f * .  6 5  IFSSZiO
i :  .*. eo t o  to
1 .3 .  69 CONTINUE
I S * . 70 WRITE (6.9C6.- n c r . O i J i . J . l . K )

IF  (IFSS3.CR.0 SO TO 73 
71 IF  (1FP -LE .0 .6O  TO 68 

•. . .  47 NS » YfT(*tPRD
W RrrM  6 .906 )Y mn .WS
to TO 73

.' tO  WRITE( 6 .7 1 0 )
.. . 73 1*1

PHJ»0.
. . PHIN«0.
I- •. 1CCNS.1
i * . IT (lrS S 2 .E H .01  SO TO S7
1 1 1 . OO TO 600
I J.". 72 IF  (X7SS2.EQ.X1 SO TO 402

C TW S IS  THE ANALYTICAL P S ROUTXWC
U l .  57 IV A « « 1

C SET P S AND F
i.* i. 60 TO 6B3
IJS. 75 IF (lF.LE.OlSO TO SO
D*.. 7t 00 77 XJ»1.XPiwsiis(iri
I J - .  77 F IIWSl *0*
U - .  60 TO 80

1 -  ■ ,
1- 1.

IV . 
IM . 
156. 
I - . ’ . 
1**-. 
I **5. 
150 .

1*J.
I * - .

17. .

17».
18 0 .
10L.

C
c

c
c
c

c

THIS 15 THE ESTIMATED F S ROUTINE
600 CONTINUE 602 rWWERO 

SO TO 653606 RWS»RIS 
F5AVE*F
DO 407 «*1.MPRWT

607 S P R N T lIX .*P W T lII)
J*1

60S IF (XF.LE.OltO TO 61S 
610 00 612 XT*1.IP

IF ((J*X&(XD ) .EQ.O) SO TO 621 
612 CONTINUE 
610 DOW. 6 (J)* DEL 

TMS*8lJ)
5(j) iB< J> *rew  
IWHEQ.4 
GO TO 4S3

6 ID S lJ l.T W *
PI Jl • -  iRCS-RNSl /DBW 
SO TO 622

6 21  P (J )F O .
6 22  J* J* X

IF ((J-Kl.Lf.O )SO TO 60S
624 ReS.RWS 

PiFSAVE
OO 625 II«1.NPRNT

625 FRNT(1I)*SPRNTi I I)
ENO op estimated p s routine

NOW* USE Tlic P S TO make FACIALS MATRIX
50 *0 82 JJ*1.K

6(JJ)*6(JJ)*RE5*PIJJ)
00 82 11*JJ*K
A(XX* JJ)  » A ( IX « J J )  *P' I I I  * P iJ J )

S2 A ( J J .II) * A ( II .J J l
IF  (XFP.LE.O)SO TO 316 

800 IF (IFSS3.2Q.0*0fl.I.tT.M) CO TO 314 
PL0TT1N6 Y d )  ,F 

602 10 • (Y(1)-Y>wX)»I0O./SPRD 
IPP « (F-Y>W)»100./SFRo 
IF  (IO.tO.IPP)GO TO 806 
17 (10 .ST. IPP)&0 TO 612

T (I) OUT FIRST
806 1P1»I0CM 

1P2*1PCH 
11*10 
1E*IPP
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1 ? - .
m .

35-.
.1-1 . 
3-?.

C *£ MOW HAVE PHI LAMBOA
DO 170 J ' l . K
IF  (A8S(D6 ( J ) / (A B 3 (6 (J ) )  ♦ T A W D .G E .t) GOTO 17Z.

170 CONTINUE

WHITE (6 .923 ) ( T lT L C ( H . I s i , io 3  
60 TO 700

172  IF  ( IV S S .IQ .tf t fO  TO 1720
C CALL SSVTCH(<n IFSS4>

GOTO 117 1.1 73 ). IFSS*.
1720  I f  (IW S t.fQ .03G 0 TO 173 

IF  ( lV B t.E Q .H 6 0  TO 171.
IVtS4«IW S4-l 
GO TO 173

1 7 1  WHITE (6 .92 4 ) ( T I U E f l ) . I » 1 . 1 0 )
60 TO 700

173 XKD6 « ! •
I F  (PH IL.S T .P M IZ i GO TO 190  

1 7 *  XLS.XL
DO 176 J ' l . K  
B A (J )> B (J )

176 B (J ) .& 6 (J )
IF  (X L 'C T ..00000001)60  TO 175 

117 5 00 117* J . l . K  
B( J ) .0A  (J)

1176 B 5 (J )« 9 (J )
60 TO 60 

175  X L .X L /IO .
18X1 « 2  
60 TO 200

177 PHL4.PMI
C WE NOW NAVE P H l(LA N 80A /io )

1FIPHL4.&T.PH1D GOTO 1«4
162 0 0  163 J * 1 .K
16 3  BS(jy.BIJ)

GO TO 60
1 8 *  XL«XL3 ,

00 16 6  J * 1 .K
B S (J ).B X U )

186 8 (J )>B A (J)
GO TO 60

190 I6 K 1 * *
XLS.XL
X L.X L /1 0 -
DO 185 J *1 *K  

165 8 (J )« 8S (J)
60 TO 200

167 IF  (PHI-LE-PHEt)GO TO 196
1 9 1  JU-.W-J 

18X 1.3
192 X L.X L ‘ 10-
195 OO 193 J ' l . K  >
191 8 (J )« B 6 *J l

GO TO 200 
1 9 *  PHXTA.PMX

-  WE XOW MAVE P N IllO .LA 'IB O A '
160 IF  (PM lT4.GT.PW IZ.60 TO 198
196 00 197 J ' l . K
197 B S IJ I .W J )

GO TO 60
198 IF  (GAMMA.GE.CAMcR.GO TO 192

1 • ' .i • i ' ' - I .  • »
199 *K0<3 •  x x 0 0 /2 .

OO 1199 J . 1 .K
IF (A fl5 (O 0< J)/(A flS (3 (J> J .T A U )l .GE.EiGO TO 195

1199 continue

OO *1200 J * £ .k
1200  S ( j ) .a s ( J )

WHITE (6 .9 3 4 ) (T IT l E ( I ) . I * 1 . 1 0 )
GO TO 700

c s e t  up row m a t r ix  i n v e r s i o n '
ZOO GOTO (1102.1100) .JOKT 

1100 HEAD (3)A  
HEWIND 3  
GO TO 1104

1102 OO 1103 I I« 1 .K  
I I I . I I . 23
DO 1103 J J M .K

1103 A ( I I . J J i« A ( I l I , J J J  
110* DO 202 1 * 1 .K

2o2 A IX , I ) . A * I . I ) * X L
c  g e t  in v e r s e  op a  and s o l v e  f o r  pg u ) s

I6KM«1
c .........................................................................................................
C TWIS i s  THt MATRIX INVERSION *OUTINAE
C K 13 TME S TIE  OF TVC MATRIX

404 CALL GJ«lA.*<.irrA.M S2MG)
60 TO (4 1 5 .6 5 0 ). MSIWG

415 60 TO (416.710) . T8KM
C END OF MATRIX INVERSION. SOLVE FoK 001 J)

416 OO 420 1 *1 . K
D6 ( l ) * 0 .
00 421 J * l . K

* 2 1  0 6 ( l) s A  ( I . J ) * G (J )  *00(1 )
420 D 6 U ).V X P 8 *0 B (I)

XLLxO.
DT5 .  0 .
G7& . 0.
DO ISO  J * l - K  
X LL *X LL .D e iJ ).D 6 1J)
DTG •  076 ♦ 0 8 (J )*C (J 1  
GT& .  GT6  .  C (J )« r 2  
D 6 U )> D 9 (J ) /5  A ( J)

250 8 ( J 1 «6 (J ) .001 J)
K IP .K - lP
IP (X IP .E Q .I)  GO TO 1257 
CGArt* 0T6/sqR T( <LL*GTG)
JGAM .  1
IF(CGAM.6T ..O ) GOTO 253

251 CGAM .  ABSfCGAW 
JGAM • 2

253 GAMMA • S 7.29S779S»(l.5707288.CG AM .(.o .21211***CG AM » (0*074261 
•-CCAM* .0167293) ))*SHET(1.-C&AM»
60 TO (2 5 7 .2 5 5 ). J&Art

255 GAMMA •  1 8 0 *-GAMMA
IF  (X l.L T .l.O iG O  TO 257 

1255 W R lTE (6 .92 rt (T IT L e ( I)  , I » 1 . 1 0 1  .Xl  .GAMMA.
GO TO 700 

1257 GAMM4.0- 
257 XLLi SQRT(XLL)

IBK2 r l  
GO TO 300

252 IF  (IFSSJ.EQ.O)GO TO 256 
25* WRITE ( i f 904) (0 3 (J ) i J s l- X l

V.RITE (t-905)R<IiXL,G AM M A.»LL
256 GOTO (1 4 4 .1 7 7 .1 9 4 ,1 8 7 ), 10X1

CALCULATE- PHI



313

too  111  
PH 1 *0 .
PMUJ»0-
1WH£R*2
1 *  (IW S5.EQ.o) GOTO 653 
CALL SSwrT04(5.MOJSK)
N0f* « - 1 F S S S  .
IF(MONSK.Eq.l) SOTO 650 

302 SO TO 653 
3 0 6  PHT*PHI« (R £ £ **2 )

I F  ( I .G T -N ' 60 TO 30S  
PHIX*PHlHiReS*W S 

305  I « I * 1  _
IF  (l.L E .W T IL C *) GO TO 302.

3 1 6 0 0  TO (2 5 2 .7 8 0 .7 O 6 .7 6 2 i7 6 6 .7 7 2 l. lB K 2

C THIS I S  THt CONFIDENCE U h lT  CALCULATION
700 DO 7 0 2  J « 1 .K  

.2 1 .  702 6 ( J ) * 8 S ( J )
WRITE (6.933)W .K .IP .H .FF.T .E .T A U  

. 2 . .  I6XA-2
. WTltDA*^

C THIS WILL PRINT THE Y.YVU7 .OELTa V
.31. ITCT«ITCT.I
.3  2 . IFSS3-1
.3 3 .  SO TO 61
. 3 . .  7 0 6  IF (IF P .6 E .0 l GO TO 703

70S ISKArt
.J - . .  1FP*0
.3 1 .  60 TO 6l
. 3 n .  703 IF tNcOHS.CO.0} 6 0  To 706
. 3 * .  w a r n  (6 .9 3 8 ) |J J .C 0 N S (JJ ) .JJ .1 .W C 0 H S I
. . . .  706 Hi*u-K'TP
. * ( .  SE*sqRT(fDi/w 5>
» « 2 .  p h iz « p h i  
* . 3 .  IF  (IFSS2.EQ .0)6O  TO 7o9
. . . .  707 WRITE (6-903iCHIZ.3fc.XL

GO TO 70fl
709 > «IT E (6 *9 0 9 ) PHIZ.SE.XL 

C FJOW VC HAVE MATRIX A
» * » .  708 SOTO (1 1 2 2 ,1 3 2 0 ). I8KT
* • - .  1120 WRITE (3)A 
. »  i .  REWJWO 3

GO TO 1126
* '•1 . 1122 00 1123 ZZ*1.K
. 62.  11 1 *1 1 *2 5
.53 .  00 1123 J J « 1 - K  .
* * • * .  3223
.5 5 .  1126 W O h Z
.3 * .  60 TO 404e

'  I .  710 DO 712 > ! • <
WOW WE HAVE C A A r w e s s e

5t». 
5.-! . ivt. 
5' J .
s <».Sli.
SJ*.

M311.
■ ilc.

I F ( A ( J , J i .L T . .O )  60  TO 733
711 S A f J ) * S f l « r ( A ( J . J ) j  

6 0  TO 715
713 I 8 0 ir r * l
715 KST—4WRITE (6.916)
236 KST.KST-5

KtK9rKS7.6
IF KEUD-ET.lO GOTO 719 
F£M3*(C

719 DO 7 1 2  1 *1  tK
712 WRITE *(6 i*1 6 ) 1 .1 4 ( 1 .3 )  .J.RST.REWD)

IF (KSNO.I.T.K) GO TO 236
IF  (IBOWT.EQ.O) SO TO 71T 
Wr it e  (6 .9 3 6 )
6 0  TO 650 

717 00 718 I ' l - K  
0O 718 JM -K
W S«SA (I)*SA (J)
I F f t f .G T . 0 .7  60T0 716

714 A / I . J ) * 0 .
GO TO 716

714 A (I « J )  *A (I .J)y V S
716 COWTOi UE >

DO 720 J ' l . K
720 A ( J . J l « l .

WRITE (6 .917)
K 3T**9

721 K3T.C3T.Jo 
X£MD*KST"9
IF (KENO.LT.K) CO TO 7 2 2  
KENO'K

T22 00  726 1*1 .K
726 WRITE U .» M > t . ( A ' l . J ) . J * « T .K E N O )

IF  (KEWO.LT.K) CO TO 7 *1  
C SET T.C£«SORT(Cl I .T l  I

00  716 J*1 »R  
726 5AIJ) * « •  SACJ)

GO TO (1 1 1 2 .1 1 1 0 )*I6KT 
1110 READ (D A  

RfWIfJD 3 ,
60  TO l l l 6

1112 DO 1113 i r * l . K  
i n » I I . 2 S
00  1113 J J * 1 .K

1113 A ( I I . J J ) « A ( I T I . J J )
1116 COWTXrtue

7 *0  WRITE (6 .9 1 9 )
VS»K-IP
DO 750 J*1 «K
IF  (X P.lf.O )G O  TO 7 43

741 DO 742 1 * 1 . IP
IP (J .E q .IB (I I )G O  TO 746

742 CONTIRvE
743 H/TD*SGRT (WS*FF i *SA Ci 1

STEvSAI J )
0 R L -B 1 (J)-S A (J)*T
0PU *6JCJ) »3 A (J) *T 
3PU.84IJ)-M ^T0
3P U .6SU ) *R xro
w rite ( g . f z t i j . s t e . o p l . opo . s p l . jp u
SO TO 750

7a6 WRITE ( 4 > l l 3 ) j  
750 cotniwoc

l  WOMUNEAA CONFIDENCE LIMIT
IF (IW S S .eq .l) GO TO 660 
W3.K-IP 
WS1*H-)(*IP 
PrW.Ws / w9L
PC*PH U * (1 . »FF«pW )
WRITE (S-920)PC  
WRITE (6 .9 2 1 )
IF 5 J3 »1  
Oo 790 0 *I » K  
IB K P .l
Oo 7 52  J J * t . K

t
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*

*

*

0

3 5 ) .
S-.k.

5—..
V .» .
S*r.
«■ ■ ».

ihK
;••!.
5*>J.

i!>>.
S-A.
3*.).

i ' l .
S » ..

752 6(JJ)«6S(JJ)
IF  (IP .L £ .0)60 TO 768 

75* 00 756 J J . l . I P
IT  (J.EQ.Ift(Jj))GO 70 767 

756 CONTINUE 75B 00*-1.
I8KU«1 

740 0*D0
6 lJ).ftS(J>‘ D»SA(J)
IM Z*6 
<50 TO ZOO 

762 PHIi'PHL
IF (PHIl.CE.PC)GO TO 770 

T44- 0.0-00
IF (0/00-6C-S-)60 TO H I

745 6IJ).B5(JI-D-SAJJ>
1K 2> 5
60 TO 300

746 PMI0.PHI
IF (PHIO.LT.PC)60 TO 744 
IF  (PHI0.6E.PC) 40 TO 77ft

770 0*0/2.
IF  (O/DD.LE..001)60 TO 7*3

771 ftlJ)«BSIJ)*O.SACJ»
W l> 4
60 TO 300

772 PHI0*P**2
IF (PHI0.GT.PC)60 TO 770 

776 FX l.P M IZ /D .P H Il/ll.-O ).P M I0 /(D .f0 -l.)>
XK2—(F M IZ .(1..0 )/0 .0 /(1* -0).PHU -FHlO /(0. (0- 1 .)))  
W J.PHII-PC

(SORT (XK2 • XK1-4. • xKl* XX3) -XK2) /( 2 .  «*Kl>8c
XKJ.PHIZ-PC 
ec  •  c sqR T O U fi.vx i-*, 
60 TO (771,7*6) . I 6KN 

771 ft(J)*65(J)“SAIJ)»6C 
60 TO 7M.

7*6 8IJ).0SM)*SA(J).ftC 
7*1 T B K fl 

60 TO ZOO
7*0 60 TO (782.766). 18(01 
7*2 I07M.2 P0»L- 

»L>BO)
PL.PHl 
60 TO 760

>xKi*x731 -X72)/(2.*Xt(t)

ST*. 784 *U*BU)
PU'PHI

y. . 80 TO 17*3.795.'
?»-l • 783 WRITE (6.918) J<

to TO 710
715 WRITE (6.915) J.

v * , 60 TO 790
765 WRITE (fc.918) J.(

. 60 TO 710
i» r . 787 WRITE (6.913)J
!«•* 1. 60 TO 710

TB9 VXUTE (A.9143J
y ♦ :« 60 TO 710

788 GO TO <7H .7 1 0  .

tU. PU

DELETE LOWER PRINT
TOl 18*0.2 

60 TO 780
712 60 70 (793.794) »I8<P

oturre lxtt*? p r in t
705 I8KP»5 

*0 TO 760

71V IBICP-V
GO TO 7 80  

7 1 0  CONTINUE 
GO TO 10

LOWER. IS  ALREADY DELETED. SO DELETE BOTH

SX.
E10.3.
.  . n o
SX. «H

M A .M ».

b i t .  b it.

b i t .
ill.

TOO FORMAT ( IS IS )
101 FORMAT (7F 10.0 )
902 FORMAT (12A6 )
905 FORHAT </13X . 4ri Ph i . 1 *X . W  »  f  .  9X . 7M LAr«OA. 6* .

.  2AM ESTIMATED FARTTALS USED. / .  5X, 2E18.8. £13.3)
904 FORMAT(/12H INCREMENTS 5 E 1 8 .6 /(J 2 X .5 0 8 . 8 )  )
905 FORMAT ( 13 *. 4M PHI. 10X. 7H LAMBDA. 6X. 7H OAMU . 6X. 7H LENGTH

. . / .  5X. £16 .8 . 3E13.3)
904 F0RMaT(1X.1C9.2.86X.1C9.2 /1X .1H . 19X.1H* )
907 FORMAT ( SHOW ■  . 13 . 5*. 5M X • . 13 . 5*. 5H P • . 13 .

• SH M «•  13 . 5X, 7M IFP « . 13 . 5X. IJH&wta C U T .
•SX. 6HPEL > . C IO .3 .  / .  6N FP •  • E lO -3 . 5X. 5H
- .3 .  5X. SH E > • C 10 .1. SX. -rn TAU • . £10.3
•XL . . ElO .3. 4X. 7H2CTA .  , E 10 .3. /)

908 F0RMATI1X.IS.12H PARAMETERS .5 6 1 4 .8 /U 6 X .5 G U .8 ) >
909 FORMAT I/13 X . 4« PHI. 1*X. 4H S E. 9*. 7H LA/BPA. 6X.

• ISH ANALYTIC PAATIALS USED . / ,  S 7. 2E l8 .ft>  * 1 3 .3 )
910 FORMAT|1H /5X.9X.4H CBS 13X.5H FRED 13 7.*H DIfF )
911 FORMAT //13 X . 4H PHI. 1AX. *H » £ . 11X . 7H LENGTH. *X. 7M GAPPM •

• 47* TM LAMBDA. 6* . 25HESTIMATED PAOTTALS USED . / .  5*. 2E10.
•6. 1E13.3)

912  FORMAT (/1 3 X . 4H P H I. IOC. U S E ,  l l x .  7H LEW61H. SX. 7 H GAMMA .
• 4X> 7M LAMBDA. 6X . 24MAMALYT1C PAJ7T1ALS USED • / •  J * .  lE lg . g
• • SC13-3)

113  / 0Rn*T(2X .1 3 . 20H Parameter hot used )
914  ro R M A riw .i3.iiH  home found )
115 FOR(1ATI2X.Z3.34X.2£10.» >
116 FORMATdH /13H  PTP INVERSE )
117 FORMAT 11H /J 1 H  PARAMETER CORRELATW MATRIX ) 
l i f t  FORMAT( 2 X .IS .5 E 1 8 .6 )
919 FORMAT ( / / / .  13X« 4M STo . 17X. 14H aME -  PARAMETER. M X *

• 1 AH SUPPORT PLANE. / .  SX. 2H f t .  7X. AK ERR3R. 12X. £H LOWER.
• 12X. 4M UPPER. 12X. AH LOWER. J2X. 4H UPPER)

110 FORMAT ( / //•  3OH WOMLIXEAR COWFIoEacE. LIMITS • //•
.  16H P H I CRITICAL ■ • 6 1 5 .6 )

111 rORMAT < / / •  7M PA RAM . S t .  8H LOWER f t .  ftX. 10H LOWER P H I. 10X.
• AH UPPER • •  f t t .  10H UPPER PHI)

911  FORMAT (2M I .10A4.10H  CAHMA LAM0DA TC 9T.6X .2E 13.3 )
123 FOflMATIlMl .10AA.1SH LPSILOH TtsT)
114 FORMAT(1H1 -10AA.18H FORCE OFF)
915 FORMAT/4X.3 6 1 8 .0 .5 6 1 1 .4 )
924 FORMAT ( AOH ftAP DATA. SUBSCRIPTS FOR UNUSED eS • 0 /  /  /  )
927 ro R M A T IZ X .U .S C lg .a  )
125 FORMATIlH > 110A1 1
929 FORMAT (10A1)
930 FO»lAT (TF10 .0 )
931 FORMAT (flFlO.O)
933 format (SHOW * I3.5X.5H K ■  .T3.5X.SVl P 

« / * M FF « .E 1 0 .3 .5 X .5 H  T  « .E 1 0 .3 .
• SX.5H t  ■  .E10-3.5X.7M TAU * .E 1 0 .V 1

934 FORMAT (1H1 • 1046* 18H4AMMA EPSILON TEST)
135 FORMAT (W .1 5 .2 X -1 0 P 1 0 .4 )
936 FORMAT (27 HO NEGATIVE DIAGONAL ELEMENT 
437 FORHAT (3 A .1 5 .2 X .1 0 F 1 0 .V (1 0 X .1 0 F 1 0 .4 ) )
93ft FORHAT (1H /15H CONSTRAINT RESIDUALS
939 FORMAT (lH /23H PTC* CORRELATION matrix )
940 F0RHaT(AI3|W,1DA4)
9Al FORMAT 1M1.9X.10A4/)

END

.I3 .K - 5 H  M •  .1 3 .S X .

)
./(3X  . i 5 . 33X .2 i8 .ft) )

!
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SUBROUTINE ATHRuL(I.J) I
C AS51MS HOLLERITH CONSTANT TO INTEGER

I * JRETURN i
ENO i

*

*

♦

m

*

*

SUBROUTINE CJR(A,N.C*>3.MSXNG)
: SAUSS-JORDAN-RUnSHAUJM MATRIX INVERSION WITH OOL6LK PIVOTING.

DIMENSION A (SO,50) .B(50) .C(50) .p (50) .<J(SO)
INTECf* P.Q
n s iN c -i 
DO io  K«1.N

: ocTcwxNATioN op twr p iv o t  element
piv o t» o.
DO 20 X»K.N 
PO 20 J»K.N
IP (ABS (X (X. J)) -AB5 (PIVOT)) 20.20.30 

30 PIVOT«A(I.J)
P W -X
Q(K)*J 

20 CONTINUE
iM Aaaiprvcm  - eps>*o .*o .so
EXCHAN6C OP THE PIVOTAL ROW WITH THE KTH * V  

SO IP (P 0 0 -KUO.SO.<0 
60 PO 70 J*1.N  

L«P(K)

A(L.J)«A(K.J)
70 ApC.JUZ.

EXCHANGE OP -WE PIVOTAL COUP*/ WITH THE <TH COLUrW 
80 IP(Q0C)-K)65.*)'85 
65 DO 100 1* 1 'fj 

! « $ ( »  ,Z«A(Z.L) ,
A d .L )-A (I.K )

100 A(I.K) «t 
90 CONTINUE 

JORDAN STEP 
OO 110  J«1,N  
IP (J-K) 130.120 .130 

120 B(J)*l./PIVO T 
CIJ>*1.
CO TO 1A0

130 B <J)*-A «.J)/W VoT 
C(J)*A(J>K)

160 A(K.J) »0*
110  A« J.K)»0*

DO  10 1*1.3/
00 10 )*1 .W

10 A(Z.J)*A(X*J)*C(X)*6(J)
PEOBPTRXNG THE MATRIX 
OO 155 M*1.N 
k - n- m- i
IP(P(K)-K)1<0.170*160 

UO PO 180 1 *1 .H 
L-P0O 
Z«A(L.L)
A(I.L)*A(1.K)

180 A(I.K)«Z
1TO IP (0m )-K )19 0.155*190 
190 PO 150 J*l-N  

L-0(K1

__  A(L,J)*AJK,J)______
150 A(K,J)*Z 
153 CONTINUE
131 RETURN

CO PRINT 4S.P(K).0 (3 ).PIVOT
46 FORMAT(16H0SINWLAR MATRIX3H 1* 13 .3H J.I3 .7H  P IV O T ,E li.8/) 

MSIN6*Z 
CO To 15 1
2NO

l .  SUBROUTINE SOBZ(Y«x . ft. PPNT.KPRNT.Nl
OIMCNSIOH BTC 111) 

j .  DIMENSION Y< 100).X (100.5)
. .  DIMENSION 6(50) .PPNT(5)
s. R£ao(5.901) OPT

READ(5.902) BEC 
r. WRITS(fc.702) RcC

IP (OPT.£9.00 to TO 20 
SUMX«0.

I . DO 10 1*1 .N
11 . 10 SUMX*IUrt».X(I.l)II >W» si
: i |  *6AR«auHi/xN
1 . .  Po 15  1* 1 J /
i i .  15 X (t.l)* X U .l)-X B A «1-. 20 NPRnT *  A
I / .  RETURN
1 - .  901 POWAT(7F10.0)
I #. 902 FORMAT(12A6)

END
it-. - - , »,r jyrj
i t . .  -  -.t i ;  • , . r >)u
■TI -» • - i J-l:.<\... , jit,

I .  SUOflOUTTNE PCOOEfP.X.B.PBNT.F.t)
DIMENSION P(50) .XI100.5) «8<50) .PRmT(5) 

i. RETURN
. .  END

. i*.. ’Il l l - - I- J J  . . - J .  >, - .' 1)1 j»t . i

. - ............................................. - *  Ml J » f<  ...................................................................................

. ' . . T U I  - . . J . . . ................j.. - , ...I j , t J  .......................................................................................................................

. T . 'T l J :  *  •-»?- - . Ml J>L-' ........................................................................................................................

. T t « .  - • .  •• ... , t , -  -  t . * f J i t .  ....................................................................................................................................................

I .  SUBROUTINE FC0CE(Y.X.8>Pf*Sr<F>X.RES)<;. dimension Y(100) .X ( io o .5)
I. DIMENSION 8(50) .PI9/T(5)

PWTU) *X(E.1>.. PENT(2) * E*P ( -8(1) * *(X.l>)
PRNT(S) ■  EXP ( -6(1) *PRNT(2) ) 
P<Wr(« * B ID  * PRNT (3) 
f t  PRNT(V)
RES » Y U ) -  FReturn
end



TIGFLD
This program calculates the moisture content, weight loss and 

water content of the slices cut from the field stakes and described 
in Section 12.

The main program calls the subroutine INDFL which reads in the 
data for each stake and the wet weight, dry weight and volume of each 
slice* STKOT is called which calculates the moisture content, weight 
loss and water content of each slice and writes out the initial weight, 
weight on removal, overall moisture content etc* for the stake. For 
treated stakes, WETRT is called which calculates the retention of each 
stake and writes it out. For treated and leached stakes, the retention 
is calculated together with the moisture content during leaching and dry 
weight after leaching. The results are written out. The main program 
then calculates the moisture content, weight loss and water content of 
each slice, and writes the results out. A modification of the program 
using the subroutine HISTR from TIGROT allowed histograms of the results 
to be printed out. A further modification allowed the data to be 
displayed as the three-dimensional representations shown in Figures 
89 to Sk in Section 12.
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*

k

«

J N I V C « S T
( o * T )

1 • 
2 »

3 .

4 .
5 .  6 • 
7 .  
« •  9,10.

11.12.
1 3 -

1 * *
1 5 .

16.1*.
1 8 .
1 9 .20. 
21.

T V  O P  M . I N N F S O T a  6 6 0 0  F O R T R A * i  C O M P I L E R  S C O P E  3 . 6 , 1  V E R 4 . 5

p r o g r a m  t I g f l o  ( i n p u t . o u t p u t , t a p e s -
D I M E N S I O N  S P E C  ( 3 ) v I B L K P  ( 3 ) ,

2  N8 I N  ( 3 ) ,  I S A M T  ( 3 1 »
3  ® L K N  ( 3 ) #  I 0 A T E  ( 3 ) ,
6 I V A L  ( 1 2 1 *  WI N 1 ( 3 ) ,  MASAM ( 3 ) ,
5 H I S T Q ( 1 0 0 ) .  - R E M  ( 3 , .  I C O D E  ( 3 ) .

c o m m o n  s p e c * p e t w ,  n b i n *
2  b l k n ,  s l o t ,  J V a L *  R X N I ,
3  W R E N *  I C O D E .  W L S L ,  N b * n s * 

1 0 1 1  C A L L  I N H F L
n o  3 4 0 2  L  ■  1 *  N B 
I P  ( I r O O E ( L )  « E Q .  n  )  9 0  T O  1 0 1 0  

C A L L  S T k o T ( L )
I P  ( I C O D E ( L )  . E Q .  2  . O R *  I C O D E ( L )  
I P  (  I C O D E ( L )  . E Q .  3  , O R ,  I C O O E ( L )

I n P U T * T * 2 E 4 « O U T P U T )
W E T «  ( 1 2 * 6 1 *  « L S l C  ( i 2 . 6 ) .  
n R V P  ( 1 2 * 6 1 *  P C P C V ( . 2 * 6 1 •  
S L O T  ( 1 2 * 6 ) *

C o N m ( 1 2 * 6 1 *
* L S L  U 2 « 6 1

O R Y W ,  I R L K P *  W L S l C .  I S 4 M T .  
C O N M , P C P C V ,  I n A T E ,  * A S A " »  

S y m b o l * m i s t s * s l c F a C

E O .  5  » C A L L  P D T R T ( L l  
E Q .  6 1 e A L L  W O L C H ( L l

W R I T E  ( 6 * 3 4 0 9 1
3 6 6 9  F O R M A T  ( I X * / / / * 2 X ,  i S M S L X C E  R E S U L T S ,  / /  )

P R l T E  ( 6 * 3 4 1 0 )
3 4 1 0  F O R M A T  ( 2 X ,  1 0 H S L I C E  NUMB* 2 X *  1 0 H WC T  S L I C E *  2 X ,  i n H o R T  S L I C E  *

2  2 X *  I O h S L I C E  L G T H ,  p X ,  l O H M O I S T  C O N t * 2 X «  I O h W A T E R  C O N T *  2 X t
3  H H P E I O H T  L O S S .  2 X .  2 1 H W E I 6 H T  L O S S  C O R R E C T E D , / / )

0 0  3 4 1 1  K ■  1 « N S
P R I T E ( 8 . 3 M 2 )  K » P E T P ( K * L I *  0 R Y P ( K * L )  , S l S T ( K « L )  • C O N M ( K . L ) ,

2  P c P C v i K , L l ,  * L S L ( K , L ) »  P L S L C ( K * L )
3 4 1 2  F O R M A T  ( T X *  1 3 #  T X ,  T  ( F 7 * 2 # 5 X ) 1  
3 4 1 * 1  C O N T I N U P  
3 4 0 2  C O N T I N U E  

. S O  T O  l o l l  
1 0 1 0  S T O P

E N O

Pi

♦

■ w

1 .
2 .

3 .

4 .
5 .6 •
7 .

8.
9 .

10.
11.
12.
1 3 .
1 * .
1 5 .
1 6 .

SUBROUTINE INDFL
D I M E N S I O N  S P E C  ( 3 ) ,  I B L K P  ( 3 ) ,  w ET W  ( 1 2 , 6 1 *  W L S L C  ( 1 2 * 6 1 *

2  N B I N  ( 3 ) ,  I S A M T  ( 3 1 *  O R Y P  ( 1 2 * 6 1 *  W C P C V  ( i 2 , 6 ) »
3  B L K N  ( 3 1 *  l O A T E  O l *  S L O T  ( 1 2 * 6 ) #
4 I V A L  M 2 1 *  W I N K S ) ,  WASAW ( 3 1 *  C q NM ( 1 2 * 6 1 *
S H l S T O d o O l *  W R E N  ( 3 ) ,  I C O D E  ( 3 ) *  Wl S L  ( 1 2 * 6 )

c o m m o n  s p e c * w e t w ,  n b i n ,  d r y p ,  i b l k p ,  p l S l c .  i S a m t .
2  b l k n * s l o t ,  X V a L *  P I N I *  C O N M , P C P C V ,  l O A T E .  P A S A P .
3 POEM, I CODE* PLSL* NB* NS, SyMBOL* HlSTQ, SLCFaC

READ(5*6010) NB* NS
3 0 1 0  F O R M A T  ( 1 2 #  I X #  1 2  )

DO 3 0 1 4  L  ■  1 # N B
R e a d  ( 5 , 3 o i l )  s p e c ( L ) * i c o o E ( L ) • b l k n ( l i * i b l k p ( L i * i s a m T ( L i •

2  I O A T E d l *  P I N !  ( L I *  w R E M ( L ) .  W A S A W ( L )  I
3 0 1 1  F o r m a t ( A S # 2 X *  I ? .  ? X #  * 4 « 2 X * I 2 *  2 X ,  I 3 »  2 X* I 6 # ? x *

2  3 (  F 6 . 2 #  2 X 1 )
I F  ( I C O O E ( L )  . E Q .  0 1 R E T U R N  
0 0  * 0 1 3  K ■  1 * 4
R P A 0 ( 5 * 3 n l 2 )  N S E G A ,  w E T * < N S E G A , L ) ,  D r T W ( N S I 3 A , L )  * S L G T ( N S f G A . L ) *

2  N S E Q S *  W E T P ( N S E G B . L ) ,  Op T W ( N S E 3 0 * D * S L G T ( N S r G f l . L ) *
3  N S E G C ,  w E T W ( N S E G C * L ) • 0 p Y P ( N S E 3 C * L )  * S L G T ( N S e G C . L )  

301*2 FORMAT ( 3 ( 1 * #  1 2 *  l * ,  2 ( F 5 * 2 ,  I X ) ,  F 4 » l *  3 *  1)
3 0 1 3  C O N T I N U E  
l o f *  C o n t i n u e  

r e t u r n  
E m o

S U B R O U T I N E  S T K O T ( L )
O T M E N S T O N  S P E C  ( 3 ) »  I B L K P  ( 3 ) .  w E T P  ( 1 2 , 6 ) ,

2  N * U N  ( 3 > *  I S " M T  ( 3 ) ,  O R Y P  ( 1 2 . 6 1 *
3  B L K N  ( 3 ) ,  I D A T E  ( 3 ) ,  S L G T  ( l 2 , 6 > .
4 l V A (  ( I P ) ,  P I N I ( 3 ) ,  W A S A P  1 3 1 *  C o N M  ( 1 2 * 6 1 *smistg(looi* prem (3j, icode o i , plsl (12,a»

pi S l C 
* C P C P

(12*6)* 
( ) 2 . 6 1 «

3 . c o m m o n  s p e c * P E T P , n b i n . O R Y P , I R L K P , p l S l c

2  B L K N * S L G T ,  I V A L # P I N I * CO N M * P C P C V * l n 4 T E
3  W R E N .  I C O D E * P L S L *  N B , N S ,  S y M R O L * M I S T G , S L C F 4 C

4 . W p T P S M  ■  o r Y WSM ■  S L q T S M  - 0 * 0

5 . 0 0  3 5 0 ?  K ■  1 *  N S
S T K p C6 . P * T C  ■  * l C F A C  ■ S T K M C *  S T K P L * ■  S T K M C o r  ■  S T K n C q R ■

? • P r T W S M  ■  P E T P S M ♦  p e t p ( k . l )

8 . O R Y P S M  • D R Y P S M ♦  D P y W ( K * L )
9 . S L O T S M  ■  S L O T S M • S L o T ( K . L )

i S a m t ,
P A S A P .

10.
11.
12.
1 3 .

1 4 .15.
1 8 .
I T .
1 8 .
1 9 .20. 21. 22.
2 3 .

2 4 .

0.0

P A T C  ■  W E T W ( K # L *  -  Or T W ( K * L »
C 0 N M ( K * l ) ■  WAt C  • l o O . O  /  O R Y W ( k . L )
S L C F A C  -  S L O T ( K * L )  /  2 0 0 * 0
P L S L ( K * L )  ■  ( ( (  P I N I ( L )  • S L C F A C  1 -  D R Y P ( K * L ) ) *  1 0 0 . 0 ) / ( P I N I < L )  

f •  s l C f A C  )

3502

3 4 0 6

- L S l C ( K , L |*»cRcv(k*liCONTIS
• 0

Wa T c • 1 0 0 . 0 1  /  ( S L G T ( K . L )  • i . s >

) S O  T O  3 4 Q 6
W I N K L )  1 • 1 0 0 * 0  /  * I N K L )  
W I N I < L >  1 • 1 0 0 . 0  ✓  3 0 0 . 0  

( P E T P S M  • O r Y P S M )  • 1 0 0 * 0  /  O R Y P S M  
( P E T P S M  -  O R Y P S M )  • 1 0 0 * 0  /  3 0 0 * 0

. ' R P M ( L )  « L T *  l * o  
S T K M C O R  ■  ( W R E M ( L )  .  
S T K W C o R  ■  ( W R E M ( L )  
S T K M C  
S T K P C
S T K W L * ( ( ( W I N J ( l ) # S L G t S M / 2 0 0 * 0 ) - O R V W S m ) « 1 0 0 * 0 )  / P I N I ( L )
W R I T E  ( 6 , 3 4 0 3 )  S P E C ( L ) * I C O O E ( L ) * B L K n ( L ) .  I B L K P ( L ) * I S A m T ( L ) ,

3 4 6 3  F O R M A T ^ ( 1 H 1 * A M POOO # i x #  A S #  3 X ,  A H C o O E #  l * #  I ? #  3 X * 9 m S T A k E  n o . ,
2  1 * *  A 4 ,  3 « ,  1 0 M S T A K E  P O S N ,  l X ,  I j ,  3 x ,  U H S A M R L E  T I M E ,  i X ,  I 3 ,
3  l x ,  6 MM ON TH S*  3 X *  A H O A T E *  I X *  I f t ,  / / / )



m

*

■f

nr

♦

+

25*27.2*.
25.

29*
30.
31.
32. 1. 2.

3*

4 .5.
6.
7.
A.
9.

10.
11*

13*
1*.
15*
16.
17.
18.
1 9 .

20.21*22.
23.1.2.

3-

5.
6*
7.
A.
9.

10.
11.
12.
13*
14.
15.
16.
1 7 .

1 8 .

19.20. 
21 * 22.
23.
2 4 .
25.
26.
27.
28. U. 30-

WRITE (4.24201
24?o format h m q )

W R I T E ( 6 , 3 4 0 4 )
3 4 0 4  F O R M A T  ( 2 X *  I O H I N I T I a L  W T .  2 X ,  l O H W T  R E M O V A L *  2 X ,  l f l H w T  A r T  S A W ,

2 2*» loHSUH wet WT, 2X, 10HSTAKE MCnN, 2X, h 'hSTakE wCPCV, jX,
3 UHSTaKE WT is* 2X, 10HSTK HC REM* 2X« 10HSTK WC REM*//) 
KRITE(4,3405) WlNI(L), WREM(L)t WASAw(L)* WETWSM, STKMC, StKwC,
2 STKWL, STKMCOR* STkWCOR

3405 Format c sx* 9 ( ft,?, sxi i 
Return
END
SUBROUTINE WqTRT(L)
01MensTON SPEC (3)» ZBLKP (3),
2 m81N (3), IS*MT (31*3 BL*N (3), IOATE (3),
4IVAL (1?), MINI(3), WASAW (3), 
SHISTO(lOO), WREM (3), ICOOE (3),
COMMON SPEC, METWf
2 blkn* slot. IVaL*nb,

WETW (12,4), 
0RVW (12.4), SLOT (12,4), 
CoNm (12,4),WlSl (12*6)0R7W, J4LXP,

WLSLC (t2,6)* 
WCPCV (12,6),

nbin,
WINI* CONM,
NS, SyMROl, WCPCV* mlSlc,

IOATE.HISTQ, SLCFaC3 WREM, ICOOE, WLSL 
READ(5,1200) VOL, WTfNlT, F1NWT, WTAfT 

3260 format i lx, 3 (fs.i. ix>, F6,2)
: PRESERVATIVE CONCENTRATION

CONCN * 3,32 
ONlNWT ■ FINwT - WTlNlT 

- bReSErVaTtVe IN ST4KE IN gmS,
PRSTK « 6NINWT • ( CoNCN / 100*0 )

: retention tn kgs/m3
RETNTN > ( PRSTK / VOL) * 1000.0 
On 340, k a 1, NS 
SLCFAC ■ SLOT|K,L» / 200*0 

; WEIOhT OF PRESERVATIVE p£R SlICE 
- *■ TF 5L '• PRSTK * 3wC' **C: orioinal slice weight bpfore burial
OSL* ■ WTAFT • SLCFAC

. theoreticai weight of slice without preservative
WSLNPC ■ 0SLW - WTPSl; WFIGhT of SLICE CORRECTfO FOR PRESERVATIVE CONTENT
*LSLC(*,L» ■ ((WSLNPc-(ORYW(K,Ll-WTPsL))/WSLNPC)»100*0• WEIGHT LOSS DIRECT NOT CORRECTED FOR PRfSeRVaTIVe CONTENT 
*LSL(K*l) ■ ( ( OSLW - DRTWCK.L) ) • 100.0 ) / OSLW 

34ol Continue
WRITE(4,3406)34Q6 FORMAT( ix,//, 1X,{0HVOLUME CM3, 2x, 1 OHlNITIAL wT, 2x,
2 10HWT *PT TrT, 2X, loHGAlN IN WTf j»Xf iqHWT q»V TpT,
3 2X, 1SMRETENTI0N Rq/M3, // )
WRITE(6,3407) VOL, WrlNlT, FINWT, GNlNWT, WTAFT, RETNTY 

3457 FORMAT I 5X, 6(F7*2*SX)1
return

iSamt,
WASaW.

endSUBROUTINE WDLCHCL)
DIMENSION SPEC (3), IBLKP (3), wETW (12,4),
2 NBIN (3), ISAMT (3), ORYW (12.4),
3 BLKN (3), IOATE (3), SLOT (12,6),
4IVAL (19), WINK3), WASAW (3), CONM (12,4),
5MISTG(lOO), WREM (3), ICOOE (3), WLSL (12,4)
COMMON SPEC* WETW, NBIN, DRVW, IRLKP,
2 BLKN, SLGT, IVAL* MINI, CONM, WcPCV,3 WREM, ICOOE, WLSL. NB, NS, SyMrOL, HTSTO,
RfAO(K*3200^ VOL*WTInIT*FINWT*WTAFT•wTWTLC*WTOYLC3200 FoRmAT()X»3( F5.1,1X), 3 ( F6.2,1X))

C PRESERVATIVE concentration

WLSLC (i 2,6)t 
WCPCV (12,6)*

WLSLC, ISAMT, 
IOATE, WASaW,SLCF0C

CONCN * 3*32
GNINWT . FINWT - WTImIT

c preservative in stake IN GMS,
PpSTk ■ GNINWT • ( CONCN / 100*0 )

c retention IN KGS/MjRFtnTN • ( PRSTK / VOL) • 1000,0 
IF < WTWTLC .Li, l*o * GO TO 34o8 

C MOISTURE CONTENT OURINo leaching
CMOLC ■ ( ( WTWTLC - WTAFT) • 100,0) / wTAFT
WCPCLC - ( ( TWTLC - WTOYLC) • 100*0) / VOL 

3*04 00 3300 k b  1, NS
SLCFAC b SLGT(K,L) / 200*0 

c weight of preservative per slice 
WTPSL ■ PRSTK • SLCFAC 

C ORIGINAL St ICE WEIGHT BeFORE BURIAL 
OSLW b WTOYLC * SLCFAC

C THEORETICAL WEIGHT OF SlICE WITHOUT PRESERVATIVE 
WSLNPC b OSLW • WTPSl

C WEIGHT OF SLICE CORRECTrO FOR PRESERVATIVE COHTfnT
WlSlC(K.L) ■ ((WSLNPr»(OHYW(K,L)»WTPsU)/WSLNPC)*100,0 

c WEIGHT loss DIRECT NOT CORRECTEO FOR PRpSERVATlVE CONTENT 
*LSL(K*L) ■ ( ( OSLW • ORYW(K.l) ) • 100,0 ) / OSLW 

3300 CONTINUF
MrITE(4,3406)

3404 FORMAT( IX,//, 2X*f0HVOLUM£ CM3, 2X» lOHlVfTTAL WT, 2X*
2 10HWT WET TRT, 2X, loHGAlN IN WT, 2*, lOMWT ORY TRT,
3 2*, ibhRETENTION *r,/M3, // )WRITE(6,3407) VOL* WTINIT, FINWT, GNjNWT, WTAFT, RETNTM 

3467 Format ( sx, 6(F7.2,*xn 
WRItE(4,3302)

3302 FORMAT ( IX,//, 14X.10HWT WET LCH, 2X, IOHWATCPC LCh, 2x, 
2 10HMCON LEACH,2X, lOHWT DRY LCH,//)
WOItF(4.3303) vTwTLc, WcPCtC, CmDlC, WTOYLC 

3363 FORMAT ( 17X. 4 ( FT.2 . 5X) )RfTXMlJ

318
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TIGFLD Input :
Card 1 : Number of stakes, number of segments per stake, 

e.g. 02 12
Card 2 : Species code, Code for treatment ( 01=Untreated Scots pine, 02=

Treated Scots pine, 03=Treated and Leached Scots pine, 04=Untreated 
Birch , 05=^Treated Birch, 06=^Preated and Leached Birch ), Stake 
number, Stake position, Sample time, Date of Sample, Initial Wt.,
Wt. on removal, Wt. after sawing into segments.

e.g. SPNLC 03 EA06 22__001 060176 139• 63__000• 00__000• 00
Card 3 - 6 : Segment number, Wet Wt., Dry wt., Segment length ; Segment number, 

Wet wt., Dry wt., Segment length ; Segment number, Wet wt., Dry wt., 
Segment length.

e.g. _01 _2 5 • 34 16 • 20_ 15*5___ 02_15*37_10*24_15*5____03_I5*83_10*26J5*5
Card 7 s Omitted if stake is untreated. If stake is treated and leached :

Stake volume, Initial wt. before treatment, Wt. after treatment, Wet 
wt. during leaching, Dry wt. after leaching. If stake is treated, 
but not leached : Wet wt. during leaching and Dry wt after leaching 
are omitted.

e.g. _229*0_140*3_362«8_175«56_366*01_183*85 
Cards 8 - 13 : Similar to cards 2 - 7 .
Card 14 j  End of run card 

e.g. 00—00 
TIGFLD Output :

WOOO S P N L C  C O D E  3  S T A K E  N O .  E A 0 6  S T A « f .  P o S N  2 2  S A M P L E  T I M E  1  M O N T H S  D A T E  6 o l * 7 0

I N I T I A L  WT w t  R e m o v a l WT A F T  S A W s« Jn w e t  v t S T A K E  h c q n s t a k e  v c p c v  s t a k e V t  LS S T IC  MC ftCM S T K  VJC

1 3 9 . 6 3 0 . 0 0 0 . 0 0 5 6 . 6 9 2 2 . 6 1 0 . 0 0 0 . 0 0

V O L U M E  C « 1 I N I T I A L  WT WT we T T P T G A I N  I N  WT V t D * r  T r t R E T E N T I O N  K6/M3

2 9 9 . 0 0 1 4 0 . 3 0 3 6 2 . 0 0 2 2 2 . 5 0 1 7 S . 5 6 2 4 . 7 1

WT w e t  l c h W A T C P C  l c H N c o n  l e a c H * T O U T  L C H

3 6 6 . 0 1 6 0 . 9 2 1 0 H . 4 H 1 H 3 . 8 5

SLICE RESULTS

SLICE NJHB WET S L I C E 0RV SLICE S l - I C E  L G t m H O I S T  C O N T W a t e r  c o n t W E I G H T  L O S S V f. ! < * H t  L O S S  C O R R E C T E D

1 2 5 . 3 4 1 6 . 2 0 2 4 . c ; n 5 6 . * 2 2 4 . 8 7 2 8 . 0 7 2 9 . 2 4
? 1 5 . 3 7 1 0 . 2 4 l S . j o 5 0 . 1 0 2 2 * 0 * 2 6 . 1 3 2 9 * 3 1

3 1 5 . a J 1 0 . 2 * 1 5 » 5 C 5 4 . 2 9 2 3 . 9 4 2 7 . 4 9 Z 9 «  1 6
4 1 6 . 5 7 1 0 . 6 0 l S . ^ q 5 9 . 3 3 2 6 . J 4 2 7 . 0 1 2 8 *  I *
5 1 6 . 2 7 1 0 . 5 0 1 5 * 5 0 5 4 .  V 5 2 4 . f i ? 2 5 . 1 1 Z 7 .  V I

6 1 5 . 6 9 1 0 . 4 ? I 5 . 5 0 5 0 . 5 A 2 2 . 6 7 2 5 .  *7 2 7 . 9 9
7 1 5 . 3 0 1 0 . 0 7 1 5 . s o 5 1 . 9 4 2 2 . 4 9 2 9 . 3 3 3 0 * 5 5
A 1 5 . 6 7 1 0 . 5 3 1 5 . 5 0 4 8 . 4 3 2 1 . 9 * 2 5 . 1 0 2 7 .  l g
9 1 5 . 2 6 1 0 . 2 1 1 5 . 5 0 4 9 . 4 6 2 1 . 7 ? 2 5 . 3 4 2 9 . 5  1

1 « 1 5 * 3 1 9 . 8 3 1 5 . 5 0 5 5 . 7 5 2 3 . 5 7 1 1 . 0 1 3 * . 5 i

1 1 1 9 . 2 7 9 . 9 * 1 5 . 5 0 9 3 . 8 6 4 0 . 1 6 3 0 .  ? A 31  . S o
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TIGFSG
This program calculates the moisture content, weight loss, 

acetylene reduction rate and water content in segments cut from slices 
of the stakes exposed in the field and described in Section 12. It* is similar to TIGROT and calls BOTIN, which reads ifa the weights and 
volumes of the bottles used in the AR assay, and then INDAT reads in the 
data for each segment of each slice. The input data was recorded on 
forms similar to that shown in Figure 19* except that the segment volume 

% replaces the segment length. The density map produced by MAFER represents
the transverse face of the slices cut from the stakes.

A modification of the program, combined with the MATMAP package 
produced the three-dimensional representations shown in Figures 93 
and 9U*

%

*
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