
 
 

 
 
 
 
 
 

 
Lincoln University Digital Thesis 

 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of the Act 
and the following conditions of use: 

 you will use the copy only for the purposes of research or private study  
 you will recognise the author's right to be identified as the author of the thesis and 

due acknowledgement will be made to the author where appropriate  
 you will obtain the author's permission before publishing any material from the 

thesis.  

 



CHAPTER SEVEN 

EARTffilORM. BURROVING 



-166- Chapter Seven 

From the plant point of view, the activities of earthworms are 

probably more important in their effect on nutrient cycling than their 

effect on soil physical properties. The pssitivQ benefits of introducing 

worms intb soils previously devoid of them have been noted by Stockdill 

& Cossens (1966). These workers found that incorporation of DDT by 

earthworms helped control grass-grub and nutrients were released from a 

turf mat that was incorporated into the soil by the worms. Hoogerkamp 

(1979) also showed the importance of earthworms in nutrient cycling; 

without adequate numbers of earthworms a loss of fertility and pasture 

growth resulted from the build up of a turf mat. 

Sharpley & Syers (1977) noted that the amount of exchangeable 

inorganic phosphorus was between' two and three times greater in 

earthworm casts of A. caliginosa than bulk soil depending on the time of 

the season. In other work (Springett & Syers, 1979), the casts of 

L. rubellu's were shown to direct the growth of roots of ryegrass 

seedlings up into casts above the soil surface by a growth regulator 

effect. Increased exchangeable phosphorus of casts was associated with 

increased shoot growth. 

Because of the significance of the above chemical effects, which 

vary with earthworm species, it is difficult to identify cause and 

effect relationships between the physical effects of earthworm burrowing 

and their overall effect on crop growth/yield. The only reliable 

interpretation of the physical effects of earthworm burrowing stops at 

the soil. In Chapter One the desirable soil properties for crop growth 

were outlined. It is possible to measure the effects of earthworm 

burrowing against that desirable outline and therefore make indirect 

inferences about the likely effects on plant growth/yield. 

L • 
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This chapter examines some effects of A. caliginosa on soil physical 

properties. In Chapter Six it was established that an average of 83 % of 

a given earthworm population in the soils studied was A. caliginosa. 

Study of this species' effects on topsoil structure is therefore useful 

to the Canterbury Plains situation. 

7.1 REVIEV OF EARTHVORK EFFECTS ON SOIL STRUCTURE. 

Major reviews cite the 18th and 19th Century observations of ~hite 

and Darwin respectively (Edwards~& Lofty, 1977; Lee, 1985). From those 

early times i~ was recogni~ed that earthworms were largely respcinsible 

in the long term for the crumb structure of many well managed European 

soils. Lee (1985) ~ited work from the United States where 'vermisols' 

were found in Dakota. The vermisols appeared to consist of completely 

worked soil, casts and burrows, to a depth of 90 cm, with poorly defined 

horizons above that depth due to mixirig. It was thought that an anecic 

species was responsible for this phenomenon, which showed the ultimate 

effect of earthworms on soil structure and pedology. 

However, the following review will mainly centre on the effects of 

the epiendogeic and endoepigeic, Lumbricid species that have been found 

in this study. Some effects of anecic species will be mentioned to 

highlight their absence from the soils in this study. 
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7.1.1 Earthworm effects on soil stability. 

Lee (1985) summarised work on aggregate stability of worm casts. He 

described how organic matter is finely divided and mixed with mineral 

soil and microbes. Such material usua~ly gains stability for a period of 

about 15 days as decomposition products and live organisms cause 

cohesion of particles. This is followed by a slow decrease in stability 

as tho~ stabilising products are themselves br~ken down. 

Lee (1985) concluded that, from circumstantial evidence, bacterial 

polysaccharides, fungal and actinomycete mycelia are all important in 

the stabilising phase of earthworm casts. The timeless work of Dawson 

(1947) clearly ~howed (Figure 7.1) that the stability of cast material 

depended greatly on the organic matter ingested by earthworms. Species 

of worm that are predominantly epigeic or anecic usually feed at the 

surface on litter and detritous and mix that with underlying soil 

(Bouche, 1975; Sims & Gerard, 1985). On the other hand, endogeic species 

consume smaller proportions of organic matter compared with mineral soil 

(Piearce, 1978) and so their egesta would be expected to be less stable, 
r or stable for a shorteA time, than egesta from epigeic or anecic worms. 

As mentioned in Section 2.11, the positioning of this cast material 

is important in soil physical studies. The fact is that a period of 

increased localised stability is induced with a peak about a fortnight 

after product~on (Lee, 1985). Yhen that occurs at the soil surface, 

greater surface stability would result. However, this can be negated by 

the clearing of a turf mat by worms which exposes the soil surface to 

increased destructive forces (Stockdill & Cossens, 1966). 
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Figure 7.1 Stability of soil materials from Dawson (1947). 

Dispersibility under impact of water of soil aggregates 
from earthworm intestines, excreted casts and worm free soil, 
with and without added organic matter. 
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Yhen deposited on burrow walls, especia~ly of anecic species which 

deliberately line their burrows with unconsumed organic matter (Lee; 

1985), an increase in the stability of burrows should, in theory, occur., 

This would probably increase the longevity of those burrows compared 

with other macropores such as packing voids or planar voids., A similar 

concept might be applied to root channels as roots decay and cease to 

occupy their Ehannels. The key to the question of stability of biopores 

is the location of organic matter and increased microbial activity on 

pore walls. So far, this concept has been too difficult to test for 

validity and so it remains a hypothesis. The morpholugy of a burrow wall 

of Lumbricus terrestris was described by van Rhee (1977). He found that 

the wall of the burrow was 2 mm thick and comprised ~ successive 

deposits of cast material. 
'. '--> 
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7.1.2 Quantity of earthworm casts. 

Neither A. caliginosa nor L. rubellus produce large quantities of 

casts above the soil surface because of their predominantly endogeic and 

epigeic characteristics respectively. The major worm type that produces 

casts above the surface is the anecic worm type, found to be absent from 

soils studied for this thesis. 

Barley (1959c) quantified surface cast production of A. caliginosa 

and Eisenia rosea (Sav) in the field for three consecutive years near 

Adelaide in Australia. Using surface cast production as an index of 

activity, Barley found that activity closely coincided with the growing 

period for Subterranean Clover (Trifolium subterraneum (Lin» as shown 
-2 -1 in Figure 7.2a,b&c. Barley estimated that 250 g m a of above surface 

casts were produced on average. This was calculated to be only 6 or 7 % 

of total egested soil. Barley compared this rate of above surface 

casting with British populations that placed about one third of material 

egested above the surface. 

Sharpley & Syers (1977) found a period of casting activity from 

Apr}l to September in New Zealand (in 1975) as shown in Figure 7.2d. 

These authors associated cast production peaks with the coincidence of 

favorable moisture content and temperature of the top 10 cm of soil, 

which is shown in Figure 7.2e. 

t.c~ .. :<.;~<:;;:~ 
- ~..-~ 

, 
I .. 

..,-::.--: 
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Figure 7.2. Casting activity of E. rosea and A.caliginosa from 
Barley (1959c) (a, b, c) and of predominantly A. caliginosa «ji) wi th soil 
moisture and temperature (e) from Sharpley & Syers (1977). J 
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The significance of above surface cast production is that the event 

causes a change in bulk density and total pdrosity at the depths whence 

the soil egested came. In Barley's work (1959c) the average mass of soil 

cast above the surface was equivalent to 0.18 mm increase in soil 

height. If the soil came from the top 15 cm of soil then an increase in 

total porosity of 0.06 percentage points occurred. Barley concluded that 

above surface casting was an insignificant factor compared with 

compaction by sheep treading. 

In the work of Sharpley & Syers (1971) above surface casting 
-1 -2· amounted to 25 t ha ,or 2.5 kg m over the year of study (1975). 

-3 Assuming the same bulk density of casts as Barley (1959c), 1.4 g cm 

that mass corresponded with an increase in soil surface height of 

1.8 mm. If that was also derived from the top 15 cm then an increase in 

total porosity of 0.6 percentage points would have occurred. This is a 

relatively small change and is very unlikely to be detected by taking 

field cores. 

Lee (1985) cited a number of conflicting reports about the surface 

casting activity of A. caliginosa. He ventured that the differences in 

activity might be explained by differences in compaction of soils. This 

hypothesis was tested under controlled conditions for this thesis. Lee's 

hypothesis was that "Species that usually deposit casts in subsurface 
I 

soil spaces will cast at the soil surface in compact soils, and this may 

account for differences in casting behaviour of species in different 

circumstances." 

,'<; .. ' ,', --. 
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7.1.3 Burrow formation. 

As reviewed in Chapter One, especially Section 1.2, it is the 

continuity as well as the volume proportion of earthworm burrows that 

affects soil physical properties. Stockdill & Cossens (1966) recorded a 

decrease in total porosity on two sites with A. caliginosa compared with 

their absence, and yet the infiltration rate and cumulative intake rate 

markedly increased on both sites. 

The overall means of six sites studied by Stockdill & Cossens (1966) 

showed an increase in total porosity (+0.6 percentage points for 0-10 cm 

depth) as well as an incrQase in infiltration acceptance, but volume of 

pores >60~m decreased from-24 to 18 % for the same depths. Available 

water capacity increased from 26.8 to 28.8 mm (for the top 10 cm) and 

unavailable water retention increased by 0.8 percentage points. The I 

effects of worm burrowing and below surface casting were thus to 

reorganise pore size distribution rather than to cause considerable 

change in total porosity. Unfortunately, the authors of this work did 

not include least significant differences or standard errors with their 

results. 

Barley (1959c) showed that random burrowing of A. caliginosa and 

E. rosea occurred at depths of 0-15 cm. Below 15 cm a few vertical 

burrows with bottoms ending in aestivation chambers were also found. The 

effects observed by Stockdill & Cossens (1966) were mainly confined to 

the top 10 cm with a few effects to 30 cm. For instance, there was a 

change in available water capacity of the top 30 cm from 72.9 to 
\, 77.5 mm. 
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Continuity with the surface is one of the most important features of 

burrows for air permeability (Hole, 1981; Douglas et al., 1986) and 

saturated hydraulic conductivity (Bouma et al., 1982). Smettem & Collis-

George (1985a) showed that infiltration rates were reduced when burrows 

previously open to the surface were occluded by stock treading. This was 

also shown in the laboratory by Bouma (1982) when crusted topsoil cores 

were found to be one or two orders of magnitude less conductive to water 

than uncrusted topsoil cores containing continuous macropores. The 

perforation of crusts and maintenance of burrows venting at the surface 

is thus an important aspect of earthworm burrowing. 

A diagram to show the typical pattern of burrow formation for the 

epigeic (blue), end"ogeic (red) and anecic (green) habi tats is shown in 

Figure 7.3. This diagram has been derived from work by Bouche (1975), 

Sims & Gerard (1985) and Lee (1985). 

The deep burrowing effects on drainage and root penetration observed 

by Ehlers (1975), Omoti & wiid (1979), Ehlers et al. (1983) and 

Fitzpatrick et al. (1985) would not be expected in this study due to the 

absence of anecic species. Springett (1985) experimented with 

introducing A. longa to a pasture where A. caliginosa and L. rubellus 

were already established. She observed that lime was mixed to a greater 

depth and that there was an increase in porosity at 10-20 cm depth. 

Surface casting increased and there was sometimes an increase in crop 

dry matter production. 
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Figure 7. 3 . Diagram s howing typical burrow patterns of the three 
major habitat types of ear thworms ( synthesised from the litera ture). 
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7.2 EXPERIMENT TO INVESTIGATE THE EFFECTS OF BULK DENSITY AND 

TEMPERATURE ON THE BURROWING OF A. caliginosa IN A SILT LOAM TOPSOIL. 

As mentioned in Section 7;1.2, Lee (1985) questioned whether the 

degree of soil compaction affects the frequency of earthworm casting 

above the surface; This experiment was attempted under controlled 

conditions to answer this question, and quantify burrow. formation for 

porosity modelling purposes. 

7.2.1 The objectives of the 'experiment. 

1. To model pore volumes "created" by A. caliginosa in topsoils of 

different bulk densities. f- • ~ 

rT 1-·--" 
I __ 

2. To repeat the experiment at 15 °C, 10 °c and 5 °C, which 

. approximately coincides with summer mean maximum, mean annual and winter 

mean minimum soil temperatures at 10 cm depth in the field (Cox, 1978). 

3. To try to assess pore continuity with the soil surface created by 

A. caliginosa. 

4; To determine the burrowing habits of A. caliginosa with respect 

to orientation and direction of burrowing, rate of burrow formation, the 

frequency of backfilling old burrows and the frequency of burrows 

venting at the soil surface. 
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7.2.2 Materials and methods. 

The obse~vation cases shown in Figure 7.4 were based on those used 

by Evans (1947) and Bolton & Philipson (1976). Cages were 21 cm wide, 

35 cm tall and the plates wete 0.6 cm apart. ~orms wer~ given a depth of 

25 cm of topsoil and 5 cm of subsoil. The volume of topsoil was thus 

315 cm3 , and the soil surface was 12.6 cm2. 

Topsoils were packed to uniform bulk densities between 0.85 and 

1.45 g cm-3 as shown in Table 7.1. For a homogeneous soil, it was found 

by experimentation th~t this represented a range from minimum bulk 

density to values where zero air-filled pores exist at field capacity 
.. 3 

(eO. 05 ). The subsoils were packed to between 1.6 and 1.7 g cm- • 

Bran was added at a rate of 1 % (w/w) to soil before packing, giving 

a uniform distribution throughout the 25 cm of topsoil. No bran was 

added to the 5 cm of subsoil. In addition, 0.5 g of bran was added to 

the soil surface. The topsoil used contained 5.0 % organic matter prior 

to adding the bran. Soils were wetted up and allowed to drain and 

equilibrate at their respective temperatures for one week before adding 

worms. This allowed some microbial activity to occur which was desirable 

since the soils used had been stored ~ air dry~. The topsoil was 

from a ~akanui silt loam. 

~orms were taken from the same ~akanui silt loam. Individuals that 

were large, immature or incipiently mature, were selected. They were 

kept at the temperature of the experiment in moist topsoil with added 

bran for one week before being introduced, one in each cage. This gave 
-2 an equivalent population density of 780 m 

! .' 
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Figure 7.4 Cage design for observing earthworm burrowing. 

Glass plate 
(fixed) 

Perspex plate 
(removable) 

Topsoil dimensions; depth 25 em 

area 21 x 0.6 em 

Subsoil depth 5 em 

25 em of 
topsoil 

Note that this apparatus may be viewed from both sides. The base 

supports and surrounds were all made of varnished wood. Bolts and wing 

nuts (not shown) were used to hold front removable sections in place. 

,_-_--.J.-_-.... " __ 
'-.~.--.-.-. ,-',- -
,;~:~;:j:;;:;:!-

",. ,'.--. 
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The individuals used had an initial live weight of 600 ~ 20 mg 

(0.6 g). They were carefully selected for their uniformity. 

Six cages were used at each temperature. The three temperatures used 

were 5, 10 and 15 °c in constant temperature rooms. These temperatures 

were held within 0.5 of a degree for 99.9 % of the time. Cages were 

loosely covered with black polythene to limit water evaporation and to 

exclude light. Water was added from time to time to the surface if there 

appeared to be any drying. It was assumed that the moisture was at or 

just below field capacity. 

Acetate sheets were placed aga~nst the side viewing plates for 

tracing btirrow for~~tion with time. Successive sheets were used for 

successive dates during the experiment. As well as new burrows, casting 

and backfilling Were also traced, together with the position of the worm 

and any feeding chambers (larger than burrow diameter) that were 

produced. 

after two months 
To finish the experiment, worms were killed,\using a 0.2% formalin 

solution because they could not reliably be extracted. Casts deposited 

above the original soil surface were removed after the experiments had 

been terminated. Measurment of burrow diameters was made directly using 

vernier calipers when cages were opened after each experiment. 

:::,-:..;~;';'?::~ 
:~:;-:~.:~,.~;(:.:~ 

:- . 
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7.2.3 Orientation of burrows. 

The acetate traces were analysed for burrow orientation. Two 

groupings were made; those between 45 0 and vertical and those between 

45 0 and horizontal. Table 7.1 shows that there was no effect of 

temperature or bulk density on burrow orientation by this analysis. The 

term "% V" denotes, Pefentage of burrows within 45 0 of vertical. 

Table 7.1 Orientation of burrows with temperature and bulk 
density. 

T 5 °c T 10 °c T = 15 °c 
Cage No. % V Pb Cage No. % V Pb Cage No. % V Pb 

#3 55 0.87 #6 53 0.87 #3 60 0.95 
#4 50 1.04 #5 57 1.10 ttl 48 1.04 
ttl 51 1.22 #2 49 1.24 #2 46 1.10 
#5 46 1.30 #1 40 1.34 #6 54 1.20 
#2 61 1.38 #3 -failed- #4 76 1.29 
#6 64 1.45 #4 * 1.46 #5 45 1.39 

Means 54 a 50 a 55 a 

Means were not significantly different 2(p<0.05). 
Regression of orientation on bulk density r = 0.003 (n/s). 
No value is given for #4 at 10 °c because of unreliable data. 

It is inferred from the lack of orientation towards vertical or 

horizontal that A. caliginosa burrowed at random. It is unknown whether 

this would have been the case in natural conditions with diurnal 

temperature variation and an unhomogeneous distribution of organic 

matter The burrowing might also have been different if individuals had 

not been effectively confined to two dimensions. 

Kretzschmar (1982) observed that a predominance of burrowing within 

30 0 of vertical occurred in soils with a predominance of anecic 

::;:-;;:,~::;:.~;:; 

~:.:~:::::~~:'::~ :--: .. _-, ..... , ... < 
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species. This tendency was especially marked in the Autumn and Winter 

which coincided with the greatest burrowing activity. It may be 

concluded that A. caliginosa did not burrow in a, prefe{ed direction, 

which is consistent with its essentially endogeic character. 

7.2.4 Burrowing length formation. 

-1 The rates of net burrow length formation in cm d were calculated 

for each cage. Hereafter the rate of burrow length formation will be 

regarded as an index of earthworm activity. This activity will be 

referred to as "burrow length activity" (Bla ) with units of cm d-1• The 

results of this analysis are graphed in Figure 7.5. The lines drawn are 

from a predictive e~uation (7.1), derived empirically, which accounts 

for 82.9 % of the variance. Note that the expression predicts zero 

burrow length formation at 3.5 °C. 

Bla = 15.8 - 11.4(Pb) + 3.13 x 10gI0(T-3.5) 

h B b 1 h .. ( d-1) were la = urrow engt act1v1ty cm ,Pb 

and T = temperature (oC). 

2 r 0.829*** (7.1) 

bulk density (g cm~3) 

There were clear effects of bulk density and temperature on net 

burrow length formation. Increasing bulk density was associated with a 

decline in net burrow length formation. Increase in temperature was 

associated with an approximately logarithmic increase in burrowing 

activity at the three temperatures used. 

:~:";:":<~;'~'--> 
:::::::~~:~;:~ 

-"'-



-182- Chapter Seven 

Figure 7.5 Net burrow length activity against bulk density at three 
temperatures. 
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Assuming that soil strength and bulk density are well related, this 

trend with increasing bulk density countermands the work of Dexter 

(1978). He found that A. caliginosa burrowed through compacted blocks of 

soil irrespective of strength. There were a lot of umknown factors in 

his experiment. The most important of these was that the experiments 

only lasted 10 days. Over such a short time the "escape reaction" 

observed by Bolton & Phillipson (1976) might have been important in 

obscuring any effect of soil strength on burrowing activity. There was 

no mention of food scarcity which may have been an important factor. 

" :~-
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Gross volumes occupied by burrows and feeding chambers are shown in 

Figure 7.6. The net total volume including feeding chambers, but 

excluding backfilled volumes are also shown. Thus the deductions 

(shaded) represent the extent of backfilling of burrows and chambers. It 

is interesting to note that the gross volumes at 10 and 15 °c were 

similar with change in bulk density. It is obvious that more backfilling 

occurred at 10 and 15 °c than at 5 °C. This observation adds weight to 

the concept of a logarithmic response to temperature. It is possible 

that earthworms were beginning to reach a maximum net burrow length 

after two'months at the former two temperatures such that additional. 

burrowing would have required a related volume of backfilling. 

Figure 7.6 Backfilled volumes against bulk density at three 
temperatures after two months. 
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7.2.5 Surface venting frequency. 

At 10 and 15 °c surface venting burrows that were continuous with 

the burrow system to 25 cm depth reached a maximum number of 9 or 10 

within two months in many of the cages. An average maximum of 9 equates 
-2 to about 7000 surface vents m • 

At 5 °c it was evident that such a maximum number was not reached in 

any of the cages. This may have been due to lower burrow length 

activity. A graph of surface vents against bulk density (Figure 7.7) 

shows that there was little effect of bulk density on numbers 

(r2 0.059). Analysis of variance at different temperatures showed that 

the mean of the number of surface vents at 5 °c was significantly 

smaller than at 10 or 15°C as shown in Table 7.2. 

Table 7.2 Numbers of surface venting pores per cage. 

T = 5 °c T = 10 °c T = 15 °c 
Vents Pb Vents Pb Vents Pb 

7 1.22 4 1.34 9 1.04 
3 1.38 9 1.24 10 1.10 
2 0.87 1 1.46 8 0.95 
1 1.04 10 1.10 7 1.29 
3 1.30 8 0.87 8 1.39 
3 1.45 8 1.20 

3.2 b 6.4 a 8.3 a 

Means NOT sharing letters were 
significantly different (p<0.05). 

The literature reviewed, and evidence of this study, showed that 

burrowing activity pf A. caliginosa had little effect below the topsoil. 

There were only three occasions when worms burrowed into the subsoil. 

One was unexplained at 15 °c. The other two occasions occurred at 5 °c 

when the individuals concerned aestivated. 
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Figure 7.7 Graph of surface venting pores against bulk density at 
three temperatures (numbers per cage). 
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The potential to create surface venting pores continuous with other 

burrows in the topsoil is an important feature of A. caliginosa 
-2 burrowing. The maximum of 7000 vents m found in this study would be 

unlikely to occur in the field, even with an equivalent population 

density. This is because raindrop erosion and slumping and slaking of 

surface aggregates would tend to block vents. Where stock is present, 

treading would also tend to occlude surface vents. None of these 

destructive forces operated in this study and so numbers obtained may be 

considered to be the maximum potential for a population of 780 large 

immature or mature A.caliginosa m-2 . There was evid~nce that no more 

-2 than 7000 m would be formed since new vents were made at the expense 

of old ones when there were 9 or 10 vents per cage. 
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The number of surface vents may also have been affected by the fact 

that earthworms were effectively forced to burrow in two dimensions. If 

the preference of A. caliginosa is to burrow horizontally, then being 

denied two horizontal dimensions may have artificially increased the 

frequency of vertical burrowing and thus the number of surface venting 

burrows. 

Working with a mean diameter of 3.7 mm for burrows (see Section 

7.2.7), 7000 vents m-2 represents a relative area of 7.5 %. This is a 

considerable relative area. Management effects such as mulching, 

maintaining crop cover and keeping stock off the land when topsoil 

strength is low might allow large relative areas of surface venting 

pores to occur. This would in turn have an important effect on topsoil 

hydrauric conductivity and aeration. 

: ,:; .,' ~I':; c~ 
~ . .;.;;. -~~~ ,:~~:;: 
~:~:~:~~...:).!.:.;.:.:~: !.<.T ", .• ,',' 
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7.2.6 Above surface casting. 

Casts were collected from the surface and weighed. Figure 7.8 shows 

the relationship between dry weight and apparent volume. The gradient is 

apparent bulk density which was consistently 1.43 g cm-3 . Barley (1959c) 

found an apparent bulk density of 1.4 g cm-3 for above surface casts. 

Figure 7.8 Graph of weight against apparent volume of casts. 
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The final weights of casts above the surface were assumed to have 

been derived from the 25 c~ of topsoil generally. The changes in bulk 

density and porosity values are shown in Figure 7.9. These changes were 

far larger than those found by Sharpley & Syers (1977) or Barley" (1959c) 

where 0.6 and 0.06 percentage point~ were added to,the porosity of the 

top 15 cm respectively. In this study the additions ranged from a 

minimum of 0.1 to a maximum of 2.7 percentage points of porosity to the 

25 cm of topsoil, not just the top 15 em. 

This great difference in porosity formation may have been partly due 

to each cage only having a soil surface area of 12.6 cm2. This was 
-2 equivalent to a population of 780 m of large individuals, as already 

explained. The populations present in the work of Sharpley & Syers 

(1977) were not reported. The population in Barley's work (1959c) was 

540 m-2• 

Another factor may have been that introducing worms to the top of a 

soil profile usually produced an initial casting reaction. This was 

observed by Martin (1982). Sometimes there was no further casting above 

the surface. This means that the low values of porosity change in Figure 

7.9 were probably due to that initial casting reaction rather than 

sustained casting activity. However, the results of Sharpley & Syers 

(1977) were of a similar magnitude. The initial Autumn activity 

following aestivation observed by Sharpley & Syers may have produced a 

similar effect to the initial activity observed in this experiment, but 

for different reasons. 

.. - --" . ,.- .. "-' 
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There was an overriding effect of bulk density on above surface 

casting activity. The hypothesis of Lee (1985) was well founded; the 

bulk density of soils used in the literature for studying casting 

activity would bave been important in interpreting results. 

Figure 7.9 Changes in bulk density and total porosity due to above 
surface casting of A. caliginosa against initial bulk density at three 
temperatures. 
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[0.5 + 310g10T x (1+ Sin(600(Pb-1.15»)] x t x 10-4 (7.2) 

[0.5 + 310g10 x (1 + Sin(15(53.4-Et »)] x t x 4 x 10-3 (7.3) 

r2 0.529*** 

There was no specific reason for empirically fitting a sin 

relationship to Figure 7.9. This expression simply fitted the observed 

results. Future work may show that some other relationship more 

effectively describes the effect of soil density on above surface 

casting activity of A. caliginosa. 

7.2.7 Burrow diameter. 

One hundred measurements of burrow diameter were made using vernier 

calipers. A frequency diagram of burrow diameters ~s shown in Figure 

7.10. The narrow range of values about the mean of 3.7 mm was probably 

the result of using a selected size range of individuals for the 

experiment. It is interesting to note that burrows did not become 

narrower at localised points of higher density, at least not measurably. 

Dexter (1978) observed the tunneling of A. caliginosa thtough blocks 

of high density soil and found that the species ate its way through the 

blocks leaving regular cylindrical burrows with walls that had not been 

compressed by sideways movement of soil. It would therefore appear that 

burrow formation from one localised point to another is not affected by 

bulk density differences. 
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In Barley's work (1959c), burrow diameters ranged from 0.5 to 3.5 mm 

with a modal diameter of 1.1 mm and an arithmetical mean of 1.4 mm. The 

mode and mean might be expected to vary with the time of season as the 

population age structure changes and hence the burrow size distribution. 

Nevertheless, the largest burrows would be most important for drainage 

and aeration under saturated conditions. 

Figure 7.10 Frequency diagram of burrow diameters found in cages. 
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7.2.8 Rate of soil ingestion. 

The work of Dexter (1978) showed that A. caliginosa eats its way 

through soil rather than pushing soil sideways. Given this, and the 

predominantly endogeic habitat of the species, it has been assumed that 

the gross total volumes given in Figure 7.6, including the volumes 

subsequently back-filled, must have passed through the worm's gut in 

each cage. Remote calculation in this experiment was the only way to 

assess the soil ingestioniegestion rate. 

The rate of soil volume ingested was calculated from the traces of 

burrows and feeding chambers. By mUltiplying the volume of soil ingested 

by the bulk density· to which the ·soil was originally packed, a weight 

for the volume of soil ingested was calculated. Values for the rate of 

soil ingestion (g d-1) for each cage are shown in Figure 7.11. 

Soil ingested declined consistently with increasing bulk density. It 

might have been supposed that the weight of soil ingested would have 

been more constant so that large volumes at low bulk densities would 

equate with low volumes at high bulk densities, but the weights were not 

the same. The consistent decline in Figure 7.11 is similar to that 

observed for net burrow length activity in Figure 7.5. 

,The additional bran, and the organic matter otherwise present, were 

constant by weight. This presumably means that individuals experiencing 

higher bulk densities were not ingesting as much organic matter as those 

at lower bulk densities. If this was true, and there was a lower amount 

of energy available from less organic matter, then one might expect 

smaller growth rates and smaller populations in habitually compacted 

" ~ ',-" 
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topsoils. This is highly speculative, but an interesting point to 

consider nonetheless. 

Figure 7.11 Rate of soil ingestion against bulk density at three 
temperatures. 
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Martin (1982) conducted experiments with A. caliginosa in a sandy 

soil with controlled levels of organic matter in cages at 20 °C. 

1.5 

Martin's experiments ran for only eight days. Consequently, the rates of 

soil processing and burrow length formation were heavily influenced by 

the escape reaction of introduced earthworms over the first few days. 

The abnormally high initial burrowing and above surface casting rates 

was called the "escape reaction" by Bolton & Phillipson (1976). 

In the cage experiment for this thesis, the escape reaction was 

averaged over two months and thus assumed to be unimportant. The 

individuals had an initial live weight of 600 + 20 mg. Martin found that 

-1 -1 A. caliginosa consumed soil at an average rate of 2.4 g d g of live 
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worm. By comparison, my study showed that the highest rate of soil 
-1 -1 -1 consumption was 2.0 g d g of live worm, and the least was 0.17 g d 

-1 -1 -1 -1 g of live worm. (To convert g d in Figure 7.11 to g d g of live 

worm, divide values by 0.6.) 

The highest rates of soil consumption occurred at the lowest bulk 

densities in my cage experiment. Martin poured his soil and tapped the 

cages to settle it. This presumably resulted in very low relative 

densities for the sand that Martin used. With that in mind, the fact 

that organic matter was scarce in Martin's experiment and that he 

conducted his experiment at 20 °C, it is not surprising that Martin's 

values for soil consumption were higher than those found in my study. 

Martin's values for burrow length activity were about three times 

higher than the highest value in my experiments. The fact that the 

discrepancy for soil weight consumed is far less than the difference in 

burrow length formation suggests that the relative densities in Martin's 

work must indeed have been far lower than those used in my study. 

Barley (1959b) worked with A. caliginosa at a range of temperatures 

from 11 to 19 °C. He found that large worms consumed soil at a rate of 

0.4 g d-1 g-l of live weight of worm for the first week. Worms then 

d '1 f 0 5 g d-1 g-l l' h consume SOl at an average rate 0 .2 of lve weig t at 

15 °C.These rates correspond with those at 5 °c in my study. It is 
o possible that Barley's rates were lower than my rates at 15 C (see 

Figure 7.11) because considerable amounts of organic matter had been 

added to the soil in Barley's experiment. That might have reduced the 

need of worms to burrow (Evans, 1947), thus causing lower values in 

Barley's work compared with those found in study for this thesis. 

- T > (._ 
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7.2.9 Summary of the experiment. 

Activity of A. caliginosa in terms of net burrow length formation 

and above surface casting was approximately logarithmically related to 

temperature. The same activities were affected by soil bulk density. 

Above surface casting occurred at all bulk densities to a small extent 
. -3 and reached a peak at about 1.3 g cm . (To put this value in context 

see Section 8.1.) There now needs to be a field study to investigate 

this casting/bulk density relationship, the net burrow length 

activity/bulk density relationship and the frequency of surface venting 

pores. 

At 10 and 15 °e, various features of activity were not very 

different between the two temperatures. These were, however often 

different compared with effects at 5 °c. Backfilling of burrows occurred 

within two months at 10 and 15 °c, but to a limited extent at 5 °c 
(Figure 7.6), maybe because general activity was lower. There may be an 

equilibrium point where new burrows are created at the expense of old 

ones with no net increase in burrow length. 

A maximum of 9 or 10 surface venting burrows (7000 m-2) were 

produced. Above surface casts had an apparent bulk density of 
-3 1.43 g cm • Burrows had a consistent mean diameter of 3.7 mm, probably 

due to using a selected size range of individuals. 

The rate of soil ingestion was found to be intermediate between the 

work of Martin (1982) and Barley (1959b). This may be explained by the 

differences in. organic matter status of the soil used in the different 

experiments. The rate of soil ingestion declined with increasing bulk 

density at all three temperatures in study for this thesis. 

, . 
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Limitations of this study included constant temperature, moisture 

and darkness. The soil was homogeneous with respect to density and 

organic matter distribution, except the very surface. None of these 

conditions would occur in the field. There was also an absence of 

destructive forces such as raindrops, slumping, treading or anaerobic 

conditions. With the two observation plates only 6 mm apart, the 

adhesion of cast material to plates tended to prevent any slumping 

effects. This would not happen in the field. The closeness of the plates 

also forced earthworms to burrow in two dimensions rather than in three 

which may have distorted their behaviour from that in the field. 
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7.3 FIELD MEASUREMENTS OF EARTHVORH BURROVING. 

A limited number of field measurements of earthworm burrowing were 

made. On the tillage and cropping experiment (described in Section 4.1) 

earthworm burrow numbers at 10 em depth were counted at frequent 

intervals during two seasons. Cores were also examined at 10 em depth 

for all survey sites. Finally, populations were compared with burrow 

numbers found at 10 em depth. 

7.3.1 Calibration of counts at 10 cm with burrow length. 

Assuming an even distribution of burrows with soil depth, a 

relationship was deiived from the cage experiment between burrow length 

and burrow numbers counted at 10 cm depth. This relationship is shown in 

equation 7.4. A linear relationship with an intercept on the Y axis was 

found to fit best (see Figure 7.12). This suggests that counts at 10 cm 

will tend to underestimate burrow length at low burrow lengths. This is 

in keeping with observations in the ~age experi~ent (not previously 

documented} where low burrowing activity.was concentrated near to the 

soil surface, above 10 cm. 

18.7 + 37.9 x B n 
2 r 0.799*** 

From Figure 7.12, it may be seen that 10 burrows at 10 em depth 

(7.4) 

predicted approximately 400 em of burrows in the 0-25 em depth zone. If 

the assumption that burrows were evenli distributed throughout the 25 em 

of topsoil holds, then at 5-15 em (10 em of topsoil) 10 burrows at 10 em 

depth would predict 160 em of burrows. This would be true for high 

burrow numbers only. 

~- -.-~:- .c.~;~.~::,~, 
.'-:!..". ~::;:~:,:.:.:.:: 
!-;:;"~~·:'i;;~~ 
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Figure 7.12 Calibration of burrow length against burrow numbers at 
10 cm for a topsoil 25 cm deep in cages. (The symbols used are the same 
as for Figure 7.11.) 

500 

400 

Burro\/' 
B 

length 
(em) 300 

in top A 

25 em 
of soil 

B 

200 

0 

100 0 Regression equation. 
Y = 37.9X + 18.7 2 = 0.799*** r 

0 n = 18 
A 

o 0 1 2 3 4 5 6 7 8 9 10 11 12 13 

Burrow numbers at 10 em depth. 

The assumptions in deriving this relationship were not tested. 

However, the calibration can only be assumed to hold for homogeneous 

topsoils. There is no reason to doubt the accuracy of this relationship, 

but it would be an error to try to use greater precision because of the 

scatter of the initial calibration in Figure 7.12. 

There would also be problems extrapolating this result to the field 

situation. Different sizes of worms may burrow at different depths with 

different patterns. The relationship described applied to large immature 

or incipiently mature individuals. The cages also had uniform organic 

matter distribution in the topsoil which may have made the burrowing 

more uniform than it would be in the field. 
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7.3.2 Burrow formation with time in the field. 

The tillage and cropping experiment was sampled at frequent 

intervals during two seasons. The 5-15 cm field cores were examined at 

10 cm and earthworm burrows larger than 1 mm diameter were counted. The 

results for the two years are shown in Figure 7.13. 

Missing values at the beginning of the first season occurred because 

the expermental technique was not immediately perfected. Initially 

numbers of burrows at 5 cm depth were counted, but it proved more 

reliable to use numbers at 10 cm. 

At the second sowing there was no disturbance at 10 cm in direct-

drilled plots and earthworm populations had increased (as shown in 

Section 6.2). This may explain why burrow numbers continued to rise 

until half way through the second season in direct-drilled plots. 

Ploughing at the second sowing date disrupted most, but not all worm 

burrows. 

There was no significant difference, however, between burrow numbers 

under direct-drilling compared with ploughing at the~nd of the second 

season. There may have been no difference, but differences might have 

been toQdifficult to detect due to high variability of burrow number 

values (as shown by the LSD values in Figure 7.13). The coefficients of 

variance for the analyses of variance for burrow numbers in this 

experiment were at least 45 %. The only conclusions that may be drawn 

are from the consistent trends of the second season. 
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It is possible with continual reorganisation of the topsoil by 

A. caliginosa that burrow numbers in undisturbed soils will reach a 

maximum. At such a maximum, an equilibrium between burrow formation and 

burrow destruction would exist. Figure 7.13 showed a slight decline in 

burrow numbers in the direct-drilled plots at the end of the second 

seaSon. 

The difference in earthworm populations had become established in 

the second season and a lighter direct-drill had been used. Together 

with sampling at 10 cm, these factors meant that consistent differences, 

whether significant or not, existed between the tillage treatments. 

U~der direct-drilling greater numbers of burrows existed than under 

ploughing. This wa~ particularly true at the beginning of the season, 

but became less marked as the ploughed topsoils were reorganised with 

time. By the end of the second season there was no effect of different 

crops. 

7.3.3 Populations and burrow numbers. 

The numbers of burrows larger than 1 mm in diameter were 

geometrically related to the populations of worms found at each site 

when bare fallow sites were excluded. The relationship for cropped soils 

is shown in Figure 7.14 and accounts for 47.8 % of the variance. The 

regression equation (7.5) for this geometric relationship between burrow 

numbers at 10 cm (Bn) and earthworm population (Yn) is given below; 

B n 
97.7 x (Y )0.508 

n 
2 r 0.478*** (7.5) 

, ~ . 
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The shape of the relationship suggests that as populations increase 

the numbers of burrows increase with diminishing increments. At high 

populations, the physical constraints of space would mean that new 

burrows would be more likely to be formed at the expense of old ones. In 

such situations no net increase in burrow numbers would occur with 

increasing burrowing activity. There might therefore be a tendency for 

burrow numbers to reach a maximum with increasing population. The 

geometric relationship tends to support this theory. The discrepancy 

with bare fallow sites will be discussed in the next section. 

Figure 7.14 Burrow numbers at 10 cm depth against earthworm 
populations. 
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7.3.4 Burrows at 10 cm depth with different management. 

The pasture species experiment was sampled at the end of each of two 

seasons. Table 7.3 shows that there may have been a significant 

difference between wheat and tall fescue effects on burrow formation at 

10 cm depth, but the treatments had only been established for one 

season, so any effects might have been chance. 

Table 7.3 Earthworm burrow numbers at 10 cm depth on the pasture 
species experiment. 

Earthworm burrow numbers m -2 
Crop Season one Season two 

Wheat 3540 a 3930 a 
Fallow 2200 abcd 4140 a 
Italian Ryegrass 2580 abc 3180 ab 
White Clover 2940 ab 2730 bc 
P. Ryegrass/W. Clover 2220 abcd 2310 bc 
Perennial Ryegrass 1200 cd 2310 bc 
Tall Fescue/W. Clover 1900 bcd 1860 c 
Tall Fescue 780 d 1710 c 

LSD = 1590 LSD 1060 

Means NOT sharing letters were 
significantly different (p<O.OI). 

In the second season the variance was reduced as shown by a lower 

LSD in Table 7.3. The trend was much more definite. A higher population 

in the bare fallow plots (see Table 6.9) produced the highest value in 

Table 7.3. The perennial grasses and clover accounted for the lowest 

numbers of burrow numbers. This may be explained in many ways. 

'\ 
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One explanation might be that the soils were wetter for longer in 

the wheat and bare fallow plots. If this occurred, it might have allowed 

their worm populations a longer season of activity. Another explanation 

is that the greater amount of roots in perennial and clover samples made 

counting burrow numbers more difficult giving lower numbers than cores 

where counting was easier. Alternatively, the marginally lower organic 

matter contents of the wheat and bare fallow topsoils forced populations 

to burrow more frequently to find food, as found by Evans (1947). All of 

these explanations have their strengths. 

There were no other predesigned experiments that showed any 

significant differences in burrow numbers, largely because of the high 

variability of sampling. For example, Table 7.4 shows the burrow numbers 

for the end of the second season of the tillage arid cropping experiment. 

Table 7.4 Earthworm burrow numbers at 10 cm depth on the tillage and 
cropping experiment after two seasons. 

Cultivation 
Crop 

Wheat 

Italian Ryegrass 

Ploughed 

2910 a 

1830 a 

LSD(p<0.05) = 1560 

Means NOT sharing letters were 
significantly different (p<0.05). 

Direct-drilled 

3360 a 

3180 a 

""':'-": 
:::~.~.'-:.",,:,.~ 
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In general, replicate values for burrow numbers at all the si'tes 

studied for this thesis varied greatly. The low frequency of any 

significant differences meant that interpretation of marginal 

differences was unreliable. Results from all sites used for the survey of-
-2 . silt loam topsoils were ranked in steps of 500 burrows m and are given 

in Table 7.5. Complete data-sets are given in Appendix Three. The most 

interesting feature of this ranking is that the largest numbers were in 

bare fallow topsoils, as found in the pasture species experiment. 

It might be supposed that the position of organic matter in topsoils 

would have an effect on burrow formation. For instance, following 

ploughing, most edible material would be at the bottom of the plough 

layer and this might encourage burrowing at that depth. On the other 

hand, in direct-drilled topsoils it would be expected that burrowing 

would be concentrated near the surface. This question was not studied 

for this thesis and remains an unknown variable. 

Little can be concluded from this section. Population remains the 

best predictor of burrow numbers and hence burrow length, except for 

bare fallow management which is a notable outlier. It should be noted 

that leaving ground, or maintaining ground, bare fallow is not a popular 

management option. Population estimates may therefore be fairly reliable 

for predicting burrow numbers. 

--"'.-. -..,-
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Table 7.5 Summary of earthworm burrow numbers m-2 

Num~zrs 
(m ) 

4500 

>4000 

>3500 

>3000 

>2500 

>2000 

>1500 

>1000 

>500 

No. 
sites 

(1) 

(1) 

(7) 

(8) 

(8) 

(6) 

(6) 

(6) 

Governing management history. 

Fallow from cont. cult. cereals. 

Wheat from cont. cult. cereals. 

Fallow out of Pasture (x2); 
DO Grass fro~cont. cult. cereals; DO wheat from 
cont. cult. wheat; DO grass from pasture; 
Grass from cont. cult cereals; 
PL grass from pasture. 

Cont. cult. wheat; DO cereals (x2); 
DO wheat from grass; Permanent pasture; 
Grass from cont. cult. wheat (x3) 

Clover from DO cereals; PL wheat from pasture; 
Grass from cont. cult. wheat (x3); Lucerne; 
Permanent pasture; Fallow from cont. cult. wheat. 

Meadow pasture; PL grass from cont. cult. wheat; 
Grass from cont. cult. wheat (x3); 
PL wheat from pasture. 

Grass from DO cereals; Meadow pasture; 
Grass from cont. cult. wheat; Stocked lucerne; 
Heavy traffic on grass; Very heavy traffic. 

Long term chemical fallow; 
Very heavy traffic (x2); 
Grass from cont. cult. wheat; 
Heavily trodden pasture (x2). 

:-',-
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7.4 SUMMARY OF EARTBVORH BURROWING IN LOCAL SILT LOAM SOILS. 

A. caliginosa forms burrows in search of food. The position and 

availability of food may have an effect on burrowing activity that was 

unexplained by this study. Moisture and temperature are supposed to 

govern burrowing activity of earthworms. 

It has been shown here that antecedent bulk density affected burrow 

length formation, above surface casting and rate of soil ingestion. 

Temperature affected burrow length and surface vent formation, and rate 

of soil ingestion. The implications of these findings in the field are 

not known as further research is required to test them. However, such 

findings may help to explain the differing reports in the literature 

regarding the casting activity of A. caliginosa. 

A. caliginosa may produce up to 7000 surface venting pores m-2 

While this maximum occurred under controlled conditions, it can be 

supposed that earthworms in the field may contribute greatly to the 

aeration and drainage of the topsoil if vents at the surface are 

protected from destructive forces. 

Burrowing was very rare below the topsoil. Worms only penetrated the 

subsoil for the purpose of aestivating. This behaviour is in keeping 

with an epiendogeic habitat. The absence of anecic species, and low 

numbers of hypoendogeic species in local soils offers little towards 

structuring of the subsoil. It would be useful to investigate the 

introduction of anecic species such as L. terrestris and A. longa in 

Canterbury soils. 
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The relative soil volume occupied by burrows of A. caliginosa may 

reach 25 % of the topsoil at low relative densities in two months at 

10 °c. There was an appreciable frequency of back-filling at high 

volumes which may mean that a maximum volume may be attained given time. 

In the field such high volumes would probably not exist because of 

opposing compacting forces, and the rarity of such low bulk densities. 

-3 Casting activity was greatest at a bulk density of about 1.3 g cm 

which coincides with 10 % air filled porosity at field capacity for the 

Yakanui silt loam used. At lower and higher bulk densities, casting 

declined for differing reasons. 

. . 

Burrow numbers at 10 cm depth appeared to be a good indicator of 

burrow length in the topsoil since A. caliginosa is largely a random 

burrower. The relationship may be compromised by placement of organic 

matter or unusual environmental conditions causing special burrowing 

reactions. The greatest predictor of burrow numbers was earthworm 

population. This geometric relationship accounted for 47.8 % of the 

variance for cropped soils. 

Although not rigorously significant, there was an indication that 

short term bare fallow sites might contain unusually high numbers and 

lengths of burrows, perhaps induced by a scarcity of food. The longer 

moist season of bare fallow soils may also allow a short term increase 

in earthworm population depending on previous history. 

j. 



CHAPTER EIGHT 

SOKE GENERAL FEATURES OF THE SILT LOAHS STUDIED. 
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Before describing some effects of mechanical management and crop 
" ~- -, , ~",.-'~~-.:'-' ~.: 
~~i2~~:~~~; 
)« .. ~:.'--': ,.' choice on soil structure, it is necessary to understand the context 

within which comparisons were made. This chapter is designed to give 

some perspective to the results reported in Chapter Nine. 

Firstly, the range of sites studied is discussed, and the extremes 

of values obtained for different measurements are presented. The overall 

relationships of silt loam topsoil physical properties are presented to 

complete the perspective for the specific comparisons that are presented 

in Chapter Nine. To do this, a correlation matrix and regression 

analyses were used to analyse the survey data-set as a whole. 

There is a summary to conclude the chapter. This summary includes 

the use of the relative density scale. 
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8.1 THE GENERAL PERSPECTIVE OF THE SILT LOAHS STUDIED. 

There is a need to know the upper and lower limits of values in 

order to understand the significance of any given value on a scale. 

There follows a table of extremes of measurements (Table 8.1) from the 

survey site data-set (Appendix Three). This was compiled to give 

reference points for discussion of specific values in Chapter Nine. 

Sites 44 and 45 have been excluded because they were not agricultural 

soils. All other sites have been included. 

Table 8.1 Range of means of measurements from agricultural soils. 

Measurement Minimum (Site(s» Maximum (Site(s» 

Clay particles «2 llm) 
Silt particles (2-60 llm) 

21.6 % 
47.2 % 

(30) 
(22) 

34.2 % 
69.0 % 

(37,38) 
(7-11) 

(22) Sand particles (>60 llm) 5.6 % (11) 26~0 % 

Infiltration rate (cm h-1) 0.2 (39) 42 
-1 K t (cm h ) 15 

sa -2 
Earthworm population (m) 0 

(39) 340 
(39) 1360 

-2 Earthworm burrows (m) 700 (20,35,20) 4100 

Penetrometer (0-10 cm) 0.4 (28,34,36,40,41) 4.4 
.5.2 resistance (MPa) (10-20 cm) 0.4 (40,41) 

(17) 
(41) 
( 6) 
(28) 

(20) 
(20) 

Measurement 
0-2 cm depth 

Min.(site) Max.(site) 
5-15 cm depth 

Min.(site) Max.(site) 

£100 porosity (% v/v) 6.0 (25) 33.7 (35) 3.5 (25) 19.4 (1) 
Total porosity (% v/v) 49.2 (25) 66.) (35) 43.8 (25) 55.0 (36) 
Particle density (g cm-3) 2.41 (7) 2.56 (23) 2.41 (37) 2.59 (23) 
Bulk density (g cm-3) 0.84 (35) 1.28,(25) 1.12 (36) 1.40 (25) 
Aggregate stability (%) 3.8 (39) 88- (4) 5.9 (39) 79 (11) 

-
Organic matter (w/w) 5.3 (39) 8.9 (37) 4.3 (23) 6.7 (5) 

This table does not include data from sites 44 and 45. 
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It may be seen in Table 8.1 that infiltration rate varied by two and 
-1 a half orders of magnitude from 0.2 to 42 cm h . These extremes were 

marked by a severely compacted bare fallow site (39) and a loose, 

cultivated arable soil sown to a grass/clover ley (site 17). The other 

conductivity measurement, saturated hydraulic conductivity (K t) at 5-sa 
15 cm, also varied considerably over a range of one and a half orders of 

magnitude. 

Sites were selected so that earthworm numbers ranged from zero to 
-2 1360 m • It was interesting that, despite zero worm counts and some 

recently cultivated sites, the minimum number of worm burrows was 
-2 700 m • This was because clods contained unaltered burrows and the 

fallow site wiih zero w~rms had not been sufficiently cultivated since 

the worms died out to destroy old burrows at 10 cm depth. 

The minimum mean €100 porosity values were 3.5 % at 5-15 cm depth 

and 6.0 at 0-2 cm depth at site 25. This site also gave the lowest total 

porosities and highest bulk densities at 0-2 cm and 5-15 cm depths. It 

was a site that had suffered severe traffic compaction. Maximum values 

for €100 porosity and total p6rosity at 0-2 cm were found at site 35, a 

recently cultivated site. At 5-15 cm depth, the maximum €100 porosity 

value was 19.4 % on a ploughed bare fallow site. Gibbs (1986) found that 

topsoil €100 porosity values varied from a minimum of 11 % to a maximum 

'of 29 % at 5-15 cm depth on an experimental area with a history of 

permanent pasture. 

-3 Particle density values ranged from 2.41 to 2.59 g cm . For the 

majority of sites, the particle density was between 2.46 and 

2.50 g cm-3. It is important to note that this range was substantially 

.".', 

,,",-':,-,-. '~.,:, " 
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-3 lower than the frequently assumed value of 2.65 g cm from north west 

Europe (Reeve et al., 1973; De Leenheer, 1971; O'Connell, 1975). Coote 

and Ramsey (1983) used an assumed a value of 2.65 g cm-3 in Ottawa, in 
-3 Canada and 2.66 g cm was found in polder soils in the Netherlands by 

Dexter et al. (1984). O'Connell showed that particle density could vary 
-3 -3 f ., from 1.37 g cm for humus to 5.20 g cm or Haematlte. In a survey of 

a number of soils, Williams (1977) found particle densities from 2.22 to 
-3 2.61 g cm in the south of England. The values in Table 8.1 compare 

closely with those to be found in "Soils of New Zealand" (1968) which 
-3 were 2.33-2.56 g cm for Templeton association topsoils. 

The range of aggregate stability values showed a minimum of 5.3 % at 

0-2 cm an~ 4.3,% at 5-15 cmt both on a long term bare fallow site (39). 

Maximum values were recorded at 88 % for the top 2 cm of site 4, a 

direct drilled wheat plot with a history of permanent pasture. At 

5-15 cm the maximum was 79 % on site 11, a four year old grass ley with 

a history of arable cropping. A large proportion of the possible range 

from zero to 100 % was thus used for this study. As this measurement. 

depends so heavily on the operator (Low, 1954), it is probably not 

appropriate to compare absolute values with those of other peopl~'s 

work. The only reasonable comparison with other work is by ranking of 

reproducible treatments, but not actual values. 

The minimum organic matter content was 5.3 % at O-~ cm depth for 

site 39 (long term fallow) and 4.3 % at 5-15 cm at site 23 with a 

history of four years ley since horticultural cropping. The maximum . . 
value of 8.9 % at 0-2 cm existed under an ungrazed lucerne sward (site 

37) and at 5-15 cm the m.aximum was 6.7 % where a permanent pa'sture had 

been ploughed under and resown to grass (site 5). These values were all 

'- ..... ' 
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than 
substantially higher~some,north west European values for arable soils 

which are frequently below 4 % (Low, 1972; Chaney & Swift, 1984; Morgan, 

1985). In IJsselmer polder soils the content of the top 20 cm of soil 

was 2.4 to 4.4 % organic matter (Dexter et al., 1984). Values in Table 

8.1 were in fair agreement with those to be fouqd in "Soils of New 

Zealand" (1968). 

All sites surveyed were thus above the threshold limit of 3 % 

organic matter suggested by Strutt (1970) for silt soils. Some sites, 

however, fell below the threshold limit of 5 % (Greenland, 1977) which 

was considered the minimum organic matter content permitting intensive 

culivation with acceptable risk of structural damage under British 

conditions. 

The diagram in Figure 8.1 shows the textural class range of the 

soils studied, by the New Zealand textural classification (Taylor & 
/ 

Pohlen, 1970). Note that "Silty clay loams" were recorded as "heavy silt 

loams" by hand texturing. These hand texture classes are used in 

Appendix Three. All sites fell within the silt loam or silty clay loam 

categories as shown by Figure 8.1. The particle size distributions are 

drawn in Appendix Four. 
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Figure 8.1 Particle size class range of all soils studied on the Ne~ 
Zealand classification chart from Gibbs (1980)~ 

a % Clay 

" .':;' 
~ 

.\. 
100 % Clay C) 

. .--

~~ Dena tes textural 
range of soil studied. 

'.:':.'.',.,--".-, 
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8.2 GENERAL RELATIONSHIPS BETWEEN SOIL PHYSICAL FACTORS. 

This section addresses the general relationships, as opposed to site 
-

specific relationships, between the values obtained for different soil 

physical properties. Chapter Nine contains specific case comparisons. To 

discover general relationships, the survey data-set was analysed as.a 

whole, but excluding sites 44 and 45, giving 43 sites in sub-total. A 

similar approach may be found in publications such as Reeve ~ al. 

(1973) and Coote & Ramsey (1983). (Sites 44 and 45 Were not agricultural 

sites, but sites under native vegetation which will be dicussed in 

Section 9.3.1.) 

It should be notedihat the ~ites used for this survey of silt loam 

topsoils were not selected to achieve complete representation of 

structural conditions. Sites were selected on their ability to provide 

extremes of data and for specific management comparisons. Any general 

relationships found may therefore have been caused by unusual 

measurement values, uneven replication of site types, or temporary 

rather than steady-state conditions. Having stated this, general 

relationships may be severely tested by those same limitations of the 

data-set. 

There were 18 types of measurements. The titles and abbreviations 

are shown in Table 8.2. A Pearson correlation coefficient was calculated 

for each physical measurement pair. The correlation coefficients and 

their significance levels are shown in Table 8.2. In subsequent 

discussion, only correlations that were significant (p<O.Ol) are 

examined. It is important to note that the Pearson p~oduct-moment 

~orrelation using covariance tends to place greater importance on 
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extreme values compared with a correlation using a ranking approach such 

as the Kendall correlation (Campbell, 1974). 

Table 8.2 General linear Pearson correlation coefficients for 
physical measurements of agricultural silt loam topsoils at 5-15 cm depth. 

i 0.165 0.252 -0.707 -0.240 0.686 0.755 -0.587 -0.519 0.480 0.161 0.235 

*** *** *** **. *** ** 

0.220 0.134 -0.387 LO.066 0.403 0.422 -0.184 -0.202 0.403 0.284 

• .* ** ** 

W 0.277 0.574 -0.152 0.001 0.181 0.262 -0.396 -0.375 0.540 
n ' 

B n 0.162 

.*. 
0.201 -0.492 -0.335 ... ." 

0.442 

• * 

.* 

0.493 -0.656 -0.617 

*.* * •• ••• n = 43 

df = 41 
o.ooi -0.215 0~702 0.252- -0.724 -0.599 0.905 

*** *** * •• , ... 
RS (20) -0.047 -0.242 0.683 0.293 -0.686 -0.570 

p<0.05, r = 0.304 * 
p<O.Ol, r = 0.393 .* 
p<O.OOl, r = 0.490 *** 

*** 

0.257 0.386 -0.871 -0.251 
." *.* 

0.399 0.238 -0.967 -0.283 

*. *** 

-0.320 0.076 0.479 

* ** 

-0.450 -0.166 

** 

A 0.136 s 

*** *** 
(i) = Infiltration rate (cm h-1 ) 

0.877 (K t) = Saturated hydraulic 
sa -1 

*** conductivity (5-15 cm) (cm h ) 
, '-2 

(W ) = Earthworm numbers m . 
n -2 

(B~) = Worm burrow numbers m 

(Rs (10» = Penetrometer resistance (0-10 cm) MPa 
(Rs (20» = Penetrometer resistance (10-20 cm) MPa 

(E100 ) = E100 porosity (% v/v) ) 

(Et ) = E t , total porosity (% v/v) 
(p ) = Particle density (g cm-3 ) )- (5-15 cm) 

p -3 
(Pb ) = Bulk density (g cm ) 
(As) = Aggregate stability (% >2 mm) 
(Mt ) = Organic matter (% w/w) 

-.- .. ~ -.- .-- ,.-, 
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8.2.1 Infiltration rate 

Steady state infiltration rate (i) was correlated best with E100 
porosity values (p<O.OOl), strongly correlated with total porosity (E t ) 

(p<O.OOl), and consequently negatively correlated with bulk density and 

penetrometer resistances at 0-10 and 10-20 cm (p<O.OOl). To a lesser 

extent, infiltration rate was correlated with earthworm burrow numbers 

(p<O.Ol). It is interesting to note that infiltration rate was not 

significantly correlated with K t (saturated hydraulic conductivity) at sa 
5-15 cm depth (p>O.Ol). If the 5-15 cm depth had been limiting i, then 

there would have been a strong correlation between K t and i. The sa 
absence of this correlation means that the 5-15 cm depth rarely 

determined the ~alue of 1. 

The linear regression equations relating i to bulk density and Et 
were not as significant as those where the logarithm of i was taken. 

This may have been because infiltration rate varied over two orders of 

magnitude, as stated,in Section 8.1.2. The equation for the logarithm of 

i with Et is given below; 

Log10(i) = (Et - 44.3) x 0.172 2 r 0.580*** 

The relationships of infiltration rate with other physical 

(8.1) 

measurements were also analysed. In the case of E100 , there was no 

improvement in r2 values by taking the logarithm of i. For simplicity, 

the linear fits have been used for this association. The linear 

regression equation for i with E100 is given below; 

i (E100 - ~.13) x 2.17 2 r 0.570*** (8.2) 
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Gibbs (1986) also found a correlation for i and 8100 at 5-15 cm 
"-depth. The equation he found is given below; 

i (8100 - 0.25) x 2.71 2 r 0.70*** (8.3) 

This equation compares very closely with equation 8.2. Gibbs (1986) 

was working with a single site on a Wakanui silt loam whereas equation 

8.2 covered a wide range of silt loam sites. 

Other linear equations of significanc~ were found for i with 

penetrometer resistances (soil strength) at 0-10 cm (Rs (10» and at 10-
-2 20 cm (Rs (20»' and with numbers of earthworm burrows m at 10 cm depth 

(B ). On the other Qand, the frequent references-~o earthworm burrowing n 

improving i (Stockdill & Cossens, 1966; Ehlers, 1975; Bouma et aI., 

1982; Hoogerkamp, 1983) justify including the equation for i and B . n 

This is given below; 

i = (Bn - 725) x 0.00541 2 r = 0.231** (8.4) 

It should be noted that the variance accounted for by this equation 

was only 23.1 %. The high significance was probably due to a few low 

burrow numbers and low 8100 porosity in compacted site~ rather than a 

cause and effect relationship. As discussed in Chapters Six and Seven, 

Aporrectodea caliginosa does not tend to form permanent vertical burrows 

conducive to high infiltration rates, but rather forms a multi-

directional network of burrows within the topsoil. It would not 

necessarily be expected that B would predict i except where tne very' n 

surface layers of soil were limiting. 
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8.2.2 Saturated hydraulic conductivity. 

As shown in Table B.2, saturated hydraulic conductivity (K t) was sa 
not very highly correlated with any other property. There was a slight 

negative correlation with bulk density. Significant associations 

(p<O.Ol) existed between ~sat and total porosity (€t)'€100 porosity and 

earthworm burrow numbers (B ). n 

Linear regression equations for these three significant 

relationships are given below; 

K sat 

K sat 

K sat 

(€t - 40) x 12.B . 2 0.163** (B.5) r 

(1.23 + €100) x 9.01 2 0.17B** (B.6) r 

(439 + B ) x 0.171 2 0.292** (B.7) r n 

There was little to be gained by taking the logarithm of K t or sa 
the other measurements with which it was associated. The strongest 

relationship was with burrow numbers, which were counted on the actual 

cores that were used for Ksat ' It is not surprising that Bn should be 

significantly related to Ksat ' Theoretically, at least, there should be 

a relationship between these two properties where Bn predicts Ksat' 

according to the literature reviewed in Section 1.5. 

The notable aspect of equation B.7 is that B only predicted 29.2 % n 

of the variance in K t' Theory and the literature reviewed in Section sa 
1.5 would have suggested a stronger relationship. It is interesting that 

in this case there was only a slight improvement in the relationship by 

.",", 
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taking logarithms of the two properties since conductivity has been 

reported as being related to the square of pore radius (see Section 

1.5). It may be concluded that the two properties were effectively 

linearly related in the field cores used for this study, and that B was n 

a significant but poor predictor of Ksat ' 

Gibbs (1986) found a more significant linear relationship between 

Ksat and £100 (than equation 8.6) which is given below; 

Ksat = (£100 - 1.02) x 13.7 2 r 0.70*** (8.8) 

Gibbs (1986) equation gave a steeper gradient to the relationship 

than equation 8.6. Again, Gibbs worked with one site compared with the 

wider range of sites used for this thesis. The greater significance of 

Gibbs' equation (8.8) is notable. In other work, Coote & Ramsey (1983), 

found that K t was correlated with air-filled porosity at field sa 
capacity (p<0.01) on a range of soil textures with different long term 

cultivation histories. 

8.2.3 Earthworm numbers. 

Earthworm numbers were significantly correlated (p<0.001) with 

aggregate stability and earthworm burrow numbers. The relationship with 

burrow numbers was discussed in Chapter Seven. Possibly, the link 

between earthworm numbers and aggregate stability was organic matter. 

However, the organic matter content at 5-15 cm was poorly associated 

with ,both earthworm numbers and aggregate stability. 
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Edwards & Lofty (1977) and Lee (1985) both reviewed strong evidence 

showing that cast material from earthworms was much more stable to water 

than surrounding soil. It is possible that earthworms may actually have 

caused much of the variability observed in the aggregate stability 

values. The equation (8.22) for this relationship is given in Section 

8.2.10. 

, 
The possibility also exists that the association between aggregate 

stability and earthworm numbers reflected a common response to the site 

history. That is, where site history was conducive to large earthworm 

numbers it was also conducive to high aggregate stability. Likewise, 

history causing low values might have affected both properties 

similarly. The ~orrelati6n found -does not necessarily mean that there 

was a cause and effect relationship. 

Earthworm numbers were negatively correlated (p<O.Ol) with 

penetrometer resistance at 10-20 cm and weakly associated with 

resistance at 0-10 cm. This is interesting because it ties in with a 

speculative idea that high resistance to burrowing might limit earthworm 

populations (see Section 7.2.8). However, there is also the greater 

probability that compaction events directly killed earthworms (see 

Section 9.2) in sites where high penetrometer resistance also developed. 
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B.1.4 Earthworm burrow numbers. 

Burrow numbers were not only related to earthworm populations 

(p<O.OOl), but also to total porosity (p<O.Ol) and £100 porosity 

(p<O.OOl). Consequently, strong negative correlations existed with bulk 

density (p<O.OOl) and penetrometer resistances at 0-10 and 10-20 cm 

(p<O.OOl). Again, these correlations might have been largely fortified 

by the compacted sites of the survey. It is possible that burrow 

n~mbers, earthworm populations, total porosity and £100 porosity all 

declined as bulk density and penetrometer resistances rose due to 

compaction. That is more probable than anyone factor actually affecting 

any other. 

Assuming that penetrometer resistances (Rs (10) and Rs (20» and bulk 

density (Pb) are more likely to determine burrow numbers (Bn) than vice-

versa, equations linking these properties are given below; 

Bn = 2B60 - 563 x (Rs (10» 2 r (B.9) 0.3BO*** 

Bn = 3000 - 592 x (Rs (20» 2 r (B.10) 0.430*** 

r 2 0.242*** (B.11) 

The linear equation using worm populations (Y ) to predict burrow n 

numbers (B ) is given below. (Note that in Chapter Seven the latter n 

equation was a geometric one with fallow sites omitted.) 

B n 1464 + 1.70 x Y n 
2 r 0.292*** (B.12) 

-. -', ',' ~ . 

.-'..,-..:~ .-"-:'-'" 
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8.2.5 Penetrometer resistances. 

Penetrometer resistances at 0-10 and 10-20 cm were very closely 

related (r2 = 0.819). Both resistances were highly correlated with bulk 

density (p<O.OOl). Both were consequently negatively correlated with 

total porosity. As previously discussed, penetrometer resistance at 0-10 

. cm was negatively correlated with both earthworm populations (p<O.OOl) 

and resistances at both depths were negatively correlated with earthworm 

burrow numbers (p<O.OOl), and with infiltration rate (p<O.OOl). 

The linear equations relating penetrometer resistance at 0-10 cm 

RS (10) and 10-20 cm Rs (20) with bulk density (Pb) are given below; 

(1.12 - Pb) x 10.6 

(1.11 - Pb) x 10.4 

2 r 

2 r 

0.492*** 

0.467*** 

(8.13) 

(8.14) 

Penetrometer resistance was found to be directly related to bulk 

density by Cassell (1982). He also found a negative correlation between 

organic matter and penetrometer resistance which data for this thesis 

did not confirm. Ehlers et ale (1983) found that multiple regressions of 

penetrometer resistance on bulk density and soil moisture content 

accounted for,more than 80 % of the observed variance. In my study, the 

water tension was always between 0.10 and 0.20 bar to try to avoid the 

effect of water content (see Section 4.1.4.2). 

::.;; "-.:.~:; t~':: ~ 
~~:::~~::~~; 
:'~ ".--,,,---, .--

i -' 
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8.2.6 E100 porosity. 

£100 porosity was very highly correlated with total porosity, 

(p<O.OOl) and infiltration rate (p<O.OOl) and negatively with bulk 

-225-

density (p<O.OOl). A similar strongly negative correlation was found for 
2 E50 and bulk density (r = 0.50***) by Douglas et al. (1986). There were 

also strong negative associ~tions between £100 porosity and penetrometer 

resistances (p<O.OOl). To a lesser extent earthworm burrow numbers were 

also well correlated with E100 (p<O.OOl) (see Table 8.2). 

The high correlation with total porosity was probably due to 

compacted sites having lower £100 and higher penetrometer resistanc~s 

and bulk density, rather than any cause and effect relationship existing 

between the properties. 

Working on the assumption that earthworm burrow numbers (B ) are n ' 

more likely to cause E100 than vice versa, the linear equation for these 

two properties is given below; 

E100 = 9.16 + 0.00193 x (Bn) 2 r = 0.243*** (8.15) 

The only physical properties with which £100 porosity was not 

associated at the 1 % level (p<O.Ol) were worm populations, particle 

density, aggregate stability and organic matter content. The large 

number of significant associations suggests that £100 porosity may be a 

useful index of the structural state of a topsoil at anyone time. 

, . :~-"-
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8.2.7 Total porosity. 

Since total porosity was calculated from bulk density the 

correlation will be ignored. Of particular note is the very strong 

correlation between €100 porosity and total porosity (€t) (p<O.OOl), 

which was discussed in the last section. The relationship for €t 

dependent on €100 is given below; 

42.9 + 0.589 x €100 2 r 0.769*** 

By comparison, Gibbs (1986) found the following equation; 

42.6 + 0.68 x (€100) 2 r 0.82*** 

Both equations predict zero €100 porosity at about the same 

porosity value. The gradients, however, are slightly different. 

(8.16) 

(8.17) 

Total porosity was also well correlated with infiltration rate 

(p<O.OOl), Ksat (p<O.Ol), earthworm burrow numbers (p<O.Ol) and organic 

matter content (p<O.Ol). Strong negative correlations were found with 

both penetrometer resistances (p<O.OOl). The only factors not 

significantly associated with total porosity were worm populations, 

aggregate stability and particle density (see Table 8.2). 

Total porosity (and consequently bulk density) was well correlated 

with seven out of ten other properties. No other physical property was 

significantly correlated with as many different properties. This 

suggests that total porosity was a useful index of general structural 

condition in the topsoils studied. There was little to choose between 

;. ,:,..::~.;~ .. :.': 
::~~: ... ~~:.,;,:~:,;x~: 
~",.-':-' -'," 

" . 
~ ~ ~ 
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the closeness of bulk density and total porosity associations with other 

soil physical properties. They were both very similar in their 

significance levels, probably because there were only narrow ranges of 

particle densities and textures. 

8.2.8 Particle density. 

Particle density was associated with bulk density (p<O.Ol) because 

an increase in particle density at the same porosity gives a higher bulk 

density according to the following equation; 

(8.18) 

The correlation might have been much greater between bulk density 

and particle density if there had been wider ranges of textures and 

organic matter contents. The texture range of this study was 

deliberately confined. 

There were two weak negative associations of particle density with 

organic matter and with earthworm burrow numbers (p<O.Ol). The former 

might be expected since increased organic matter would tend to lower 
-3 particle density due to the low specific gravity of humus (1.37 g cm , 

according to O'Connell, 1975). The slight correlation between particle 

density and earthworm burrow numbers was probably j~st a chance event. 

8.2.9 Bulk density. 

Bulk density (Pb) was highly correlated with penetrometer 

resistances at 0-10 and 10-20 cm (p<O.OOl) and WaS well correlated with 

particle density (p<O.Ol). Bulk density was strongly inversely 
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correlaterl with infiltration rate (p<O.OOl), earthworm burrow numbers 

(p<O.O~l) and £100 porosity (p<O.OOl). A weaker negative correlation 

existed with K t (p<O.Ol) (see Table 8.2) sa 

Most of the equations have already been written with Pb as the 

independent variable. However, there was a negative correlation between 

organic matter (M t ) and Pb (p<O.Ol) which is probably better written 

with Pb dependent on Mt , as shown below; 

r2 = 0.202** 

The linear equation for Pb and particle density (pp) is given 

below; 

Pb = (pp - 1.33) x 1.08 2 r 0.230** 

For the reasons discussed in Section 8.2.7, Pb is written as 

dependent on £100 in the following equation; 

1.52 - (0.0208 x £100) 2 r 0.758*** 

(8.19) 

(8.20) 

(8.21) 

Equation 8.21 suggests that field cores contained £100 pores at 

bulk densities up to 1.52 g cm-3 This will be further dicussed later 

in Section 8.3.1. Meanwhile, Douglas et al. (1986) also found a strong 
2 negative correlation between £50 porosity and bulk density (r = 

0.504**) in a cultivation experiment on a silty soil. 
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8.2.10 Aggregate stability. 

Aggregate stability (A ) was highly correlated with earthworm s 

numbers (Y ) (p<O.OOl). This was probably because both declined in n 
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compacted sites and improved together with high organic matter content 

on sites with a favourable management history. There was a weak 

correlation between As and £100 porosity (p>O.Ol), maybe in association 

with earthworm activity. 

The equation for A and Y is given below. It was assumed that if s n 

there was a cause and effect relationship then A might be improved by s 

the activity of worms, and so higher populations would predict greater 

A~ The effect of wormS in increasing As is well documented (Edwards & 

Lofty, 1977; Lee, 1985), but there have been only occasional reports of 

worms increasing A on a field scale, such as van Rhee (1977). s 

A s 34.4 + (0.0312 x Y ) n 
2 r 0.330*** (8.22) 

That A was only significantly correlated with one other factor was s 

a disappointing result for a measurement so widely used as an index of 

soil structure (Low, 1954; Kemper & Koch, 1966; Russell, 1973; 

Greenland, 1977). However, it would be unfair to dismiss the usefulness 

of the measurement in other field contexts or controlled conditions. 

A similar result to that found in study for this thesis was found 

by Coote & Ramsey (1983) who tested correlations of mean weight diameter 

with oxygen diffusion rate, penetrOmeter resistance, saturated hydraulic 

conductivity, organic carbon, air-filled porosity at field capacity, 

bulk density and particle si~e distribution. Their only correlation for 

" 
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A If significant at the 5 % (p<0.05) but not at the 1 % level (p<O.Ol), s 

was a negative one with air-filled porosity at field capacity. While A s 
may reflect potential stability, the measurement seems to have little 

association with soil physical properties at anyone time, especially 

when soils have various cultivation histories (Coote & Ramsey, 1983). 

There is an interesting conflict in the literature with regard to 

aggregate stability by the mean weight diameter method. While Coote & 

Ramsey (1983) found no significant correlations with organic matter, 

Kemper & Koch (1966) and Chaney & Swift (1984) found significant 

correlations, all authors working with a range of soil textures. Douglas 

& Goss (1982) found a correlation between aggregate stability and 

organic matter content of aggregates. No significant correlation was 

found in ~tydy is. this thesis study between these two variables 

(p>O.Ol). This was probably because there was such a wide range of 

cultivation and compaction histories within the survey data-set. The 

studies cited usually compared sites under the same management, or sites 

under long-term management where organic matter and aggregate stability 

had reached some sort of equilibrium. 

It is apparent from this result that organic matter as such is not 

necessarily related to aggregate stability over the short term. Organic 

matter in the long term may be more closely related to aggregate 

stability, as shown by the literature. The existence of two time-scales 

is a similar concept to the effect of organic matter on available water 

capacity which was discussed in Section 1.6. 

i . 

i i -
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B.2.11 Organic matter. 

There were only two correlations of any significance for organic 

matter (M t ). There was a negative correlation with bulk density (p<O.01) 

and a consequent, positive correlation with total porosity, (p<O.01). 

This has already been given as equation B.19. 

Van Wijk & Beuving (1984);found that bulk density and particle 

density changed with organic matter content. The narrow range of 

particle densities resulted in only a weak relationship with organic 

matter (p>O.01). The effect on bulk density was much more significant. 

It i~ interesting that ·only two correlations should emerge as being 

significant when organic matter is so frequently associated with soil 

structure in the literature (Kemper & Koch, 1966; Russell, 1971; Low, 

1972; Russell, 1973; Chaney & Swift, 1984). 

There were significant correlations of organic carbon with 

saturated hydraulic conductivity (p<O.01) in the work of Coote & Ramsey 

(1983). They also found a correlation of the same significance with 

oxygen diffusion rate, a~~\a more highly significant (p<O.001) negative 

correlation with bulk density. 
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8.2.12 General relationships at 0-2 em depth. 

Table 8.3 shows an analysis of physical values at 0-2 cm, similar 

to the analysis in Table 8.2. The different shape of the table is due to 

the omission of correlations that have already been given in Table 8.2. 

Penetrometer resistance at 10-20 cm and K t Were also omitted because sa 
values were theoretically independent of soil structure at 0-2 cm. 

Table 8.3 General linear Pearson correlation coefficients for 
physical measurements at 0-2 cm in agricultural silt loam topsoils. 

i -0.501 0.205 -0.123 -0.08~ 0.136 0.414 
*** ** 

0.370 0.639 -0.327 0.316 0.292 0.294 n = 43 
df = 41 * ••• * * 

-0.002 0.351 -0.189 -0.315 0.161 0.334 p<0.05, r = 0.304* 
p<O.Ol, r = 0.393** 
p<O.OOl, r = 0.490*** 

* * * 

RS (10) 0.317 -0.318 0.612 0.096 -0.662 -0.796 

* * *** 

-0.047 0.421 -0.855 -0.325 
** *** * 

0.241 0.400 -0.983 -0.184 
** *It. 

-0.456 -0.426 0.395 
•• .* ** 

-0.325 -0.444 

* ** 

*** *** 

0.886 
*** (i) = Infiltration rate (em h-1 ) 

-2 (W ) = Earthworm numbers m 
n -2 

(Bn) = Worm burrow numbers m 

(RS(lO» = Penetrometer resistance (0-10 em) MPa 
(&100) = &100 porosity (% v/v) ) 
(&t) = &t' total porosity (% v/v) 
(p ) = Particle density (g em-3 ) 

p -3 (Pb ) = Bulk density (g em ) 
(As) = Aggregate stability (% >2 mm) 
(Mt ) = Organic matter (% w/w) 

)- (0-2 em) 
) 

!, ...... . 
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Steady state infiltration rate (i) had a strong, negative 

correlation with organic matter (M t ) in the top 2 cm (p<O.OOl). This may 

have been due to the pbre blocking effect of dense surface root systems 

reported by Barley & Sedgley (1959) and Gibbs (1986). This effect was 

not at all evident at the 5-15 cm depth where the root weight density 

was found to be far lower than in the top 2 cm in Section 5.1.4. 

Another explanation might be that organic matter tended to build up 

on soils with low infiltration rates. This effect was not obvious from 

visual appraisal. A more probable explanation is that ploughed areas had 

higher infiltration rates and these same sites would have had lower 

organic matter in the top 2 cm as a consequence of that ploughing (see 

Section 5.2.2 regardi~g the·organic matter quotient). The equation for 

the relationship between i and Mt is given below; 

i 49.5 - (5.03 x Mt ) 2 r 0.251*** 

Values of £100 porosity at 0-2 cm were related to i by linear 

correlation (p<O.Ol), and were more strongly related by taking the 

(8.23) 

logarithm of i (p<O.OOl). The logarithmic equation for i dependent on 

£100 is given below; 

(£100 - 4.33) x 0.781 2 r 0.385*** (8.24) 

This relationship at 5-15 cm was more approximately linear and 
2 accounted for a greater amount of variance (r = 0.570), as shown in 

equation 8.1. No other associations at 0-2 cm with i were of any 

significance (p>O.Ol). The strong relationships at 5-15 cm with bulk 

density and total porosity were not evident at 0-2 cm. 
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As found at 5-15 cm, worm populations (W ) were strongly correlated n 

with aggregate stability (A ) at 0-2 cm (p<O.OOl). This is probably a s 
true correlation since it occurred at both depths. The linear 

relationship between A and W is given below; s n 

A s 40.5 + (0.0429 x W ) n 
2 r 0.408*** (8.25) 

The equation represents a stronger relationship than that at 

5-15 cm (r2 = 0.33). The equations at the two depth zones (8.22 and 

8.25) were quite similar. Discussion of cause and effect has already 

been written in Section 8.2.10. No other new correlations with Wn were 

significant (p>O.Ol). 

Penetrometer resistance at 0-10 cm (Rs (10» was strongly correlated 

with bulk density (Pb) (p<O.OOl) (and consequently negatively with total 

porosity) and €100 porosity at 0-2 cm (p<O.OOl). The relationship with 

€100 was stronger at 0-2 cm than at 5-15 cm, whereas the Pb and €t 

relationships were weaker at 0-2 cm than at 5-15 cm. The equation where 

Pb predicts Rs (10) is given below; 

(Pb - 0.788) x 6.90 0.374*** (8.26) 

€100 porosity at 0-2 cm was found to be very strongly correlated 

with total porosity (€t) (p<O.OOl) and consequently negatively 

correlated with bulk density (p<O.OOl), as was found at 5-15 cm. The 

equation for the relationship with €100 as the independent variable 

predicting E t is given below; 

47.7 + (0.509 x E100) 2 r 0.785*** (8.27) 
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This equation is of great importance since it accounts for 78.5 % 

of the observed variance. The equivalent equation for bulk density 
. -3 predIcts that zero 8 100 porosity would exist at 1.30 g cm in the top 

2 cm. This will be discussed further in Section 8.3.1. However, if the 

pore blocking effect is a valid explanation for lower steady state 

infiltration rates (i) (equation 8.23), and i was strongly related to 

8100 (equation 8.24), then it may be fair to conclude that although 

pores greater than 100 ~m in diameter probably existed at greater bulk 
. -3 densities than 1.30 g cm , they would also probably be filled with 

roots or other organic matter. Such "pores" would therefore not be air-

filled at 90 . 03 , and not detected as 8100 , as found by Gibbs(1986). This 

is a speculative idea, but circumstantial evidence has suggested the 

possibility. 

The above idea might also explain the lower bulk density for zero 

8 100 porosity (8100 0) at 0-2 cm compared with 5-15 cm (1.30 and 1.52 
-3 g cm respectively). If roots at the higher density in the top 2 cm 

blocked more pores than at 5-15 cm, as suggested by the difference in 

root mass found in Chapter Five, then the apparent bulk density for zero 

8100 porosity would be lower at 0-2 1m than at 5-15 cm. Other aspects of 

these relationships were discussed in Section 8.2.7. 

There was a correlation at 0-2 cm of greater significance than that 

at 5-15 cm between aggregate stability (As) and 8100 porosity. 

Theoretically, aggregate breakdown at the surface would tend to decre~se 

A correlation between 8 t and As was evident at 0-2 cm (p<O.Ol), but 

not at 5-15 cm. In contrast, the correlation between 8 t and organic 
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matter (M t ) at 5-15 cm was not evident at 0-2 cm. It is possible that 

these were not cause and effect relationships. The values of Mt , As and 

€t may be governed independently by management history rather than by 

each other; hence the occasional significance. 

For particle density the correlation with organic matter was 

stronger at 0-2 cm than at 5-15 cm. The ~orrelation with bulk density 

was weaker and for some reason, particle density was negatively 

-correlated with aggregate stability but this may have been a chance 

association. 

This analysis of pairs of factors may have hidden some important 

interactive effects. In th~ next.section the multiple relationships 

between soil physical factors will be examined. 
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8.2.13 Multiple relationships of physical properties. 

It was possible to find mUltiple regression equations for each 

variable with any or all other variables of considerable significance. 

However, many of the possible relationships made very little theoretical 

sense. For instance, bulk density was o~itted from stepwise regression 

analysis because it was used to calculate total porosity. Some of the 

interesting and theoretically justifiable equations are included in this 

section, but only those mUltiple regressions accounting. for more than 

50 % of the observed variance. 

Firstly, infiltration rate (i) wa~ most predicted by £100 porosity 

at 5-15 c~ (£100(5-i5Y) and.by organic matter at 0-2 cm (M t (0_2». The 

reasons for the effects of these two factors have already been discussed 

in Sections 8.2.1 and 8.2.11, respectively. The linear multiple 

regression relationship for these two variables follows; 

i = 14.7 + 1.98(£100(5_15» - 3.82(M t (0_2» 
2 r 0.711*** 

Saturated hydraulic conductivity (K t) was not well enough sa 
2 correlated (r < 0.500) with any variables at 5-15 cm to warrant 

(8.28) 

multiple regression analysis. The two factor equations for this property 

were given in Section 8.2.2. 

Although significant multiple regression equations could be derived 

for earthworm populations (W ) with other variables, none made n 

theoretical sense. On the other hand, worm burrow numbers (8 ) at 10 cm n 

depth were well correlated with both Wand penetrometer resistance at n 
\ 

10-20 cm depth (Rs (20». It is possible that the Wn and Rs (20) might 
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have dictated B , but also possible that all three variables might have n 

been dictated by management history rather than each other. The linear 

regression equation is given below; 

B n 
2 r 0.500*** 

Penetrometer resistances were tested by stepwise mUltiple 

regression against all other variables except for penetrometer 

(8.29) 

resistance and bulk densities at both depths. The result made no sense 

except for the two major variables which were E100 porosity at 0-2 cm 

depth (E100(0-2» and earthworm burrow numbers (Bn) in the case of 

penetrometer resistance at 0-10 em Rs (10)' For resistance at 10-20 cm 

(Rs (20»' the ~ajo~ vari~bles were total-porosity at 5-15 cm (E t (5-15» 

and earthworm burrow numbers at 10 cm (B ). The linear equations for n 

these regressions are given below; 

5.06 - 0.115(~00(0_2» - 0.000425(Bn) 2 r 0.766*** (8.30) 

r2 = 0.766*** (8.31) 

Whether soil strength dictated the number of earthworm burrows or 

vice versa is unclear. It is probable that these relationships occurred 

because compacted sites had high penetrometer resistances and low 

porosities with low burrow numbers due to their destruction. It was 

established in Chapter Seven that high bulk density, or low porosity, 

caused less earthworm burrowing. The problem with extrapolating those 

results into the field is that high soil strength was associated with 

low Wn, and it was W that was principally dictating B (see Section n n 

7.3.3). Great care must therefore be taken not to overinterpret 

equations such as 8.30 and 8.31. 
I ",,'-

" '-" 
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The E100 porosity at 5-15 cm was most related to total porosity and 

infiltration rate. Both these latter properties were probably dictated 

by E100 porosity rather than vice versa, so the equation is not given. 

At 0-2 cm the major factors associated with E100 porosity (ELOO (0-2» 

were total porosity (Et (0_2» and organic matter (M t (0-2»' These 

relationships are given by the following equations; 

E100(0-2) 1.66(Et (0_2» - 1.47(Mt (0_2» - 65.4 2 r 0.857*** (8.32) 

Again, the possible pore blocking effect, or some other negative 

effect of Mt seems to have occurred to reduce E100 at 0-2 cm, whereas Mt 
was not important at 5-15 cm. Since Mt and E100 were .both positively 

correlate~with Et,then it .may be assumed that 100 ~m pores might have 

existed and may have been blocked and thus escaped detection by the 

water retention method used in this study. If this was indeed the case 

in the 0-2 cm cores then the pore blocking effect by Mt may well have 

occurred (Barley & Sedgley, 1959), as already discussed in relation to i 

and Pb at 0-2 cm. 

Total porosity (Et (5-15» and bulk density (~b(5-15» were best 

correlated with the same factors at 5-15 cm depth. There were three 

major variables; E100 porosity (E100(5-15» and organic matter content 

at 5-15 cm (M t (5-15» and penetrometer resistance at 0-10 cm (Rs (10»' 

The equation including these variables is given below; 

39.2 +,O.428(E100(5_15» - 0.833(Rs (10» + 1.15(M t (5_15» 

r2 = 0.858*** (8.33) 
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In the top 2 cm, £100 porosity (£100(0-2» and organic matter 

(M t (0_2» were the major variables predicting both total porosity 

(£t(0-2» and bulk density (Pb(0-2». The linear equation follows; 

41.7 + 0.517(£100(0_2» + 0.866(M t (0_2» r2 = 0.865*** (8.34) 

There were no theoretically sensible multiple relationships of 

significance for aggregate stability or organic matter at either depth. 
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8.3 SUKHARY OF PHYSICAL FEATURES OF THE SILT LOAHS STUDIED. 

8.3.1 The relative density scale. 

The aim of using relative density is to be able to compare soils 

with different organic matter contents, different textures and different 

particle densities on a common scale. Ultimately, the intention is to 

predict soil densities/porosities at which optimum plant growth for 

yield occurs. Unfortunately, this is only ever going to be an optimum on 

a probability basis because different years' weather dictate different 

optimum bulk den~ities/porosities (Boekel, 1963) depending on whether 

the emphasis is on drainage or water conservation. Which of these 

properties is most important depends greatly on rainfall, potential 

evapotranspiration and the balance between these two weather factors at 

anyone time (Batey & Davies, 1971). 

Eriksson et ale (1974) attempted to put dry bulk density on a 

-3 relative scale. However, the lower limit was 0.0 g cm , a value which 

is nonsense and far below minimum compaction. They selected an upper 

limit (100 X) at a compaction induced by a static pressure of 200 kPa. 

The results of Eriksson et ale (1974) showed the inadequacy of 

their scale when freshly ploughed soil had a relative density of 

60-65 %, thus wasting the lower end of the scale. Spring cultivation 

traffic caused values of 90 %. 

Van Wijk & Beuving (1985) used a relative density found by equation 

1.10 where minimum and maximum bulk densities were determined by 

experimentation. They poured dry aggregates into a known volume to 
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determine the lower limit of bulk density for their soils. Even then, 

field core values occasionally fell below the determined minimum limit 

when roots held aggregates apart in the top 5 cm at a lower bulk 

density. The upper limit was set by using compression tests with up to 

1.2 MPa of static pressure. 

For this thesis, cores from freshly ploughed Vakanui silt loam 

topsoil were taken to assess minimum bulk density. The advantage of this 

as against sorting and pouring of aggregates was that natural aggregates 

in natural packing formations were assessed. The mean of eight 
-3 replicates was 0.885 ~ 0.0045 g cm . It may be calculated from this 

that there was only a 1 % probability of measuring a replicate with a 

value of less ~han 0.85Zgcm-3. ·On this basis, 0.85 g cm-3 was selected 

as the lower limit of bulk density for the Vakanui silt loam being 

studied. 

To determine the maximum bulk density, a modified Proctor test was 

employed. A 2.5 kg weight was dropped 50 times from a height of 30 cm at 

each of four levels of soil to pack cores. The normal Proctor test is 25 

drops at three levels (Head, 1980). The gravimetric moisture content was 

14 % (wlw). This was found to be the moisture content at which maximum 

conpaction was achieved. Accumulated pressure was about 1.2 MPa, 

approximately equivalent to ten passes of a tractor wheel exerting a 

pressure of 120 kPa. 

The values obtained from this experiment gave a mean of 1.607 + 

0.0045. This value was not dissimilar to values shown in "Soils of New 

Zealand" (1968). As this was such an extreme test, using twice the 
-3 recommended number of drops, a value of 1.60 g cm was taken as an 

upper limit of compaction. 
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The minimum and maximum values have been drawn in Figure 8.2. 

Relevant p~perties of the Wakanui silt loam are listed with the figure. 

Van Vijk & Beuving (1984);calculated tpe relative densities of soils 

with different organic matter contents. They found that organic matter 

levels were very important in relating relative density to bulk density. 

The relationship shown in figure 8.2 is only assumed to hold for organic 

matter contents between 5 and.6 % for the top 15 cm of soil. 

Total porosity (€t) has been plotted on the same scale (in Figure 

8.2) as bulk density (Pb) using particle density (pp) according to the 

equation below; 

€ = t 
Pb 

(1 - ~---) x 100 % 
Pp 

(8.35) 

-3 This scale therefore only holds for a particle density of 2.47 g cm 

The most tenuous features of Figure 8.2 are the lines drawn for the 

bulk densities at which zero pores larger than 100 ~m nolonger exist 

(£100 = 0). The line showing the bulk density at which zero air-filled 

pores exist at field capacity (90 . 05 ) as predicted by O'Connell (1975) 

is drawn in Figure 8.2. O'Connell derived equation 1.11 from soils with 

less than ~ % organic matter and assumed a particle density of 
-3 2.65 g cm . These are two reasons why his predictions would not be 

expected to agree with results found in study for this thesis. Equations 

8.21 at 5-15 cm and 8.27 at 0-2 cm suggested that zero pores >100 ~m 

would exist at 1.52 and 1.30 g cm-3 respectively. The reasons for this 

have been discussed. The predictions of equations 8.21 and 8.27 are also 

shown in Figure 8.2. 
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O'Connell (1975) reviewed literature to show that root growth was 

impeded at different bulk densities depending on soil type and crop 

type. Indeed, root growth might be unimpeded even in a high density soil 

if suitable continuous biopores exist (Ehlers et al., 1983). In Chapter 

One it was established that cultivation disturbed the continuity of 

biopores. This might mean that a prediction of a bulk density/porosity 

where zero air-filled porosity at field capacity existed using 

homogeneous soil cores might greatly underestimate the density to which 

a soil could rise before continuous, air-filled biopores would no longer 

exist under field conditions. 

The minimum and maximum densities in the model in Figure 8.2 held 

for all except one mean. At 0-2 cm on site 35 the bulk density was 
-3 recorded at 0.84 g cm . This was a recently cultivated site with 

unusually large aggregates. It is possible that a lower minimum would be 
-3 more appropriate. No mean bulk density was higher than 1.40 g cm so 

there was no evidence to challenge 1.60 g cm-3 as a maximum density for 

the silt loam/silty clay loam soils used within the constraints listed 

in Figure B.2. 

Some of the highest bulk densities were found on uncultivated or 

direct-drilled soils where, as long as earthworms were still active the 

E100 porosity would be prevented from falling to zero. The major 

differences between the laboratory prediction and the field core 

measurements were probably caused by earthworms and plant roots. The 
-3 value of 1.52 g cm corresponds almost exactly with a relative density 

of 90 %. 
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8. 3. 2 General. 

Steady state infiltration tate was positively related to E100 
porosity and total porosity at both 0-2 and 5-15 cm depths. There may 

have been a pore blocking effect of organic matter,at 0-2 cm that caused 

a reduction in infiltration rate with increasing organic matter. 

Infiltration rate was also negatively related to penetrometer resistance 

and bulk density. 

Saturated hydraulic conductivity was found to only be related to 

three other topsoil properties: the number of earthworm burrows at 

10 cm, E100 porosity at 5-15 cm and total porosity at 5-15 cm. If Ksat 
was acting as a measure of pore continuity, then these relationships 

suggested that earthworm burrows, E100 porosity and total porosity at 

5-15 cm were all positively associated with pore continuity. 

Earthworm numbers were positively associated with aggregate 

stability at both depths. This may have been an effect of a third factor 

on both aggregate stability and earthworm numbers. If there was a 

causative earthworm effect on aggregate stability, then it agrees with 

van Rhee (1977) who showed an increase in aggregate stability from 26 to 

45 % in soils with introduced Aporrectodea caliginosa and Lumbricus 

terrestris. Yorm numbers were significant predictors of burrow numbers, 

but the analysis in Chapter Seven showed that a geometric relationship 

was more appropriate than a linear one, especially when bare fallow 

sites were removed. 

Earthworm burrow numbers at 10 cm depth were associated with 

infiltration rate and porosity, and consequently bulk density. Burrow 

,- ---,', 
~. -,- -. ~ .-.'-' 
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numbers were also negatively associated with penetrometer resistance, 

but which of these two factors effected the other was not clear. 

Values for £100 porosity and total porosity were found to be 

significantly correlated (p<O.Ol) with a large proportion (seven out of 

eleven) of the measurements of soil structure at 5-15 cm depth. In the 

top 2 cm, these two measurements were significantly correlated (p<O.Ol) 

with five out of nine measurements. Therefore £100 porosity and total 

porosity may be useful as indexes of topsoil structure at anyone point 

in time. 

Although organic matter and aggregate stability might indicate 

potential soil properties, these two measurements were found to be poor 

indicators of soil physical conditions. There were very few correlations 

of these two properties with any other physical properties. 
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CHAPTER NINE. 

MANAGEMENT EFFECTS ON TOPSOIL STRUCTURE 
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This chapter is concerned with the effect on topsoil structure of 

various factors which involve management decisions. Cultivation, . 

compaction by machinery and livestock, crop choice and the management of 

ground cover are all areas in which decisions of the farmer may have an 

effect on topsoil structure. These subjects are discussed by using case 

histories. 

Comparison is made between two types of cultivation, direct-drilling 

and ploughing for seed-bed preparation. These are compared both 

temporally and at the end of two seasons on two controlled experiments. 

Compaction problems caused by machinery and by stock treading are 

discussed. These concern pathway 14 of the model in Figure 2.1. Case 

histories are used to describe the sort of topsoil structural changes 

caused by different sorts of compaction events. 

Topsoil structure under native bush is i~cltided in the discussion of 

crop choice. This comparison shows the major differences between 

agricultural soils and those under one sort of vegetation that was a 

factor in forming some of the soils in the Christchurch area of 

Canterbury. Results from the pasture species experiment are presented to 

show the differences in topsoil structure under the various crops used. 
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9.1 CULTIVATIONS. 

There are a great variety of implements available to the farmer 

which may change topsoil structure. The major categories of soil 

disturbance by cultivation were discussed in Section 1.9 of Chapter One. 

The effects of ploughing compared with direct-drilling (or no-tillage) 

have received a great amount of attention. Some of the more notable 

reviews are Allmaras & Dowdy (1985), for the U.S.A., Cannell (1985), for 

north west Europe, and Ross & Yilson (1983) for New Zealand. 

The aim of this section is to demonstrate the temporal variation in 

total and €100 porosities in relation to tillage for seedbed 

preparatiort. End ofs~ason comparisons are included for two field 

experiments. 

9.1.1 Temporal effects in the tillage and cropping experiment. 

Under a temperate cropping system, cultivations are usually employed 

once a year to create a suitable seed and root-bed for the crop being 

sown. In an ideal situation, the particular nature of the cultivations 

will depend on the requirements of the crop and the difference between 

them and the structural condition of the soil. Often, however, 

cultivation decisions are governed by tradition or fashion and not by 

the requirements of the crop (Allmaras & Dowdy, 1985). 

The tillage and cropping experiment was set up to examine two 

extremes of cultivations, ploughing and direct-drilling, under two 

annual crops of winter wheat and Italian ryegrass (see Section 4.1.1). 

Total and £100 porosities were measured at 0-2 em and 5-15 em depths at 
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frequent intervals over two years. The variation in these values over 

that time is shown in Figure 9.1 for 0-2 cm and in Figure 9.2 for 5-15 

cm. Least significant differences at the 5 % level are given to show the 

variability of results. 

In the first season there were three occasions when ploughed (PL) 
AT 

plots showed significantly larger total and E100 porosities~0-2 cm than 

direct drilled (DO) plots (p<0.05), as shown in Figure 9.1. In the 

second season there were occasional significant differences between 

treatment combinations. These were inconsistent, however, and were 

therefore assumed to be of little importance. Values at the end of both 

seasons were higher than at the beginning of respective seasons, but not 

significantly so. 
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At 5-15 cm (shown in Figure 9.2), total porosities were much more 

consistent and less variable than measurements at 0-2 cm. At the 

beginning and the end of the first season, and during the whole of the 

second season, PL plots always had significantly greater total 

porosities than DD plots (p<0.05). However, E100 porosity measurements 

were very variable, as shown in Figure 9.2. This meant that it was only 

at the end of the second season that there was a significantly greater 

E100 porosity in the PL plots than the DD plots. 

At the end of the second season, the 5-15 cm porosity values were 

almost identical with the values at the beginning of the first season. 

Neither was there any change in the total porosity grand mean due to 

cultivations at the· begi~n{ng of·the secbnd season. The overall trend 

was for no change whatsoever in total or E100 porosities over the two 

years of the experiment. 

Gibbs (1986) experimented with PL and DD treatments in the season 

prior to the start of study for this thesis (1983). During that season 

there was a marked decline in porosity in PL and a measurable decline in 

DD. However, during Gibbs' second season, concurrant with the first 

season of my experiment, he found no significant change in porosity. It 

would therefore appear that the nature of the seasons played an 

important part in the absence of porosity changes in the work of Gibbs 

and study for this thesis. 

'-."-, 

, ~. '. ,., 
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9.1.2 Field experiment comparisons. 

Survey sites 1-6 were from a controlled experiment conducted by a 

colleague (Gibbs, 1986). Sampling details of his experiment appear in 

Appendix Three. Gibbs used three crop treatments; bare fallow (F), wheat 

(V) and perennial ryegrass (PR). Two seed-bed cultivation treatments 

were also used; ploughing and working (PL) and direct-drilling (DO). 

This sec~ion concentrates on sites 1-6 and sites 40-43. The latter set , . 

was taken from the tillage and cropping experiment at the end of the 

second season. Both sets of data were thus from the ends of second 

seasons of the treatments described. 

The main difference be~ween the two experiments was the cropping 

history. Gibbs (1986) experimental area had been permanent pasture with 

an unusually high level of fertility due to local supplementary feed~ng 

of sheep in the previous year to the experimen t.. The experimen tal area 

of the tillage and cropping experiment had been used for continuous 

wheat and had been cultivated every year for the five years previous to 

the start of the experiment. 

9.1.2.1 Results from sites 1-6. 

Table 9.1 (sites 1-6) shows that there were significant effects of 

cultivation on the distribution of organic matter within the topsoil. 

There was a higher organic matter content in DO than PL plots at 0-2 cm 

(p<0.001). In contrast organic matter at 5-15 cm was higher in PL t~an 

DO plots (p<0.05). The mixing of organic matter by ploughing, which 

served to increase organic matter at 5-15 cm above levels for DO, was 

also observed by Blevins et al. (1977). This was particularly marked on 
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sites 1-6 because it was permanent pasture that had been ploughed under, 

two years before sampling. 

The concentration of organic matter at 0-2 cm under DD was 8.0 % and 

for PL plots 6.5 %. The levels in PL plots at 0-2 cm were very similar 

to levels at 5-15 cm in the same plots which gave an organic matter 

quotient (OMQ; see equation 5.6) of 1.01. The concentration at 0-2 cm in 

DO plots was partly a carry-over from when the site had been permanent 

pasture (as shown by ODF), and partly due to an accumulation of organic 

matter from treatment crops. This was also found by Cannell & Ellis 

(1979) and Blevins et al. (1977). The general OMQ for the DO plots was 

1.31. 

Table 9.1 E 00 and total (Et ) porosities, aggregate stability (A ) 
and organic matter content (M t ) at 0-2 cm and 5-15 cm depths for sit~s 
1-6. (Original data.) 

Treatment 0-2 cm depth 5-15 cm depth Survey 
combination c100 (%1 ct (%1 A (%1 Mt (%1 s C100 (%1 ct (\1 As(%1 Mt (%1 site no. 

PLF , 19.5 b 57.4 f 801m 6.2 z 19.4 a 54.1 d 51 m 6.4 xy 1 
PLW 28.0 a 60.1 def 73 mn 6.4. z 16.0 ab 52.3 de 65 1m 6.4 xy 3 
PLPR 29.9 a 62.7 d 70 n 7.0 yz 16.6 ab 52.3 de 69 1m 6.7 x 5 

DDF 24.5 ab 58.9 ef 86 1 7.5 Y 13.4 b. 49.6 f 52 m 5.9 y 2 
DOW 27.2 a 60.7 de 88 1 7.7 Y 15.9 ab 51.2 ef 66 1m 6.2 xy 4 
DDPR 29.0 II 63.0 d 87 1 8.8 x 15.2 ab 51. 2 ef 77 1 6.2 Y 6 

LSD (p<0.051 5.8 3.1 10 1.0 4.3 2.5 24 0.5 

Significant treatments. 
Tillage nls nls DD)PL DD)PL nls PL)DD nls PL)DD 

*** *** ** * 

Crop PR,W)F nls n/s PR)W,F n/s n/s PR)~ n/s 
* * • 

* (p<0.051 Means NOT sharing letters F = bare fallow. 
** (p<0.011 within vertical data-sets were W = wheat. 
*** (p<0.0011 significantly different (p<0.051. PR = perennial ryegrass. 

- .'- - '," - ~-:.-
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The differences in aggregate stability means between tillage 

treatments were only significant at 0-2 cm (p<O.OOl), where the general 

value for DD was 87 % compared with 74 % for PL plots. Organic matter 

content was 8.0 % for DD compared with 6.5 % for PL at 0-2 cm depth. 

However, the correlation between the organic matter and aggregate 

stability at 0-2 cm was very poor and not significant (r2 = 0.092). 

From Chapter Eight it was obvious that many correlations existed 
... 

between variables without many simple cause and effect relationships. In 

Table 9.1, it may be seen that although significantly larger organic 

matter contents existed at 5~15 cm in PL plots, this was not associated 

with larger aggregate stability values than DD plots. If anything, the 

mean aggregate stability was lower in PL at 5-15 cm (62 %) than in DD 
plot~ (68 %), but this was not a significant difference (P>0.05). It 

therefore appears to be more a question_of disturbance than organic 

matter, as such, that effected the aggregate stability differences 

observed. This was also a conclusion of Hughes & Baker (1977) in New 

Zealand on a silt loam, of Russell (1977) and of Douglas & Goss (1982) 

on a range of soil textures in Great Britain. 

Having discussed organic matter and aggregate stability, it is 

apparent from Table 9.1 that neither ·these two properties, nor tillage 

treatments were related to €100 or total porosities at 0-2 cm. Blevins 

et al. (1977) also found that there was no difference in bulk density 

between ploughing and direct-drilling half way through a season after 

autumn sowing. One significant crop effect occurred in this study such 

that leaving soil fallow was associated with lower €100 porosity at 0-2 

cm depth (p<0.05). This decrease did not appear to be associated with a 

decrease in aggregate stability (see Table 9.1). 
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It is possible that some factors other than cultivation were 

determining surface porosity. These may have been exposure to rainfall, 

loss in organic matter or exposure to other weather elements, but the 

only identifiable effect was whether or not a crop was present. 

At 5-15 cm there was a significantly larger total porosity under PL 

(52.7 %) than DD (50.9 %) (p<0.01). This was also found by Finney & 

Knight (1973), Ellis et al. (1979), Ellis et al. (1982), Gibbs (1986), 

Douglas et al. (1986) and Francis et al. (1987). An explanation may be 

that destructive forces were so slight during the period of study that 

negligible compaction occurred in ploughed plots where cultivation had 

increased porosity. 

9.1.2.2 Results from the tillage and cropping experiment. 

On the tillage and cropping experiment sites (40-43), there was a 

significantly higher organic matter accumulation at 0-2 cm in DD than PL 

plots (p<0.01) as shown in Table 9.2. The averages were 6.2 % in DD 

against 5.5 % in the PL plots. The majority of the accumulation at 

0-2 cm was due to the interactive effect of DD and Italian ryegrass (see 

Table 9.2). This treatment combination had significantly higher amounts 

of organic matter than any other treatment combination (p<0.05). There 

was no significant difference in aggregate stability between the two 

cultivation treatments at 0-2 cm, and at 5-15 cm depth (p>0.05). 

Just as was the case for sites 1-6, the £100 and total porosity 

values for sites 40-43 at 0-2 cm showed no significant differences due 

to cultivation. It may be that factors other than crops or cultivations 

were dictating values. 
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Table 9.2 £100 and total (£t) porosities, aggregate stability (As) 
and organic matter content (M t ) at 0-2 cm and 5-15 cm depths for sites 
40-43, the tillage and cropping experiment, after two seasons. 

Treatment 0-2 cm del2th. 5-15 cm del2th. Survey 
combination C100 (%) ct (%) A (%) Mt (%) C100 (%) Ct (%) A (%) Mt (%) site no. s s 

PLW 27.9 a 60.8 d 36 m 5.5 y 19.0 a 53.8 d 38 m 5.0 x 41 
PLIR 27.0 a 62.2 d 57 m 5.6 y 17.0 ab 53.5 d 43 1m 5.2 x 40 

DOW' 22.6 b 58.0 e 61 1m 5.7 y 14.3 bc 49.6 e· 36 m 5.0 x 43 
DDIR 29.2 a 63.0 d 65 1 6.7 x 13.0 c 49.0 e 54 1 5.0 x 42 

LSD (p<0.05) 4.2 2.7 25 0.5 3.9 2.6 11 0.5 

Si~ificant treatments. 
Tillage niB niB n/s DD>PL PL>DD PL>DD n/s n/s 

** ** ••• 

crop n/s IR>W n/s IR>W n/s n/s IR>W n/s 
•• • * • • 

* (p<0.05) means with no letter shared within Abbreviations 
** (p<O.Ol) each Bet of data were significantly are consistent 
**. (p<O.OOl) different at the 5 % level (p<0.05). with Figure 9.1 

At 5-15 cm £100 and total porosities were significantly greater 

(p<0.01 and p<0.001 respectively) in PL than DO plots. Neither aggregate 

stability nor organic matter contents were associated with the higher 

porosity values in PL plots of sites 40-43 (all r2 values <0.300; not 

significant p>0.05). The preservation of pore space may not have been 

due so much to stability as to lack of destructive forces. The low 

rainfall and absence of stock or machinery (other than at cultivations) 

may have allowed the increased porosity due to cultivation in PL plots 

to remain unaltered throughout the season. This explanation is not 

inconsistent with Figure 9.2. 
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9.1.2.3 Comparison of field experiment results. 

Interesting comparisons may be drawn from Tables 9.1 and 9.2. The 

aggregate stability values and organic matter values of Table 9.1 

(previously permanent pasture) were generally higher at both depths than 

values shown in Table 9.2 (previously continuously cultivated wheat). 

Despite these obvious differences in aggregate stability and organic 

matter, both sites had almost identical grand means for both porosity 

measurements at both depths studied. 

From this it was concluded that aggregate stability and organic 

matter content had little predictive value for £100 or total porosity 

between the two experiments. This may have been because the two seasons, 

at the end of which measurements were taken, were unusually dry, 

especially during establishment phases of crop growth (see Appendix 

Five). This occurrence might not be found in other situations where 

sheep are useq to tidy up in cereal paddocks, or where machinery is run 

over ground frequently, or in wetter seasons. 

: ......... ' .. -, 
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9.2 COMPACTION. 

Boekel (1982) concluded that evidence regarding different factors in 

soil degradation pointed to compaction by machinery as being the most 

important factor in degradation. Boekel added that there was 

insufficient restoration of soil structure through tillage. Soane et al. 

(1982) took a different stand point and questioned whether there should 

be legislation to limit the weight of machinery on the land. 

Both of these reviews were from north west Europe with its 

predominantly more humid climate than Canterbury. The climate in 

Canterbury is rather more similar to a south east European climate, but 

very li ttle literature on soil structure is available from that region. 

The summer/autumn period in Canterbury is often dry enough to harvest, 

cultivate soils and drill crops without causing sufficient structural 

damage to cause subsequent yield losses, which is an advantage over 

other temperate cropping areas of the world (Dunbier, 198~. 

According to Young (1986), New Zealand agriculture in general is far 

less mechanised than the general situation in the U.S.A., Europe, 

Scandanavia or Australia. On the other hand, very small proportions of 

livestock are housed during winter months in New Zealand for economic 

reasons, which may be a problem in a wet winter in Canterbury. Poor use 

of irrigation may aggravate compaction problems (McKibben, 1971). This 

section considers sites suffering from compaction due to machinery and 

due to livestock, which pertains to pathway 14 of Figure 2.1. Comparison 

of results are made using the relative density scale (see Section 

8.3.1). Lastly, the compaction effects of natural forces are discussed. 
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9.2.1 Traffic compaction. 

The "I.C.I. Tasman Wheat '85" show days were very wet. The. show days 

were 27 and 28th November 1985. Over the three days from 24 to 26th 

November, 56 mm of rain fell, according to Lincoln College central 

meteorological data. Site vehicles entering the show field had to be 

towed by tractors and the tr~cks were churned into mud and became 

severely compacted. (The surface soil was reduced to a slurry.) 

When the tracked site dried and became passable, the topsoil was 

assessed as described in Chapt~r Four. A nearby area that had escaped 

the traffic, and otherwise had the same history, was used for 

comparison. Subsequently, the tracked areas were cultivated using a 

rotary hoe and then rolled and drilled with perennial ryegrass. A 

specific area was also subsoiled to 40 cm depth using a single leg 

Fergusson implement. 

The reference area was site 26 and the tracked area was site 25. The 

same tracked area after rotary hoe cultivation was site 35, and the site 

that was rotary-hoed and subsoiled was number 36. Complete details of 

these sites appear in Appendix Three. Some results are given in Table 

9.3. It should be noted that these sites were not part of a rigorous 

statistical design. The probability level for significant differences 

between means was set at 1 % to guard against incorrect rejection of the 

null hypothesis. 

' .. 

.-.'~' .. :-'-
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Table 9.3 Physical properties of sites in the Wheat '85 show field. 

site no. 26 25 35 36 
History reference compacted track track, rotary track, hoed LSD 

hoed and subsoi1ed (p<0.01) 

Ph~sical ~roEert~. 0-2 cm deEth. 
c100 porosity (% v/v) 21.2 b 6.0 c 33.7 a 27.7 ab 9.0 
Total porosity (\ v/v) 61.6 a 49.6 b 66.2 a 64.2 i!-, 5.1 
Aggregate stability (%) 59 a 30 b 22 bc 16 c 13 -
Organic matter (% w/w) 8.0 a 5.9 b 6.3 b 7.4 ab 1.5 

5-15 cm depth. 
c100 porosity (% v/v) 6.0 bc 3.5 c 12.6 ab 15.8 a 7.4 
Total porosity (% v/v) 48.1 bc 43.8 c 51.0 ab 55.0 a 6.1 
Aggregate stability (%) 40 a 32 ab 21 bc 18 c 13 
organic matter (% w/w) 6.1 a 5.6 ab 5.2 b 6.2 a 0.7 

Penetrometer (0-10 cm) 1.8 b 3.8 a 1.3b 0.4 b 2.0 
resistance (10-20 cm) 1.8 ab 3.0 ab 3.3 a 0:7 b 2.4 

(20-30 cm) 3.9 a 5.5 a 3.7 a 1.1b 2.5 

Burrow numbers (m-2 ) 140.0 a 800 a 700 a 800 a 2000 
Infiltration rat. -1 (cm h ) 2-.6 0.22 10 20 

-2 Earthworm numbers m 310 b 120 a 100 a 100 a 140 

Means within horizontal data-sets NOT sharing 
letters were significantly different (p<O.Ol) 

Sites were arranged in Table 9.3 in the order shown to demonstrate 

the chronological progression of events from left to right. The 

compaction event on 26, 27 and 28th November 1985 caused the difference 

between sites 25 and 26. There was a significant decrease in both total 

and £100 porosities, similar to that found by Ross & Cox (1981) on a 

Levin silt loam under traffic. Aggregate stability at 0-2 cm (p<O.Ol) 
" 

following compaction. The steady state infiltration rate dropped by an 

order of magnitude from 2.6 to 0.22 cm h-1 . The value of 0.22 cm h-1 was 

associated with prolonged puddle formation over site 25 (compacted 

track) . 

f .~'. 
i 
[-.:i:,:,-, 
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Porosity increased significantly (p<O.Ol) at 0-2 cm when the top 

10 cm of the site was rotary hoed. The value for 8100 porosity increased 

from 6.0 % to 33.7 %. These were the lowest and the highest values 

recorded in the survey respectively. The exceptionally high cultivated 

value was probably caused by the rather cloddy nature of aggregates 
"':,., 

which resulted in large packing voids between themselves until they had 

weathered. The large 8100 porosity value at 0-2 cm for the subsoiled 

site (36) was not significantly different from that at the site that had 

only been rotary-hoed. 

At 5-15 cm the differences in porosity measurements were not 

significant at the 1 % level (p>O.Ol) between sites 25 and 26. This was 

more because the reference site (26) was also partially compacted 

(relative density of 57 %) than because there was insignificant 

compaction at 5-15 cm in site 25. The compacted site (25) had a relative 

density of 72 %. 

Following cultivation, the E100 and total porosities were 

significantly larger than the compacted values at 5-15 cm (p<O.Ol), 

especially following subsoiling. The relative density of the cultivated 

site (35) was 48% and the subsoiled site (36) was 35 %. The 

penetrometer resistance values showed that a compacted zone below 10 cm 

still existed a{ter rotary hoe cultivation, but this was alleviated by a 

subsoiling pass. Steady state infiltration rate rose by two orders of 

magnitude when the compacted site was rotary hoed and subsoiled, as 

shown in Table 9.3. 

There was some indication in the penetrometer results that 

compaction on site 25 had occurred to 30 cm depth as found by Ross & Cox 
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(1981) on a Levin silt loam following traffic compaction. This 

compaction was significantly alleviated by subsoiling (site 36). The 

levels of compaction as indicated by penetrometer resistance at 10-20 

and 20-30 cm depths were not significantly different at site 25 compared 

with site 26. This further suggests that site 26 was partially compacted 

which made it rather unsuitable as a reference site. 

Visual appraisal of the profiles of these sites showed is summarised 

below. The reference site (26) was growing a meadow/grass sward and had 

an angular, nutty top 5 cm with a more massive 5-15 cm zone. On the 

compacted site (25), a surface seal, a dense platey structure at 0-10 c~ 

and a massive zone at 10-30 cm had developed. The rotary hoed site (35) 

had an angulari blocky str~cture· from 0-10 cm. After the subsoiling 

pass, site 36 showed an angular blocky structure from 0-20 cm and a 

fractured massive structure from 20-40 cm. The zone of disturbance of 

the subsoiling leg extended 20 cm in a horizontal direction. The visual 

appearance of profiles of sites 25, 26, 35 and 36 suggested that the 

density of the compacted site (25) was going to limit root growth. The 

relative, density of site 25 at 0-2 cm was about 54 % and at 5-15 cm 

depth was 72 % according to Figure 8.1. 

Aggregate stability values showed an interesting progression from 

relatively undisturbed site (59 %) to compacted (30 %), to rotary hoed 

(22 I), to rotary hoed and subsoiled (16 I), at 0-2 cm. The values at 

5-15 cm were 40, 32, 21 and 18 respectively. In both series of aggregate 

stabilities the last values were significantly different from the first 

values (p<O.Ol), as shown in Table 9.3. 

" .. '- ... --:;;:. 
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This progression was consistent with the suggestion made in the 

previous section that disturbance was important, at least in the short 
J 

term, in effecting differences in aggregate stability. Kemper & Koch 

(1966) found that cultivated soil at the same organic matter level as 

uncultivated soil had a lower aggregate stability. The organic matter 

levels from site to site in my study varied considerably, sometimes 

significantly (see Table 9.3). Organic matter levels did not ,.Jhowever, 

appear to affect the consistent trends at both depths ~tudied which 

showed a progressive decline in aggregate stability with increasing 

disturbance. 

This trend was also observed by Ross & Cox (1981) on a Levin silt 

loam. They found that ploughed soil had aggregate stability values 

significantly smaller than direct drilled or traffic compacted soils. 

However, the lower aggregate stability value in the compacted soil 

compared with direct-drilled soil was not significantly different 

(P)0.05) in the work of Ross & Cox. 

The differences in porosity between the compacted site and the hoed 

and subsoiled site were 21.7 percentage points for £100 and 14.6 

percentage points for total porosity at 0-2 cm. At 5-15 cm the 

differences were 12.3 and 12.2 percentage points for £100 and total 

porosity, respectively. These changes were very large compared with 

total porosity changes of 0.6 percentage points due to earthworm 

activity calculated from Sharpley & Syers (1977). Cultivation and 

compaction by traffic are thus important factors to be considered in 

pathway 14 of Figure 2.1. 

I 
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9.2.2 Dairy stock treading. 

The problem of dairy stock treading has received detailed study from 

Scholefield et al. (1985) and Scholefield (1986). Pressures of 300 to 

500 kPa were found to be exerted for less than one second by a walking 
t 

dairy cow. Single hoof treading events were found to caus~ a loss of 

between 2 and 4 percentage points of porosity from 0-15 cm depth cores 

at field capacity. The reaction depended on soil type. Most of the loss 

occurred at 5-15 cm in accordance with the diagram in Figure 1.14 from 

Strutt (1970). 

Two sites were visited where the predominant effect on topsoil 

structure was stock treading by cattle. Sites 20 and 21 were on a dairy 
- .• <'.: 

farm where heifers had been over-wintered for four seasons. Site 20 was 

made up of four replicates from within five metres of water troughs, and 

site 21 was in the middle of a paddock. Both sites had poor growth of 

perennial ryegrass, to which they had been sown. At both sites there was 

less than 50 % ground cover which was afforded by annual grasses and 

broad-leaved weeds. 

Since both sites 20 and 21 were on Templeton silt loam soils, they 

were compared with a lightly stocked long ley pasture on a Templeton 

silt loam found at site 23. It was assumed that this was a fair 

comparison for the purposes of this section. The significance level for 

differences between means was set at 5 % probability. 

Visual observation showed that the surface 20 cm of site 23 (lightly 

stocked pasture) had a crumb structure with profuse rooting and a large 

number of earthworms present. An AB horizon from 20-30 cm was angular, 

blocky in structure with no apparent root impedence. 
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Profiles of sites 20 and 21 looked substantially different from that 

of site 23. There. was a nutty, platey structure at 0-12 cm on site 20 

with a platey, massive zone from 12 to 22 cm. Earthworm activity was 

sparse and the rooting pattern appeared to be restricted by the 12-22 cm 

zone and more so by the massive horizons below 22 cm. A similar pattern, 

but to a lesser extent, was present at site 21. A nutty, platey zone in 

the top 5 cm overlay a platey, massive zone from 5 to 10 cm. A massive 

structure below 15 cm was occasionally perforated by earthworm burrows 

and roots~ This pattern approximately corresponds to the diagram from 

Strutt (1970) .shown in Figure 1.14. Roots and earthworm burrowing 

appeared.to be r~stricted at all depths by these structures. 

Table 9.4 Physical properties of the topsoils of sites 20, 21 and 
23; heavily and lightly stocked pasture of Templeton silt loams. 

Site no. 
Treading severity 

Physical property. 
El 0 porosity (% v/v) 
To~al porosity (% v/v) 
Aggregate stability (%) 
Organic matter (% w/w) 

El 0 porosity (% v/v) 
To~al porosity (% v/v) 
Aggregate stability (%) 
Organic matter (% w/w) 

Penetrometer 
resistance 

(MPa) 

(0-10 cm) 
(10-20 cm) 
(20-30 cm) 

-2 Earthworm burrows m 1 
Infiltration rate (~~ h- ) 
Earthworm numbers m 

23 
Light 

0-2 cm 
28.8 a 
65.0 a 
73 a 
6.5 b 

5-15 cm 
11.2 a 
48.3 a 
68 a 
4.4 b 

1.0 b 
1.5 c 
2.3 c 

1400 a 
3.8 

620 a 

20 
Heavy 

depth. 
12.9 b 
56.3 b 
36 b 
8.1 a 

depth. 
9.6 a 

45.9 b 
48 b 
5.7 a 

4.4 a 
5.2 a 
4.0 a 

700 a 
5.6 

110 b 

21 
Heavy 

17.5 b 
58.2 b 
47 b 
8.0 a 

9.2 a 
46.7 ab 
47 b 

4.3 b 

3.7 a 
3.1 b 
3.1 b 

800 a 
4.6 

210 b 

Means within horizontal data-sets NOT sharing 
letters were significantly different (p<0.05). 

LSD 
(p<0.05) 

7.1 
5.0 

13 
0.9 

2.1 
1.7 

15 
0.9 

1.9 
0.6 
0.4 

900 

220 

--'. 
~-:.,.,...:<- ~ .. 

~1~~~ij1~;~~~~ 
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The top 2 cm were significantly less porous on site 20 and 21 

compared with site 23 (p<0.05), as shown in Table 9.4. Aggregate 

stability was also substantially lower (p<0.01) at sites 20 and 21. The 

difference in organic matter content was the opposite, being higher at 

sites 20 and 21 than in site 23 (p<0.05). This appeared to be a further 

case of disturbance being more important than organic matter in 

determining aggregate stability. 

At 0-2 cm the relative densities of these sites were 2 % for the 

lightly stocked site 23, and 31 % for site 20 and 24 % for site 21. It 

should be noted that organic matter at 0-2 cm depth for these sites was 

greater than the level at which Figure 8.1 was derived and so these 

values of relative density would be underestimates of the true values. 

The relative densities for these sites at 5-15 cm were 57 % for site 

23 (lightly stocked pasture) and 64 % and 62% for sites 20 and 21 

(stocked with dairy heifers). Organic matter contents were closer to the 

range quoted in Figure 8.1, so there would be a fair degree of 

confidence in these values. 

At 5-15 cm there was no significant difference in £100 porosity, but 

total porosity on site 21 was significantly lower than site 23 (p<0.05). 

Again, aggregate stability was lower on heavily stocked sites than the 

lightly stocked site (p<0.05), while one of the heavily stocked sites 

had a significantly higher organic matter level than the lightly stocked 

site (p<0.05). 

The visual assessment was best supported by penetrometer data. These 

showed that the two heavily stocked sites had significantly greater 
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penetration resistances at all three depths measured (0-10, 10-20, and 

20-30 cm) than the lightly stocked site (p<O.Ol). The site which 

visually appeared to be the worse of the two heavily stocked sites (20) 

also had significantly greater penetrometer resistances at 10-20 and 20-

30 cm depths than the other heavily stocked site (21) (p<0.05). These 

results correspond with the zones described as platey or massive in 

structural appearance. 

The earthworm burrow numbers were not significantly different. 

Earthworm numbers themselves were significantly lower on the heavily 

stocked sites compared with the lightly stocked pasture (p<O.Ol). These 

values are shown in Table 9.4. 

Toe largest differences in porosity at 0-2 cm were 15.9 percentage 

points for €100 and 8.7 percentage points for total porosity. At 5-15 cm 

the largest differences were 2.0 and 2.4 percentage points for £100 and 

total porosity respectively. These differences were less pronounced than 

the differences between cultivated and heavily compacted sites in the 

last section. However, porosity differences associated with treading by 

dairy stock were large compared with earthworm effects. 

~ • -~ _ ,,.J- ~_. ---
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9.2.3 Sheep treading. 

A lucerne trial ~ set up by the DSIR at Lincoln on a Templeton 

heavy silt loam included a treading treatment by sheep. Research 

officers were studying pest control by treading. The sward was pure 

lucerne. The experiment had run for four years when samples were taken 

for my study. Data presented here is original. 

The treading treatment consisted of sheep at 500 ewes ha-1 for four 

weeks in July (mid-winter) each year. In dry years irrigation was used 

to ensure that the soil surface was affected by treading. The control 

received no treading. Results for sites 37 (control) and 38 (treading) 

appear in Table 9.5. 

Table 9.5 Some physical properties of topsoils from sites 37 and 38; 
control and treading treatments of a D.S.I.R. lucerne trial. 

Measurement Site 37 Site 38 LSD 
(Control) (Treading) (p<0.05) 

0-2 cm deEth. 
£1 0 porosity (% v/v) 23.7 a 19.6 a 4.5 
To~al porosity (% v/v) 61.4 a 58.9 a 3.6 
Aggregate stability (%) 71 a 59 a 26 
Organic matter (% w/w) 8.9 a 8.4 a 1.2 

5-15 cm deEth. 
£1 0 porosity (% v/v) 12.5 a 11.6 a 4.4 
To~al porosity (% v/v) 50.4 a 49.3 a 2.9 
Aggegate stability (%) 37 a 35 a 17 
Organic matter (% w/w) 6.4 a 6.0 a 0.6 

Penetrometer (0-10 cm) 1.4 b 2.3 a 0.2 
resistance (10-20 cm) 1.5 a 2.0 a 0.8 

(MPa) (20-30 cm) 2.9 a 3.3 a 2.8 

Burrow numbers -2 at 10 2400 a 1400 a 1300 m em 

The only means NOT sharing letters were 
significantly different (p<0.05). 

I 

,- ." ,~ " ; -
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There were no significant differences between any of the means for 

the treatments except that penetrometer resistance was significantly 

higher in the treading treatment than in the control at 0-10 cm 

(p<O.OOl). This corresponded with an observed zone of nutty, platey 

structure at 5-10 cm. The more shallow zone of platiness in this study 

compared with that in Section 9.2.3 for dairy cattle probably occurred 

because sheep cause a smaller. load on the soil than dairy cattle. Depth 

of compaction was found to be positively related to load by Soane et al. 

(1981). 

This platey ~one did not appear to hinder the rooting pattern of 

lucerne. Dry matter yields of lucerne had only shown a significant 

reduction in one out of four years in the treading treatment (Wyn-

Williams et al., unpublished). A lower aggregate stability in the 

treading treatment was not significantly different from the control at 

the 5 % level (p>0.05). 

It is possible that the sheep caused an insignificant amount of 

damage to the soil, and/or that lucerne was tolerant of surface 

compaction. The fact that earthworm numbers were above the threshold of 

-2 h h 300 to 400 m discussed in Chapter Seven would suggest t at t ere was 

no appreciable structural problem generated by this treading treatment. 

Alternatively, the absence of significant differences for all except the 

penetrometer values might have occurred because some recovery had taken 

place between July and the time of sampling in January (see Appendix 
j.--'., 

Three). It should be noted, however, that the Templeton series is a 

freely draining soil which may have helped in preventing more serious 

structural damage. 
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9.2.4 Compaction by natural forces. 

In preceding sections it has been suspected that natural compacting 

forces were not great. This will be discussed in the following section. 

In order to test this hypothesis, an experiment was conducted using an 

area of soil in its least compacted state, i.e. when it was newly 

ploughed. The loss of porosity was observed over a number nf months. 

An area 20 m by 40 m was selected between the pasture species 

experiment and the tillage and cropping experiment on a Wakanui silt ',-c' 

loam. This ground had a history of a wheat/white clover two year 

rotation for the previous six years. The more recent crop had been white 

clover. 

The area was simply mouldboard ploughed to 20 cm depth and left 

fallow from 16th July to 5th December 1985. An area within the area that 

was ploughed received further seed-bed preparation. That further 

cultivation involved a double grubbing, and a harrowing and rolling. 

Samples were not taken from wheeled areas. Sampling at frequent 

intervals was confined to the top 5 cm of soil. Results appear in Figure 

9.3 for the area that was only ploughed and for the area which received 

additional cultivation. There were eight replicates for each mean 

presented in Figure 9.3; 

Note that the initial values do not appear in Figure 9.3. This was 

because the unmodified core sampling technique was not adequate to 

sample such a porous structure. Results shown were obtained by using 

cores that were well supported by a mesh to prevent slumping when cores 

were wetted and drained for £100 porosity measurement. 
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Figure 9.3 Changes in porosity at 0-5 cm depth of a newly ploughed 
fallow topsoil over five months due to natural forces. 
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The period from 16/7/85 to 5/12/85 was not unusually dry. Rainfall 

amounted to 390 mm during this period. November was the wettest month 
-1 when 109 mm fell, but the intensity was never greater than 32 mm d 

which occurred in late November. Major rainfall events can amount to 
-1 more than 100 mm d on occasions, according to Lincoln College 

meteorological data. 

Figure 9.3 shows that the ploughed area that was not subsequently 

cultivated lost only 1.5 percentage points of total porosity between the 

first and the last sampling occasions. Using a t-test, these values were 

significantly different (p<O.Ol). The £100 porosity loss over the same 

period was 3.5 percentage points (p<0.05) from initial to final values. 

- - -- -~--
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The slight rise in €100 porosity between the first and second 

sampling occasions was not significant (p>0.05). This may have been due 

to a slight increase in pore continuity that caused more of the €100 

porosity to be detected by the tension table method used. The final 

value for €100 porosity was also significantly lower than the value 

before cultivations (p<O.Ol). 

The first of the two additional cultivation events was a double 

grubbing to 15 cm depth. This caused a significant decrease in €100 

porosity (p<O.Ol), but it did not change total porosity. The loss of 

(:100 porosity may therefore have been due to an interruption in pore 

continuity, rather than a loss of porosity as such, which lowered the 

detected (:100 value. 

The second cultivation was a harrowing and rolling. This caused a 

significant decrease in (:100 porosity (p<O.OOl) and in total porosity 

(p<O.Ol). Some change in (:100 porosity may have been due to poorer pore 

continuity. The gradual increase of (:100 porosity after the harrowing 

and rolling might have occurred because of improved pore continuity with 

time. This indicated that the first (:100 porosity estimate after the 

cultivation was an underestimate. Since total porosity was significantly 

lower following the cultivation, it may be assumed that much of the drop 

in (:100 porosity was a genuine effect. 

Overall, the "slumping" effect of natural forces over the four 

months of measurements was significant, but small. The overall loss of 

total porosity from ploughed soil was thus 0.4 percentage points per 

month, or 4.5 percentage points a year at the same constant rate. In 

practice a reduced rate of loss with time would probably occur due to 

-- -. ",- - ,--~. -.'~. 
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increasing soil strength. This would make the potential rate of slumping 

smaller on an annual basis. 

Of course, a topsoil at a higher initial density or lower initial 

porosity would be expected to lose porosity at a slower rate than that 

found in this experiment. The relative density of initial conditions 

four weeks after ploughing was only 5 % compacted. It may therefore be 

concluded that the rate of loss of 0.4 percentage points of total 

porosity per month would be a maximum rate for a Wakanui silt loam with 

5-6 % organic matter in the top 15 cm under the weather conditions 

encountered during the experiment. The rate of loss of €100 porosity was 

0.7 percentage points per month. 

Kuipers & van Ouwerkerk (1963), in the Netherlands, used a 

reliefmeter to measure loss in height and porosity of a medium textured 

marine soil that had been ploughed to 24 cm. Over five months the 

average loss of porosity in the whole plough layer was 0.9 percentage 

points per month. This rate was more than twice that observed in study 

for this thesis. Over the short term, rates of loss of porosity in the 

work of Kuipers & van Ouwerkerk were far higher during heavy rain and 

negative during frosts. 

I. 
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9.3 CROP CHOICE. 

It was shown in Chapter Five that different pasture species and 

wheat had different rooting patterns and gave different root yields. 

This section continues to discuss crop choice by linking root factors 

with the impact on topsoil structure of crops themselves, as distinct 

from other management factors. 

Much of the data was derived from the pasture species experiment. 

Two topsoils under native vegetation are compared with the extremes of 

agricultural sites given in Table 8.1. Other survey sites are included 

representing wheat, pasture and fallow sites. 

9.3.1 Native vegetation. 

A native bush reserve at Riccarton, in Christchurch, was visited. 

Two sites (44 and 45) were selected on slightly different soil types. 

Site 44 was a Taitapu series, and site 45 was a Taitapu/Kaiapoi series. 

They were sampled in the way described in Chapter Four. The objective 

was to assess the physical properties of two local topsoil structures 

under the vegetation associated with their formation. This information 

was then compared with the general data-set from the rest of the survey 

of agricultural soils. Full details of sites 44 and 45 appear in 

Appendix Three. 

The notable features of the forest soil at these sites were the 

large amounts of organic matter and the difficulty of sampling. Tree 

roots made the job of taking cores very awkward. Nevertheless, cores 

were obtained between major roots. Data from these sites is shown in 

Table 9.6. 
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Earthworms were not identified by species. All worms found were from 

the Megascolecidae family and therefore assumed to be native species 

(Lee 1959). Native earthworms were found in the topsoil and the subsoil. 

There were many other types of soil macrofauna that were obviously 

responsible for biopore formation. An unidentified large number of 

larvae of the orders Diptera and Colleoptera were present in burrows to 

10 cm depth. The number of biopores >1 mm diameter at 10 cm were in the 

middle of the range of earthworm burrow numbers of agricultural sites. 

Table 9.6 Some physical properties of two topsoils under native 
vegetation from sites 44 and 45. 

Site 44 Site 45 
(0-2 cni) (5-15 cm) (0'-2 cm) (5-15 cm) 

Ph~sical ~ro~ert~ 
,-

£1 0 porosity (% v/v) 24.8 12.3 36.9 12.7 
To~al porosity (% v/v)_3 71.5 58.0 75.2 56.9 
Particle density (g cm ) 2.31 2~44 2.26 2.43 
Aggregate stability (%) 76 76 75 78 
Organic matter 17.4 9.4 19.7 8.5 

Penetrometer (0-10 cm) 1.7 1.5 
resistance (MPa) (10-20 cm) 1.5 2.5 

Biopores (>1 mm) at l~lcm 2400 2300 
Ksat at 5-15 cm (cm h ) 110 27 

Standard errors of these means appear in Appendix Three. 

The organic matter accumulation was not fully represented by the 

0-2 cm organic matter values. Cores were taken from beneath the litter 

layers where the mineral strata began. Organic matter contents of the 

top 2 cm and at 5-15 cm were greater than for any agricultural soil 

studied. The nature of the material was also quite different. There was 

a strong smell of tannins and resins in the litter and soil organic 

matter. There was a preponderance of woody material amongst the organic 

matter. , . 
, 
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Probably as a consequence of large organic matter content, particle 
those of 

densities were lower tha~~any of the agricultural soils. Total 

porosities at both depths on both sites were greater than any of the 

agricultural soils at equivalent depths. These departures from the range 

of agricultural soils by sites 44 and 45 were the reasons why the sites 

were omitted from Table 8.1. 

The E100 porosity values broke the pattern of extremes. A value of 

36.9 % on site 45 was the highest value at 0-2 cm of any site, but site 

44 gave a value of 24.8 % which was well within the range of 

agricultural soils shown in Table 8.1. E100 porosities at 5-15 cm were 

quite usual at 12~3 % and 12.7 % compared with the agricultural range of 

3.5 to 19.4 %.By visual-appraisal, roots obviously occupied much pore 

space that was not detected as E100 porosity. 

Infiltration rate could not be measured reliably because of a 

strongly hydrophobic condition of the topsoil when the two sites were 

visited. Tree roots also prevented reliable seals from being made around 

the infiltration rings. Results are therefore not presented. 

The choice of an agronomic or pastoral system rather than native 

vegetation may thus substantially reduce total porosity and organic 

matter content of topsoils such as those of sites 44 and 45. Aggregate 

stability under favourable agricultural conditions may be slightly 

improved on the values found at sites 44 and 45. Visually, the aggregate 

forms found under well structured pasture sites were no different from 

the aggregates found under native vegetation. K t was no different from sa 
many values in the agricultural range. 

. -, ," 
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9.3.2 The pasture species experiment. 

'-' --:~,'-~ 

It was shown in Chapter Five that the root distribution and yield of 

wheat was genuinely different from the grasses and clover under the 

conditions of the pasture species experiment. Some of the physical 

properties at-0-2 cm of that experiment are shown in Table 9.7. The 

values at 5-15 cm appear in Table 9.8. 

All treatments had been drilled into a seed-bed prepared by 

ploughing. The annuals (wheat and Italian ryegrass) were redrilled with 

a direct-drill after one year. All crops were harvested once a year and 

the herbage was removed. No grazing or machinery passes occurred except ','.- -

for a few light pas~ei of a ,tractor when herbage was removed at the end 

of the second season in very dry conditions. Note that visual estimates 

of ground-cover at the end of the second season are included in Table 

9.7. This property was not tested by analysis of variance. 

Table 9.7 Some soil physical properties at 0-2 cm· in the pasture 
species experiment after two seasons, at final harvest. 

Crop 8100 Total Aggregate Organic Ground 
Treatment porosity poros~ty stabili ty matter cover 

Yheat· 25.1 b 59.7 b 39, a 5.9 bc 40-45 % 
Bare fallow .19.8 c 56.3 c 21 ~ 5.8, c 0-5 % 
Perennial ryegrass 31.9 a 62.5 ab 73 a 6.0 bc 75-80 % 
Tall fescue 30.7 a 63.4 a 65 ab 6.3 abc 70-80 % 
Yhite clover 28.1 ab 62.5 ab 66 ab 7.0 a 80-85 % 
P.r./Y.c. 27.2 ab 60.7 ab 63 ab 5.7 c 75-80 % 
T. f.' /Y. c. 32.0 a 63.7 a 71 a 6.6 ab 75-80 % 
Italian ryegrass 29.5 ab 62.0 ab 54 b 5.9 bc 70-75 % 

1-, 

LSD (p<O.Ol) 4.9 3.2 15 0.7 

Means within data-sets NOT sharing letters 
were significantly different (p<O.Ol). 
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The only significant difference in £100 porosity and total porosity 

between treatments was found in the bare fallow treatment at 0-2 cm. 

Assuming that all treatments started at similar porosities at the 

beginning of the first season, the bare fallow plots showed a 

significant decrease in both porosity measurements (p<O.Ol). There was 

also a tendency for porosities under wheat to be second lowest to bare 

fallow plots, but this was never a significant difference from all the 

other t~eatments (p>O.Ol). 

Assuming that the ,final porosities of the grass treatments were the 

same at the end of the second season as the starting conditions of the 

experiment, then an estimated average loss of 0.3 percentage points of 

total porosity per ,month- occurred in the top 2 cm of the bare fallow 

plots in 21 months. The corresponding loss of £100 porosity was 0.5 

percentage points per month. 

As predicted in Section 9.2.4, this rate was lower than the rates of 

porosity loss found for newly ploughed· soil which were 0.4 percentage 

points per month for total porosity and 0.7 percentage points per month 

for £100 porosity. The initial relative density of the pasture species 

experiment might have been about 10 % whereas the value for the newly 

ploughed area used in Section 9.2.4 was 5 %. The assumptions about 

starting conditions in the pasture species experiment were not 

experimentally justified, so these calculations of porosity loss should 

not be over-interpreted. 

Aggregate stability values at 0-2 cm were lowest for bare fallow 

plots (p<O.Ol), second lowest for wheat (p<O.Ol) and the grass and 

clover treatments all had similar values. Unlike porosity measurements, 

:,.._ ... ..;-";\-
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those of aggregate stability showed clear differences between bare 

fallow and wheat, and between wheat and everything else. This particular 

trend was also found by Tisdall & Oades (1986b). The ~rend for organic 

matter was not as clear. No one treatment was significantly different 

from all the others, and most of the grass treatments were not 

significantly different -from bare fallow. Imeson & Vis (1984) found that 

an arable soil surface suffered seven times the splash erosion of a 

pasture soil surface. This finding suggests that the lower values for 

bare fallow and wheat may have been caused by natural forces including 

rainfall. 

It would seem that the data-set in Table 9.7 shows a clear 

difference between the presence of a crop and a fallow soil at 0-2 em in 

terms of porosity and aggregate stability. Assuming that all treatments 

had similar aggregate stability values at the start of the two seasons, 

then both aggregate stability and porosity declined in bare fallow 

plots. Whether porosity declined because of the decline in aggregate 

stability is another question. It is possible that both properties 

declined due to a third factor such as exposure of the soil to rainfall, 

frost, wind or sunshine. 

The decline in aggregate stability under wheat may have occurred due 

to a poorer ground cover than the grass or clover treatments (see Table 

9.7). The wheat treatment value was intermediate between bare fallow and 

grasses/clover. The less complete ground-cover of wheat was likely to 

have been a consequence of its upright growth habit compared with grass 

and clover. Given the arable nature of the management of this 

experiment, the grasses also had a more upright growth form than they 

might have had if the swards had been grazed. Clover was prostrate in 
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any case, which is why the ground cover estimate was greatest for the 

clover treatment. 

It is possible that the lower aggregate stability and lower 

porosities observed in this experiment were dictated by ground cover. 

Since ground-cover was a function of growth habit, it is possible that 

these declines were indeed crop effects. Management of ground-cover by 

grazing or harvesting intensity might also be expected to have an effect 

on exposure of the surface to weather elements and thus an effect on 

aggregate stability and porosity. 

At 5-15 cm depth, trends were less clear than at 0-2 cm. Table 9.8 

shows that no ~ignificant differences between individual treatments were 

detected at 5-15 cm for either porosity measurements or organic matter. 

Aggregate stability results showed that wheat and bare fallow treatments 

had lower values than most other treatments. 

The complete absence of any significant differences at the 1 % level 

(p>0.01) at 5-15 cm under the conditions of this experiment may mean any 

number of things. One explanation is that any crop differences would 

take longer than two years to become individually significant. Greacen 

(1958) showed the sequential restoration of aggregate stability from the 

soil surface to a depth of 10 cm after 10 years. Figure 1.16 show~d this 

effect, which indicated that structural improvements by crops themselves 

occur over quite an extended time scale. 

The variability of results may have masked treatment differences. 

Also, the conditions of the experiment may not have been conducive to 

showing differences. If, for instance, grazing had occurred, a 
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difference in compactibility might have occurred between treatments. As 

discussed in Section 9.1, the weather over the period of the experiment 

was not as destructive, in terms of rainfall at least, as it might have 

been. 

Table 9.8 Some properties of the topsoil at 5-15 cm in the pasture 
species experiment after two seasons. 

Crop £100. Total Aggregate Organic 
Treatment poroslty porosity stabili ty matter 

Wheat 13.1,a 50.2 a 30 cd 5.1 a 
Fallow 12.5 ,a 50.0 a 21 d 5.2 a 
Perennial ryegrass 13.2 a 51.1 a 60 a 5.4 a 
Tall fescue 12.5 a 50.2 a 59 a 5.5 a 
White clover 12.7 a 49.4 a 39 bc 5.4 a 
P.r./W.c. 13.4 a 50.4 a 59 ab 5.3 a 
T. f. /W. c. 16.7 a 52.0 a 59 a 5.5 a 
Italian ryegrass 16.4 a 51.9 a 53 ab 5.4 a 

LSD (p<O.Ol) 6.3 3.6 15 0.4 

Means within data-sets NOT sharing letters 
were significantly different (p<O.Ol). 

Under the conditions of the ex~eriment, most of the results at 

0-2 cm seemed to be related to ground-cover afforded by the growth 

habits of the different plants used. Management of crops to maximise 

ground-cover is usually good sense because more radiation can be 

intercepted for photosynthesis by a complete canopy than a partial one. 

The secondary effect of protecting the surface from whatever agents 

caused the observed decrease in porosity and aggregate stability would 

be a beneficial effect of canopy management for maximum light 

interception. 

I 
! 
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9.4 CHAPTER SUMMARY. 

9.4.1 Summary of cultivation effects. 

The results of two field experiments showed that cultivation 

treatments were not significantly associated with porosity differences 

at 0-2 cm. Crop treatments, more specifically the presence of a crop, 

was found to be important in determining the preservation of porosity 

(see Section 9.4.3). 

At 5-15 cm ploughing was associated with higher porosity values than 

direct-drilling in both field experiments despite their quite different 

cropping histories, aggregate stabilities and organic matter contents. 

It was concluded that porosity was not lost from ploughed plots as fast 

as it might have been because of the unusually small destructive forces 

present in both field experiments up to the time of sampling. At the end 

of the second seasons, sites 1-6 showed that PL was more porous than DD 

by 2.1 percentage points for total porosity and 2.5 for £100. At sites 

40-43 PL was more porous than DD by 4.3 percentage points for total and 

£100 porosities. 

Aggregate stability was significantly greater at 0-2 cm in direct-

drilled treatments of the experiment with a history of permanent pasture 

and followed the same trend in the experiment with a history of 

continuous wheat, but not significanly (p>0.05). At 5-15 cm there was no 

significant effect of tillage treatments on aggregate stability in 

either experiment. 

, ... 
,:",'._or,_' 
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Organic matter distribution was affected by tillage treatments. This 

area of study pertains to pathway 13 of Figure 2.1. Significantly higher 

organic matter contents were found at 0-2 cm under dire~t-drilling 

compared with ploughing in both experiments. At 5-15 cm a higher organic 

matter value was found under ploughing than direct-drilling in the 

experiment with a history of permanent pasture. This may have been due 

to the ploughing under of the. pasture sward. There was no difference 

between organic matter contents at 5-15 cm in the experiment with a 

history of continuous wheat. 

Organic matter contents and aggregate stabilities overall were 

significantly higher in the experiment with a history of permanent 

pasture than in the experiment from continuous wheat. This was true of 

both depths. Nevertheless, there was no difference in overall porosity 

values between the two experiments by the end of their second seasons. 

It would therefore appear that porosity values wer~ being determined 

principally by factors other than aggregate stability and organic matter 

content under the conditions of the experiments. 

9.4.2 Summary of compaction effects. 

The extreme traffic compaction event in 9.2.1 was of-unquantified , I 

magnitude. It served to show a degree of compaction which produced a 

soil structure that had to be cultivated before any crop could be 

successfully grown. The relative density of this soil at 5~15 cm was 

72 % whereas the reference area was 54 % compacted. Cultivation using a 

rotary hoe significantly relieved compaction in the 0-10 cm zone and 

subsoiling relieved the 10-40 cm zone within 20 cm of the subsoiler leg 

position. 
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Aggregate stability in the traffic compaction event and the dairy 

stock treading events appear to have progressively declined with 

increasing disturbance of the topsoil. This effect WaS seen despite 

opposite trends in organic matter content of topsoils. 

Treading by dairy stock produced a compacted, platey zone at 

10~20 cm whereas treading by sheep produced a less compacted zone at 

5-10 cm. Heavy traffic produced a platey zone from 0-10 cm and a massive 
J 

zone below 10 cm. Soane et al. (1982) showed that increasing weights 

caused compaction to greater depths. That finding WaS loosely supported 

by the findings of this study. 

These findings,. and th6se of. Section 9.4.1, give important 

information relating to pathway 14 of the model in Figure 2.1, the 

effect of the "tillage" variable on £100 porosity. Remember that 

"tillage" has been expanded to include compaction forces from traffic 

and livestock for the purposes of this thesis. The magnitude of 

differences in total porosity between compacted and cultivated 

conditions WaS large compared with the effects of other factors in 

Figure 2.1 such as earthworms. 

Natural compaction forces may have caused a loss of porosity at a 

maximum rate of 0.4 percentage point of total porosity per month. This 

corresponded with a monthly loss of £100 porosity at a rate of 0.7 

percentage points. The maximum loss over one year under the conditions 

of the experiment would be 4.5 percentage points of total porosity. At 

increasing relative. densities above 5 % this rate of loss would be 

expected to decrease. This information helps to explain the loss of 

porosity observed in the pasture species experiment, and gives 

j' 
, . 
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information of use to understanding pathway 3 of the model in Figure 

2.1. 

9.4.3 Summary of crop choice effects. 

The section on crop choice was mainly a comparison between bare 

fallow, wheat and pasture species. These are a small number of the crop 

choices available to the farmer, but are nevertheless extreme examples. 

The use of the land for pastoral farming probably causes a 

substantial loss of topsoil porosity, especially that previously 

occupied by tree roots. Substantial quantities of organic matter are 

probably lost in the fransi tion as well. This was found by Martel & 

MacKenzie (1980) when forested land was cleared and cultivated in 

Quebec, in Canada. There may be little change in aggregate stability, 

however. 

Results from the pasture species experiment indicated that effects 

of crop choice may be greatest in the very surface layers of soil, as 

shown by values for 0-2 cm in the pasture species experiment. These 

effects may be governed by the growth habit of different crops and 

consequently by the ground cover they afford. Significantly lower total 

and €100 porosities were found in bare fallow plots, and the values for 

plots under wheat may also have been lower than most grass plots. 

N~tural forces may have caused the observed lower values in porosity in 

fallow plots. Over the two year timescale there was little effect of 

crop choice at 5-15 cm except in aggregate stability. The peculiar 

conditions of the pasture species experiment may have masked other 

differences in crop effects because of the low incidence of compactive 

or destructive forces. 

'. ~ -i.-' ~ • 
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CHAPTER TEN 

CRITICISM AND CONCLUSIONS OF THIS STUDY. 
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This final chapter is concerned with overall criticism and 

discussion of this thesis. The problems associated with assuming that 

findings of other workers in different countries and under different 

environmental conditions will hold for the Canterbury Plains are 

discussed. The limitations of the study undertaken for this thesis are 

also discussed. These are divided into sections on the use of limiting 

factors, the use of statistics in determining significance of results 

and the shortcomings of the information provided by results. In the 

discussion of limitations of study, the thesis as a whole will be 

cri ticised. 

Conclusions and scope for prediction is the subject of the 

penultimate section. In this section there is disussion of how well the 

objectives stated in Chapter Two have been realised. The major 

conclusions are presented and where these are strong enough, the 

practical impacts on farming techniques are also discussed. Finally, the 

questions generated by the results of this thesis and the need for 

further research are discussed. 
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10.1 TECHNOLOGY TRANSFER. 

New Zealand has many of its own pasture and arable crop species. A 

particularly strorig example of this was the variety of tall fescue used. 

Festuca arundinacea cv. Grasslands Roa was developep in 1975. Langer 

(1973) assessed tall fescue to be a poor choice for pasture. Since then, 

Fraser (1986) has shown that, far from being an inferior pasture 

species, Roa tall fescue has supported greater live weight gain of sheep 

per hectare than perennial ryegrass. It was quite clear that the 

particular variety used in this study (Grasslands "Roa") was not typical 

of the past performance of other varieties of the same species. 

There ~as exten~ive discussion in Chapter Six about the sort of 

earthworms present in Canterbury. The fact that mostly epiendogeic, some 

endoepigeic and a few hypoendogeic earthworms were found suggest~d that 

much of the European work (where deep earthworm burrows were important) 

is not relevant to the sites studied for this thesis. The deep channels 

at the centre of the studies by Green & Askew (1965), Ehlers (1975), 

Omoti & Vild (1979), Bouma et ale (1982) Kretzschmar (1982), Ehlers et 

al. (1983) Hartge (1984) and Fitzpatrick et al. (1985) were probably 

produced by anecic earthworms. Such worms were not found in this study, 

and nor were any burrows below 30 or 40 cm depth. The effects on water 

flow and root penetration to depth reported in the references cited 

above would not be expected in the soils studied for this thesis due to 

the absence of anecic earthworms. 

In Chapter One, much of the literature cited was from North Vest 

Europe, especially from Britain. It was mentioned in relation to 

compaction that the predominantly humid climate of that region and the 
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greater distance from the equator caused a different set of climatic 

conditions to that of Canterbury. The British and Swedish work on 

compaction emphasised the need for drainage which is not often echoed in 

Canterbury. Here the emphasis tends to be placed on available water 

holding capcity and the effects of irrigation. 

It was a conclusion of Chapter Nine that machinery compaction was 

less likely in Canterbury than North Vest Europe because of the climatic 

factors just mentioned and because the machinery in New Zealand tends to 

be lighter than that in North Vest Europe. Vhether .this will always b~ 

the case is open to question, given the predictions of Greer (1983) and 

Engelbrecht (1983) of intensified land use for arable cropping in the 

next ten to tw~nty years~ 

These examples from this thesis show that the unconditional transfer 

of findings from one situation to another is unwise. Careful and 

conditional use of overseas and other New Zealand literature has been 

attempted in this~thesis,·and where there has been debatable 

justification for the use of findings from other situations, this has 

been discussed. 

'----'" (-- .)...~. -,-, 
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10.2 LIMITATIONS OF STUDY. 

This section addresses the use of limiting factors as a scientific 

principle and the use of statistics to detect differences between means. 

There is also general criticism of the study to expose the shortfalls of 

methods used and results obtained. 

10.2.1 Limiting factors. 

In order to determine cause and effect relationships it is useful to 

have only one factor limiting the response of another. This often means 

studying a particular response under controlled conditions. The only 

cause andeffect-rela~ionships fotind in this thesis were found in the 

earthworm burrowing experiments which were indeed conducted under 

controlled conditions. 

In the field there were many unknown variables, despite the 

extensive range of measurements made. The analysis of correlations. in 

Chapter Eight showed that many of the physical properties measured 

varied with each other, but there were some associations that made 

little theoretical sense. The fact that nonsense relationships of 

significance were found cast some doubt on the significance of the 

relationships that did make sense. Often there was good reason to 

believe that values of variables were being dictated by other third 

factors, even though there was a plausible regression relationship found 

from the data. This showed the need for intelligent interpretation of 
'0'-

results, whether statistically significant or not. 
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The Pasteur principle of cause and effect was not applied to any of 

the responses studied for this thesis. This principle requires that a 
given response usually occurred in the presence of a determining factor, 

never occurred without that factor, and, where that factor was absent, 

the response was observed on the introduction of that factor to th~ 

system. It was not possible to be this sure of any response. Agronomic 

experimentation usually contains too many unknown or unquantifiable 

factors to firmly establish cause and effect (Gandar & Kerr, 1980). 

The structure of the topsoils studied was usually not limiting, 

according to visual appraisal. Where there were signs of limitation at 

the traffic compaction sites (25) and at the long term bare fallow site 

(39), there were no plants growing. Only at sites on the dairy farm 

paddocks (20 and 21) was there a structure that was observed to be 

limiting crop growth, and there was no estimate of herbage yield from 

these sites. This means that nowhere in this study was structure 

actually linked with crop yield. 

10.2.2 Limitations of this study. 

The pasture species and the tillage and cropping experiments were 

both conducted on the same area of land. They thus had the same 

agronomic history. While this enabled comparisons to be made between the 

two experiments, it also meant that a large proportion of the results 

for this thesis were derived from that one area of land. 

Both experiments were subjected to very little destructive force. As 

mentioned in Chapter Nine, the weather conditions for the period of 

study were unusually dry. Together with this, no treading and very 

.. . ..... 
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little passage of machinery occurred on these sites. These field 

experiments were thus quite unusually free of compactive forces. 

, Another major difficulty with these experiments was the bird damage 

to the wheat. While root yields indicated that wheat was performing 

within normal limits, an exceptionally low grain yield (less than 
-1 1 t ha ) cast doubt on the above ground dry matter yields of this crop. 

Fortunately, the doubt over herbage yield did not affect the subject of 

this study which was concerned more essentially with root performance 

and soil structure. 

The small range of soil textures used for the survey of silt loam 

topsoils (see Figur~ 8.1) made this study quite unrepresentative of 

sandy and clayey textures, and unrepresentative of stoney soils. In 

Chapter Three it was shown that 140 000 ha (19 % of the plains soils) 

was of the Templeton/Wakanui/Temuka association. Conclusions of this 

thesis may be useful to those soils. 

The entire range of crops used for this study only included wheat 

(and one site of barley), three grass species and two pasture legume 

species. There were therefore a very large number of crops which were 

not considered. Only the wheat - Italian ryegrass comparison was 

conducted under the rigorous experimental condition of one degree of 

freedom comparison. 

The number of different cultivation treatments studied was limited 

to a comparison of extremes. Direct-drilling against ploughing and 

working soils was chosen to examine the widest difference in cultivation 

effects. No attempt was made to study the intermediate effects of 

minimum tillage. 
-..... ' 
- . ~ , 
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Earthworm burrowing studies were conducted under controlled 

laboratory conditions. The selected size range of individuals used, the 

constant temperature and moisture and short period of the experiment and 

other factors all contributed to make extrapolation of results to the 

field almost untenable. The effects of bulk density and temperature on , 

r 

burrowing and casting activity provided interesting results to form the 

basis of future research rather than providirig information of immediate 

use to the field situation. 

One of the most important limitations of this study was the fact 

that earthworm burrowing was effectively confined to two dimensions. 

This would probably have distorted burrowing habits of Aporrectodea 

caliginosa which is an end6geic worm, probably burrowing in a more 

predominantly horizontal direction out of choice. This confinement was 

necessary, however, in order to be able to precisely quantify burrowing 

features of the species under the conditions of the experiment. 
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10.3 HODIFICATIONS TO THE HODEL. 

i) It was found in section 9.3.2 that the crop canopy variable might 

have been associated with protection of porosity in the top 2 cm of soil 

against climatic forces. In the model presented in Figure 2.1, this is 

pathway 3 where ground cover may be calculated from green area index. 

This may be inappropriate since a mulch may perform the same task of 

protecting the soil surface against climatic forces (Hudson, 1981; 

UHRgeF 6. mnm, 1979; Allmaras & Dowdy, 1985) as a growing canopy. A 

simple ground cover index, rather than green area index, would include 

mulches and standing deCid herbage such as stubble. Such a modification 

is probably desirable. 

ii) The results presented in Section 6.3 showed that compaction 

events may have a rapid effect on earthworm populations directly, rather 

than through the effect of mechanical disturbance on organic matter 

(pathway 13). Such a finding, and the discovery in Chapter Seven' that 

antecedent porosity may govern earthworm burrowing need to be 

incorporated into the model. The former finding requires a new~pathway 

from "tillage" to "earthworms". The latter suggests modification to 

pathway 12 to include antecedent £100 porosity as one of the functions 

mediating the effects of earthworms on £100 porosity, provided that the 

effect of antecedent £100 porosity can be reproduced in the field. 

iii) The position of organic matter in the profile was studied in 

Chapter Five. In Chapter Six the position of organic matter was found to 

affect earthworm populations, and literature was reviewed that supported 

this finding, especially Edwards & Lofty (1979). A marked effect of 

tillage on soil organic matter was in its redistribution in the topsoil, 

~~ -;.L<_.'\' 
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as discussed in Chapter Five with the use of the organic matter 

quotient. 

These effects all suggest that a mediating function should be 

included in the model denoting position of organic matter in the profile 

if the model is to be extended from the original application of small 

homogenous increments to a more integrated application. This function 

would apply to pathways 11 and 13 in particular. 
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10.4 CONCLUSIONS AND SCOPE FOR PREDICTION. 

This Section is a systematic presentation of the main conclusions of 

this thesis. These conclusions are presented in order of the original 

objectives of Chapter Two. Vhere there are strong enough conclusions, 

predictions and recommendations are also given. 

10.4.1 Objective one. 

The first objective was to identify and examine the effects of some 

biological, mechanica~ and climatic change agents in topsoil structure 

of Canterbury plains silt loams. This was realised through the survey of 

silt loam topsoils,-the two·field experiments and the controlled 

conditions experiment with earthworms. The reader should at this point 

mark Figure 2.1 for cross-reference. 

It was demonstrated that the canopy cover (green area index) of 

different crops was associated with preservation of porosity in the top 

2 cm of soil of the pasture species experiment. Bare fallow lost a 

significant amount of porosity from the top 2 cm compared with grasses 
I" . 
! 

and clover swards. The partial canopy of wheat was associated with an 

intermediate effect between bare fallow and the treatments of grasses or 

c'lover (see Section 9.3.2). This effect pathway may be seen in Figure 

2.1 marked as no. 3, the effect of climate on £100 porosity. 

On the basis of these results, it would be recommended that a farmer 

should aim to maintain a complete canopy at all times. The model does 

not allow for soil surface cover by a mulch because green area index was 

used. A mulch may nevertheless serve the same purpose as a complete 
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canopy in intercepting rainfall, wind and radiation, thus protecting the 

soil surface with the added benefit of improving moisture retention. 

The effect of climate on crop canopy was not investigated (pathway 4 

of Figure 2.1), nor were the effects of canopies themselves on living 

root production (pathway 6). The performance of different pasture 

species in root production and the position in the profile of those 

roots was examined and this will be discussed in the next section 

(pathway 8). 

The formation and/or occupation of E100 porosity by living roots was 

not the subject of this thesis. Gibbs (1986) discussed these pathways 

(7,8 and 9 in Figure 2.1). The organic matter contents of the top 2 cm 

and the 5-15 cm depth zone were studied. The relationship between 

organic matter status and root production (pathway 10) was discussed in 

Section 5.1.6. 

The effect of tillage on organic matter status was discussed in 

Section 5.2 (pathway 13). This was linked with the effect of residue 

management and crop choice on earthworm populations (pathway 11) in 

Section 6.3. The changes in organic matter management of different 

systems of husbandry were shown to affect earthworm populations. Bare 

fallow and earthworm populations were shown to affect burrow formation 

by earthworms in Section 7.3. 

Under controlled conditions, some effects of earthworm burrowing on 

topsoil structure were determined. These will be the subject of a 

following Section. The information obtained was related to pathway 12 of 

the model in Figure 2.1. 

i ~ - _. -
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Lastly, pathway 14 of the model was concerned with tillage effects 

on €100 porosity, including compaction by traffic and hooves. This 

pathway was discussed by case history in Section 9.2, and was of major 

importance in the tillage and ~ropping experiment (Section 9.1). 

Through the USe of the model in Figure 2.1, the major biological and 

mechanical factors affecting€100 porosity have been identified. 

Examination of these factors has been attempted and the results 

reported. The effects of climatic factors have been observed, but the 

direct identification of these factors has not been attempted. 

10.4.2 Objective two. 

The second objective was to isolate and quantify the effects of 

different pasture species and wheat on topsoil structure in the field. 

In Section 5.2.3 it was found that wheat was particularly inferior at 

producing roots in the top 5 cm of soil compared with three grass 

species and clover. The effects of living roots on macroporosity 

probably included an effect on pore stability, but this was not ,tested. 

The results of Section 5.2.3 were confined to organic matter production, l~ 

however, and so the causative effects on €100 porosity values were not 

established. Changes in aggregate stability were observed, but these 

changes were not necessarily linked with changes in porosity. 

The small weight of roots of wheat in the top 5 cm of soil might be 

a major factor in the deterioration of structure at that depth zone in 

work such as Low (1972) under constant arable cropping. All grasses 

produced at least twice the amount of root dry matter as wheat in the 

top 5 cm of soil. The outstanding root yield of tall fescue (Section 
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5.3) showed that there was not only a difference between wheat and 

grass, but also within grasses. While clover produced the greatest mass 

of organic matter in the. top 5 cm of soil, at lower depths the crop 

produced significantly less root weight than the grasses. However, it is 

unknown how applicable these results are to the general situation. 

Results may have been quite site and season specific. 

Purely on the basis of organic matter returns, a break crop of the 

tall fescue variety used in the pasture species experiment would produce 

a larger amount of organic matter throughout the profile than the 

clover, other grasses or wheat used over a two year period. The clover 

used was most effective in returning organic matter to the top 5 cm of 

soil. As this zone was where the,wheat was most deficient compared with 

other crops, a wheat/white clover rotation may be of some benefit to 

maintaining surface soil structure compared with constant wheat, 

particularly under a direct-drilling regime. 

The major species effects on structure at 0-2 cm depth appeared to 

be due to crop canopy cover which was associated with porosity 

preservation in the top 2 cm of soil. There was also a decrease in 

aggregate stability with the poor canopy cover of wheat and bare fallow. 

It was concluded that porosity differences between crops at 5-15 cm 

depth were either too small to be detected above the variability of 

results, or would take longer than two years to cause detectable 

differences. Aggregate stability was observed to vary independently of 

porosity differences at 5-15 cm. This indicated that the conditions of 

the experiment may not have been conducive to showing potential 

differences in porosity. 
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10.4.3 Objective three. 

The third objective in Chapter Two was to examine and identify 

earthworm species, their distribution and their population dynamics in a 

range of silt loam soils. There were only four species of earthworm 

found in the agricultural soils studied for this thesis. Aporrectodea 

caliginosa and A. trapezoideswere both epiendogeic species which 

consumed and egested topsoil, concentrating their activity near the soil 

surface. Lumbricus rubellus was an endoepigeic worm, the distribution of 

which may have been associated with the nitrogen status of organic 

material. This worm fed mostly at the soil surface. Octolasion cyaneum 

was a sparingly distributed hypoendogeic worm which tended to be found 

at the topsoil/subsoil interface. 

None of these species was found to burrow below 30 or 40 cm. There 

was an absence of any species occupying the deep burrowing and surface 

feeding, anecic habitat. This meant that much of the European work on i-

macropore water flow and root penetration where deep burrowing worms 

were present cannot be assumed to apply to the soils studied .. 

Earthworm populations were greatly affected by residue management 

and organic additions. Compaction and cultivation were also important in 

determining earthworm populations. Crop choice did not appear to have an 

appreciable effect on populations. 

It may be the case that the frequently observed increase in ' 

populations of earthworms under direct-drilling compared with cultivated 

soil was more an effect of change in residue management than of soil 

disturbance. To maintain a high population of earthworms it would be 
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recommended that crop residues are returned whenever practical, where 

problems of disease are not likely to be aggravated. Close attention 

should also be paid to preventing compaction of the soil with any 

machinery or dairy stock. 

10.4.4 Objective four. 

The fourth objective of study for this thesis was to quantify and 

evaluate the effects of earthworm burrowing on topsoil structure at 

different bulk densities and temperatures under controlled conditions. 

The hypothesis of Lee (1985) that the variation in the literature 

concerning the casting activity of Aporrectodea caliginosa mighJ be 

explained by varying bulk densities was not disproved. It was concluded 

that bulk density/total porosity did affect the above surface casting 

activity of this species under the conditions of the experiment. 

The effects of A. caliginosa in reducing bulk density (and 

increasing total porosity) were greatest when bulk density was between 

-3 d h 1.1 and 1.4 g cm (total porosity between 44 an 55 %). Y en porosity 

was below 44 %, the contribution of earthworms to increasing porosity 

was at a comparatively low level. 

The lowest temperature used was 5 °c which had a marked effect on 

reducing earthworm activity compared with 10 and 15 °C. The results at 

10 and 15 °c were not very different from each other. This tended to 

suggest that earthworm activity in terms of burrowing was related to the 

logarithm of temperature above a threshold limit. Results were not clear 

enough to make a more bold conclusion than that. 

, ........ . 
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. ) The establishment and maintenance of a maximum of about 7000 surface 
-2 m 

venting burrowsAoccupying a relative area of 7.5 % of the soil surface 

might have a marked influence on topsoil aeration in the field. The' 

conditions of the experiment included very slight compactive forces. In 

order to allow such a high perforation of the surface in the field it 

would be necessary to maintain ground cover and remove dairy stock and 

machinery from the tield when the soil bearing capacity is low. 

Burrow length formation increased with antecedent porosity and with 

temperature. Soil ingestion by weight also increased with antecedent 

porosity and temperature. The burrow lengths in uniform topsoils were 

reasonably predicted by the n~mber 6f burrows counted at 10 cm depth. 

The large variability ~f field counts made this technique very imprecise 

for estimating burrow length in the field. 

Earthworm burrow numbers at 10 cm depth in field cores were related 

to steady state infiltration rate, but the correlation did not account 

for more than 23 % of the variance. A much stronger relationship 

occurred between £100 porosity and burrow numbers. As might be expected, 

there was a strong relationship between worm populations and numbers of 

burrows at 10 cm depth. This latter correlation was improved by omitting 

the bare fallow sites which showed unusually high numbers of burrows 

relative to the population present (see Figure 7.14). This discrepancy 

of fallow sites may have been a response by earthworms to depleting food 

supply. 

~ 
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10.4.5 Objective five. 

The fifth objective stated in Chapter Two was to survey a range of 

topsoils using a number of measurements to evaluate E100 porosity as an 

index of topsoil structure. It was found in Section 8.1 that E100 
porosity was correlated with total porosity, and steady state 

infiltration rate, and negatively correlated with penetrometer 

resistance at 0-10 cm and at 10-20 cm depths. E100 porosity values were 

also correlated with saturated hydraulic conductivity at 5-15 cm and 

earthworm burrows at 10 cm. The only properties measured that were not 

correlated with £100 porosity were otganic matter, particle density and 

earthworm numbers (see Table 8.2). There was a very weak positive 

relationship between £100 porosity and aggregate stability. 

The large number of significant correlations of E100 porosity 

suggests that the measurement was a useful index of other soil physical 

properties. The traditional index of aggregate stability was evidently 

not communicating the same information about soil physical properties as 

£100 porosity, hence the poor correlation between the two properties. 

There is probably a place for using both measurements to 

characterise a soil's structure. £100 porosity yielded information on 

the porosity status of the soil and aggregate stability was probably an 

index, not of soil structure as such, but of the potential of an 

existing structure to survive future adverse forces. Even with these two 

measurements, there will always be the necessity to dig a profile pit in 

order to understand what features in the soil are limiting to crop root 

growth. 
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In conclusion, 8100 porosity was found to vary representatively with 

observed field structural conditions. Pores greater than 100 ~m in 

equivalent diameter were shown by Russell et al. (1975) to be most 

important for unrestricted root elongation which makes 8100 porosity a 

logical choice of pore fraction to characterise macroporosity of topsoil 

structure. 

10.4.6 Objective six. 

The sixth objective was to collate the effects of different factors 

to produce recommendations of use to Canterbury farmers. The following 

recommendations can be made from the findings reported in this thesis: 

i) Crop cover of some description should be maintained at all times 

to preserve porosity and aggegate stability of the soil surface. 

ii) Wheat root returns in the top 5 cm of soil tend to be 

appreciably lower than pasture crops. This lower return may be 

compensated for by growing a clover or grass species, or a mixture, as a 

break crop. However, the effects of residues from litter on organic 

matter returns were not determined. 

iii) Residues should be returned to the soil wherever possible to 

maintain high numbers of earthworms. This would preferably be as a mulch 

so that the perforation of the soil surface is protected against 

disruption by elements of weather. Compaction of soils by dairy stock or 

traffic should be avoided if earthworm populations are to be maintained, 

and cultivations should be minimised. 

~ _ ,'. :'. :'. or. I 
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iv) It is probable that, above a certain degreee of compaction, the 

contribution of the earthworms (species found in this study) in 

alleviating the structural problem will markedly decrease. This 

1 -3 threshold wou d be a bulk density of about 1.4 g cm for a homogenous 

Wakanui silt loam topsoil, which has a relative density of 75 % 

compaction. Any topsoil structures with densities higher than this 

should fIF9s8el» be improved by cultivation, because relief by earthworm 

burrowing would probably be too slow to be useful. 

~ .. - ... >-,'~ 
~~:~~~i/~~~~ 
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10.5 FUTURE RESEARCH. 

i) The results of the pasture species experiment indicated that the 

variety of tall fescue used produced a large and deep root system. This 

study only involved sampling to 100 cm. It would be informative to 

determine just how deep the roots of this grass do extend. There would 

also be a benefit from knowing whether the deep, comparatively large, 

continuous pores produced by tall fescue roots would be useful to roots 

of subsequent wheat crops. 

ii) There needs to be a field experiment to test the relationship 

between above surface casting and bulk density/total porosity that was 
'.: ," 

discovered in Chapter Seven .. It would be useful if the preliminary model 

involving total porosity, temperature and time could be improved, and if 

additional variables such as population could be added. There might 

ultimately be sufficient understanding of the role of earthworms in 

improving porosity such that a farmer could in future allow earthworms 

to do the work of tillage. 

iii) Earthworm species present in the soils of this study did not 

include any species with anecic characteristics. Springett (1985) showed 

that the introduction of Aporrectodea longa caused an increase in total 

porosity, improved infiltration rate, moisture holding capacity and 

drainage in soils previously only occupied by epiendogeic and 

endoepigeic species. It is of ~reat importance to the Canterbury Plains 

situation that deep channels should exist for deep rooting in the summer 

and drainage in the winter and spring. Research should be conducted soon 

on introducing A. longa and/or Lumbricus terrestris to Canterbury Plains 

soils, especially on the imperfectly drained soils. If direct-drilling 
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is to be increasingly adopted in the foreseeable future, then the 

presence of anecic earthworms will probably be an important part of the 

technology. 

iv) Study for this thesis did not include an alternative measure of 

stability to that of aggregate stability. It would be useful in the 

future to be able to index the stability of different sorts of pore 

space. There are probably differential longevities of packing voids, 

biopores and planar voids which need to be determined in order to guage 

the usefulness of pore volume fractions for root growth. 

v) Despite the adverse cropping history of the field area used for 

the two field expe~iments reported in this thesis, the soil structure at 

the site was not acting as a limit to plant growth. The reasons for this 

have been discussed in Section 10.2.2. A useful subject for future work 

would be the conduct of the same experiments in a soil where structure 

is poor enough to be the limiting factor for crop growth. Evidently, 

such a site would require more than an adverse cropping and cultivation 

history in order to ensure poor structural condition. A history of 

compaction, particularly by heavy machinery, would be required to ensure 

that crop responses would be dictated by structural conditions. Such a 

study would reveal the ability of the plant species used in study for 

this thesis to improve soil structure. It would also show more clearly 

the role of the different establishment cultivations in preparing for 

the growth requirements of the plants involved. 

i . 



APPENDIX ONE 

DIARY OF THE TILLAGE AND CROPPING EXPERIMENT, 1984/85 

Previous history 

1977178 Lucerne 
1978179 Spring Barley 
1979/80 Winter wheat, ploughed seedbed, yield 1.8 t -1 

ha -1' straw burned. 
1980/81 " " " " " 3.2 t ha_1 1981/82 " " " " " 1.7 t ha_1 1982/83 " " " " " 3.6 t ha_1 1983/84 " " " " " 2.6 t ha 

Establishment 

26/3/84 Ploughed de~ignated plots to 20 cm depth. ~ 
27/3/84 Rolled and power-harrowed ploughed plots. / 

" " 
" " 
" " 
" " 

30/3/84 Dri~led ploughed plot~ (tr~£tor mounte~ 1.5 m Duncan drill), 
harrowed. Roundup @ 1 1 ha used on dlrect drilled plots. 

2/4/84 Drilled direct drilled plots (2.85 m triple disc Duncan 
drill) . 

9/4/84 Hand harrowed direct drilled plots. 
-1 Seed rates; Italian ryegrass (Tama) 30 kg ha_1 Winter wheat (Rongotea) 150 kg ha 

Chemical protection. 

20/6/84 Grass plots; 

Wheat plots; 

28/9/84 Grass plots; 

Wheat plots; 

29/1/85 Whole area; 

1 1 ha-1 ~2PB ) 
0.25 1 ha 1 MCPA )- (against weeds) 
0.2 kg ha- 1Benazolin (Cornox) ) 
2.75 kg hal Axall (against weeds) 
0.5 kg ha- Metasystox (against aphids) 

2 1 ha-1 M2PA (against weeds) 
0.2 kg ha=l Benazolin (Cornox) (against 
0.5 kg_~a Bayleton (against fungi) 
6 1 ha_1 Mecaprop 40 (against weeds) 
2 1 ha MCPA (against weeds) 

weeds) 
~. I 

-1 2 1 ha raraquat (against crop and weeds) 
0.5 1 ha- Dicamba (against crop and weeds) 

Soil test results. 5/3/84 (0-15 cm) 

pH 5.8 
Ca 5.0 
Mg 13.0 
K 11.0 
Na 10.0 
P 23.0 
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Fertilisers. 

29/3/84 -1 Lime @ 1.25 t ha -1 
Superphosphate @ 130 kg ha 1 
Muriate of potash @ 40 kg ha- K 

4/10/84 -1 Ammonium Nitrate @ 21 kg ha N 

Sampling dates. 

28/2184 
14/5/84 
18/6/84 
23/7/84 
3/9/84 

16/9/84 
13/10/84 
5/11/84 

26/12184 
14/1/85 
25/3/85 

Presampling. 
Cores. 
Cores and harvest. 

" 
" 

" 
" Worm counts. 

" 
" 

Cores and harvest. 
Root core sampling (anthesis) 
Cores and harvest.(AII foliage and residues 
Infiltration, cores and penetrometry. 

" " " " 

removed 7/1/85) 

DIARY OF THE TILLAGE AND CROPPING EXPERIMENT, 1985/86 

Es tablishmen t. 

26/3/85 Roundup @ 2 I ha- l for whole site. 
2/4/85 Ploughed designated plots to 20 cm depth. 

Rolled, dutch harrowed, rolled, drilled (tractor mounted 
1.5 m Duncan), harrowed and rolled. 
Direct drilled designated plots (with same drill), harrowed, 
rolled. 

Seed rates; -1 Italian ryegrass (Tama) 30 kg ha_1 Winter wheat (Rongotea) 130 kg ha 

Chemical protection. 

214/85 
18/6/85 
1/8/85 

Both crops; 
Vheat plots; 
Both crops; 

8 kg h~11 Hesurol (against slugs) 
6 I ha 1 Hoegrass (against grasses) 
3 I ha- 214-0 (against broad-leaved weeds) 
0.5 kg ha- Bayleton (against fungi) 

Fertilisers. 

214/85 

1/8/85 

. 1 
Superphosphate @ 40lkg ha- P 
Muriate of potash @ 40 kg ha-l K 

-1 Ammonium nitrate @ 40 kg ha N 

Sampling dates. 

9/4/85 
219/85 
9/9/85 

9/11/85 
18/11/85 
24/12185 

Infiltration, cores and penetrometry. 
Infiltration, cores, penetrometry and harvest. 
Worm counts. 
Infiltration, cores, penetrometry and harvest. 
Root cores (anthesis). 
Infiltration, cores, penetrometry and harvest. 

;--.: 
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DIARY OF THE PASTURE SPECIES EXPERIMENT, 1984-1986. 

Previous history 

1977178 Lucerne. 
1978179 Spring Barley 
1979/80 Winter wheat, ploughed seedbed, yield 1.8 t -1 ha_1 , straw burned. 
1980/81 " " " " " 3.2 t ha_1 1981/82 " " " " " 1.7 t ha_ 1 1982183 " " " " " 3.6 t ha_1 1983/84 " " " " " 2.6 t ha 

Establishment 

26/3/84 Ploughed designated plots to 20 cm depth. 
27/3/84 Rolled and power-harrowed ploughed plots. 

" " 
" " 
" " 
" " 

30/3/84 Drilled ploughed plots (tractor mounted 1.5 m Duncan drill), 
harrowed. 

7/1/85 Foli~ge cutback to 2 cm and removed. 
21/2/85 New clover seed broadcasted in plots containing clover, 

harrowed in pure clover plots. 
2/4/85 Wheat and Italianryegrass direct drilled in designated 

plots (Using tractor mounted 1. 5 m Duncan). 

Seed rates; Winter wheat (Rongotea) 
Perennial ryegrass (Nui) 
Tall fescue (Roa) 

-1 150 kg ha_1 

White clover (Huia) 
P. ryegrass/W. clover 
Tall fescue/We clover 
Italian ryegrass (Tama) 

15 kg ha_1 25 kg ha_1 6 kg ha_1 12/3 kg ha_1 20/3 kg ha_1 30 kg ha 

Chemical protection. 

20/6/84 

28/9/84 

16/11/84 

29/1/85 

-1 Grass, clover and 1.25 kg ha_1 MCPB ) 
grass/clover plots; 0.25 kg hal MCPA )-(against weeds) 

0.2 kg ht- Benazolin) 
Wheat plots; 2.75 kg hal Axall (against weeds) 

0.5 kg ha- Metasystox (against aphids) 

Grass, clover and 
grass/clover plots; 
Wheat plots; 

Grass, clover and 
grass/clover plots; 
Fallow plots; 

2 1 ha~l M£PA (against weeds) 
0.2 kg ht- Benazolin (against weeds) 

0.5 kg ~a- Bayleton (against .fungi.) 
6 I ha-1 Mecaprop 40 (against weeds) 
2 I ha- MCPA (against weeds) 

0.5 kg ~a-1 Benazolin (against weeds) 
7 I ~t- 2,4-DB (against weeds) 

2 I ha Roundup 

Wheat, fallow, clover and 
Italian ryegrass plots; 

-1 2 I ha raraquat )-(against crop 
0.5 I ha- Dicamba) & weeds) 

26/3/85 Wheat, fallow and 
Italian ryegrass plots; 
Grass, clover and 
grass/clover plots; 

2 I ha-1 Roundup (against weeds) 
-1 8 I ha 2,4-DB (against weeds) 
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Chemical protection (cont). 

18/6/85 Clover plots; -1 5 I ha Fusilade (against grasses) 

1/8/85 Wheat and fallow plots; 3 I ha-1 ~14-DB (against weeds) 
0.5 kg ha Bayleton (against 

fungi) . 

24/9/85 Clover plots; 5 I ha -1 Sinox (against weeds) 

8/11/85 plots; 8 I -1 2,4-DB (against weeds) Clover ha_1 2 I ha_1 Fusilade (against grasses) 
Fallow plots; 2 I ha Roundup (against weeds) 

Fertilsers. 

29/3/84 -1 Lime @ 1.25 t ha -1 
Superphosphate @ 130 kg ha 
Muriate of potash @ 40 units K 

Sampling dates. 

26/12184 
16/3/85 

20/11/85 
28112185 

Harvest of foliage. 
Infiltration rates, cores, p~netrometry, and worm count. 
Root cores (anth~sis) 
Infiltration rates, cores, penetrometry, harvest and worm 
count. 

i- .', '- . ~ ".- ~ -
t h>'-,.,-.",- .',' 
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SURVEY SITE NUMBER 1 

LOC';TIO:.; :lZHS S83 362 ~33 

SI':"E ::;";'1E; "56" 

DATE OF SAMPLING; 2/2/85 

OWNER; Lincoln College Sheep unit. 
SOIL SERIES; Wakanui silt· loam. 

~07ES O~ SITE; Flat land, unsheltered, corner of a paddock. 

PRCFILE ~ HORIZON; ZL. 0-30 crn. some mottles, nutty structure. 
::07::5 3 HORIZON; FSL/ZL, 30 cm and below, mottled, massive structure. 

ROOTING; Old pas cure roots occasionally present. 
BIOPORES; Considerable activity in top 25 cm. 

OTHER fEATURES; :.0 cover. surface crust perforated by worm burrows. 

CU1:.TIVATIO:I/STOCKING HISTORY 
RECENT 

~T ?EAR Ploughed & worked 
·iE..::.R BEFORE Ploughed & worked 

'iE~ BEfORE No cult, stocked (sheep) 
YE~ BEFORE Stocked Isheep) 
BEFORE THAT Stocked (sheep! 

CROPPING HISTORY 
RECENT Fallow (weed free) 
LAST YEAR Fallow (weed free) 

YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
BEFORE THAT Pasture 

PHYSICAL DATA. 

rnfiltrat~on Rate 24 + 6.5 em h- 1 
-1 Ksat 15-15 em) 290 ern h 

Earch'''orm clo. 300 + 95 -2 m 

Biopores I) Imm J at 10em 3300 + 830 -2 m 

E100 :?oros~ty 

Et porosity 
?arciele density 

3ulk density 
Aggregate stability 

Organic Matter 

Surface O-Zem 
19.5 + 1.9 1; 

57.4 + 0.9 % 
2.~5 + 0.01 
1.0~ + 0.03 

80 + 3.2 % 
6.2 + 0.39 % 

-3 c em 
J -3 
g em 

Penetrometer profile; 
+ MFa 0-10 cm 

10-20 cm 

20-30 cm 
30-40 em 
40-50 cm 

+ :-!Pa 
+ MPa 

+ MFa 

+ MPa 

5-15cm depth. 
19.4 + 1. 7 % 

54.1 + 0.9 % 
2.44 ! 0.01 g 

1.12 ! 0.02 g 

51 + ~.l % 

6.4 + 0.20 % 

-3 cm 
-3 em 

SURVEY SITE NUMBER 2 DATE OF SAMPLING; 2/2/85 

LOCATION; NZMS S83 862 433 

SITE NAME; "S6" 

OWNER; Lincoln College Sheep Un~C. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE;. Flat land, unsheltered, corner of a paddock. 

PROFILE A HORIZON; ZL, 0-30 cm, some mottles, nutty structure. 
NOTES B HORIZON; FSL/ZL, 30 em and below, ~ottled, massive structure. 

ROOTING; old pasture roots occasionally present. 
BIOPORES; Considerable activity in top 25 em. 

OTHER FEATURES; No cover, surface crust perforated by worm burrows. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR Direct-drilled 

YEAR BEFORE Direct-drilled 
YEAR BEFORE No cult, stocked (sheep) 
YEAR BEFORE Stocked (sheep) 
BEFORE THAT Stocked (sheep) 

CROPPING HISTORY 
RECENT Fallow (weed free) 
LAST YEAR Fallow (weed free) 

YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
BEFORE THAT Pasture 

PHYSICAL DATA. 

-1 
Infiltrat~on Rate l~ + 0.5 cm h 
Ksat (5-15 cm) 210 cm h -1 

Earthworm No. 830 + 190 -2 m 

Biopores ()lmmJ at 10cm 3100 + 530 

E100 poros~ty 
Et porosity 

Particle density 
Bulk density 
Aggregate stability 

Organic Matter 

Surface 0-2cm 
24.5 + 1.4 % 

58.9 + 0.5 's 

2.H! 0.02 g 

1.02 + 0.02 g 
86 + 2.0 % 

7.5 + 0.18 % 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 
10-20 em 
20-30 cm 
30-40 cm 
40-50 cm 

+ MPa 
+ MFa 
+ MFa 
+ HPa 
+ MPa 

5-15cm depch. 
13.4 + 0.3 % 

49.6 + 0.6 % 
2.47 + 0.01 g 

1.25! 0.01 g 
52 + 8.0 % 

-3 em 

5.9 + 0.25 

-3 em 
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SURVEY SITE NUMBER 3 

LOCATION; NZMS S83 862 433 
SITE NAME; "56" 

DATE OF SAMPLING; 2/2/85 

OWNER; Lincoln College Sheep Unit. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, corner of a paddock. 

PROFILE A HORIZON; ZL, 0-30 cm, some mottles, nutty structure. 

NOTES B HORIZON; FSL/ZL, 30 cm and below, mottled, massive structure. 
ROOTING; Roots unrestricted in topsoil, some below 40 cm. 

BIOPORES; Considerable activity in top 25 cm. 
OTHER FEATURES; Very friable topsoil, some surface crusting. 

CULTIVATION/STOCKING HISTORY 
RECENT 

LAST YEAR Ploughed k worked 
YEAR BEFORE Ploughed' worked 
YEAR BEFORE No cult, stocked (sheep) 
YEAR BEFORE Stocked (sheep) 
BEFORE THAT Stocked (sheep) 

CROPPING HISTORY 
RECENT Wheat (foliage removed) 

LAST YEAR Wheat (foliage removed) 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
BEFORE THAT Pasture 

PHYSICAL DATA. 

Infiltration Rate 19 + 2.8 cm h-1 
-1 Ksat (5-15 cm) 160 cm h 

Earthworm No. 600 + 48 m -2 

Biopores (>lmm) at 10cm 1900 + 430 

EI00 porosity 
Surface 0-2cm 
28.0 + 2.8 % 
60.1 + 1.8 % 

-2 m 

Et porosity 
Particle density 
Bulk density 

-3 2.46 + 0.01 g cm 
- -3 

0.98 + 0.05 g cm 
Aggregate stability 73 + 5.4 % 
Organic Matter 6.4 + 0.23 % 

Penetrometer profile; 
0-10 CII. + MFa 
10-20 cm 
20-30 cm 
30-40 cm 
40-50 cm 

+ MFa 
+ MFa 
+ MFa 
+ MFa 

5-15cm depth. 
16.0 + 2.3 % 
52.3 + 1.6 % 

2.49 + 0.01 g 

1.19:!: 0.04 g 
65 + 7.5 % 

6.4 + 0.24 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 4 

LOCATION; NZMS S83 862 433 
SITE NAME; "S6" 

DATE OF SAMPLING; 2/2/85 

OWNER; Lincoln College Sheep Unit. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, corner of a paddock. 

PROFILE A HORIZON; ZL, 0-30 cm, some mottles, nutty structure. 
NOTES B HORIZON; FSL/ZL, 30 cm and below, mottled, massive structure. 

ROOTING; Roots unrestricted in topsoil, some below 40 cm. 
BIOPORES; Considerable activity in top 25 cm. 

OTHER FEATURES; Very friable topsoil, little surface crusting. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE No cult, stocked (sheep) 
YEAR BEFORE' Stocked (sheep) 
BEFORE THAT Stocked (sheep) 

CROPPING HISTORY 
RECENT Wheat (foliage removed) 
LAST YEAR Wheat (foliage removed) 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
YEAR BEFORE Pasture 
BEFORE THAT Pasture 

PHYSICAL DATA. 

Infiltration Rate 22 + 3.3 cm h-1 
-1 Ksat (5-15 cm) 250 cm h 

Earthworm No. 980 + 57 m -2 

Biopores (>lmm) at 10cm 2900 + 560 

noo porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
27.2 + 2.6 % 
60.7+1.2% 

2.43 :!: 0.01 g 
0.95 + 0.02 g 

Aggregate stability 88 + 1.1 % 
Organic Matter 7.7 + 0.14 % 

. ';, .; ~: " 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 
10-20 cm 
20-30 cm 
30-40 cm 
40-50 cm 

+ MFa 
+ MFa 
+ MFa 
+ MFa 
+ MPa 

5-15cm depth. 
15.9 + 1.3 % 

51.2+0.7% 
2.48 + O~Ol g 

1.21 + 0.02 g 
66 + 4.2 % 

-3 cm 

6.2 + 0.13 % 

-3 cm 
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SURVE1 SITE NUMBER 5 

LOCATION; ~ZMS S83 862 433 

SITE c;;';'!E; "S6" 

DATE OF SAMPLING; 2/2/85 

OWNER; Lincoln College Sheep unit. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON 3ITE; Flat land, unsheltered, corner of a paddock. 

PROFILE A HORIZON; ZL, 0-30 cm, some mottles, nutty structure. 

NOTES 3 HORIZON; FSL/ZL, 30 em and be16w, 'mottled, massive structure. 

ROOTING; Unrestr1cted rooting in top 25 cm, some below ~o cm. 

BIOPORES; Considerable activity in top 25 cm. 

OTHER FEATURES; no surface erust due to cover. 

CULTIVATIO:;/STOCKING HISTORY 

RECE:;T 

r.;,.ST YEAR Ploughed k worked 

YEAR BEFORE Ploughed & worked 

'lEAR BEFORE No cult, stocked (sheep) 

'lEAR BEFORE Stocked (sheep! 

BEFORE THAT Stocked (sheep! 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Perrenial ryegrass' 

Perennial ryegrass' 

YEAR BEFORE Pasture 

'lEAR BEFORE Pasture 

YEAR BEFORE Pasture 

BEFORE THAT Pasture 

PHYSICAL DATA. 

Inri1trat1on Rate 25 + 4.7 em h- 1 

Ksat 5-15 em! 180 em h- 1 

Ear1:hworm No. 

B10pores (>lmml 

:::100 ?Oros1ty 

[;t ?Oros1ty 

Par1:~cle density 

Bulk density 

1330+' 86 -2 m 

at 10cm 3400 + 640 

Surface 0-2cm 

29.9 + 1.1 % 

62.7 + 0.8 '0 

2.44 + 0.01 g 

0.91 + 0.02 9 
Aggregate stability 70 + ~.l % 
organl.c ~!atter 7.0 + 0.48 % 

• (fol~age removed) 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 

10-20 

20-30 

cm 

+ MPa 

.+ MPa 

em + MFa 

30-40 em 

-la-50 cm 

+ MPa 

+ MPa 

5-15cm depth. 

16.6 + 1.3 % 

52.3 + 0.7 % 
2.-18 + 0.01 9 

1.18 + 0.02 9 

69 + 4.0 % 
6.7 + 0.33 

-3 cm 
·-3 em 

SURVEY SITE NUl1BER 6 

LOCATION; NZI1S S83 862 433 

SITE NAME; "S6" 

DATE OF SAMPLING; 2/2/85 

OWNER; Lincoln College Sheep Unl.t. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, corner of a paddock. 

PROFILE A HORIZON; ZL, 0-30 cm, some mottles, nutty structure. 

NOTES B HORIZON; FSL/ZL. 30 em and below, mottled, massive structure. 

ROOTING; Unrestricted rooting in top 25 cm, some below 40 em. 

BIOEORES; Considerable activity in top 25 cm. 

OTHER FEATURES; no surface crust due to cover. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST 'lEAR Direct-drilled 

'lEAR BEFORE Direct-drilled 

YEAR BEFORE No cult. stocked (sheep) 

YEAR BEFORE Stocked (sheep) 

BEFORE THAT Stocked (sheep) 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Perennial ryegrass' 

Perennial ryegrass' 

YEAR BEFORE Pasture 

YEAR BEFORE Pasture 

YEAR BEFORE Pasture 

BEFORE THAT Pasture 

PHYSICAL DATA. 

Infiltration Rate 24 + 6.3 em h- 1 

Ksat i5-15 em! 160 cm h- 1 
, , 

Earthworm No. 1360 + 218 m- L
. 

-2 Biopores {>lmml at 10cm 3480 + 440 m 

EIOO porosity 

Et ?orosity 

Particle densl.ty 

Bulk density 

Surface 0-2em 

29.0 + 0.3 % 

63. a .:!: 9·9 % 
2.45 + 0.02 -3 

" cm 
0.90 + 0.02 9 

• -3 
cm 

Aggregate stability 37 + 3.1 % 

Orsanie :Iatter 3.3 + 0.45 % 

(foliaae removed) 

'>', 

Penetrometer profile; 

0-10 cm 

10-20 

20-30 

cm 

cm 

+ MPa 

+ !'IPa 

+ MPa 

30-40 cm 

~0-50 cm 

+ MPa 

+ :1Pa 

5-15cm dep1:h. 

15.2 + 1.0 % 

51.2 + 0.6 % 

2.48 .:!: 0.01 g 

1.21 + 0.02 9 

77 + 2.5 % 
6.2 + 0.19 % 

-3 cm 
-3 cm 

:~:::~- , 

,',,': ':...:. 
~ti\, 

c....i ...... 
'-.0 



SURVEY SITE NUMBER 7 

LOCATION; NZ!1S S75 852 852 
SITE NAI'1E; "KK" 

DATE OF SAMPLING; 11/2/85 

OWNER; Piers Phillips 

SOIL SERIES; Mairaki silt loam. 
NOTES ON SITE; Rolling downs land, site on rise, sheltered. 

PROFILE A HORIZON; ZL, 0-25 em, mottled, nutty structure. 
AB HORIZON: ZL, 25-35 em, strongly mottled, nutty/massive. 

NOTES B HORIZON; ZL, 35 em to depth, strongly mottled, massive structure. 
ROOTING; Abundant rooting in top 35 cm, some below 35 em. 

BIOPORES; Considerable activity in top 20 em, evidence to 30 cm. 
OTHER FEATURES; Porous friable surface, mulched by straw and chaff. 

CULTI'J';TION/STOCKING HISTORY 
RECENT 
LAST YEAR Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
BEFORE THAT Direct-drilled 

CROPPING HISTORY 
RECENT Barley 
LAST YEAR Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 2.6 + 0.88 cm h-1 
-1 Ksat (5-15 cm) 190 em h 

Earthworm No. 540 + 165 m -2 

Biopores (>lmm) at 10cm 2760! 520 

E100 porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 
organic !'latter 

Surface 0-2cm 
24.7 + 3.2 % 
60.9 + 2.2 % 

2.U! 0.01 g 
0.94 ! 0.05 g 

50 + 9.6 % 
7.5 + 0.21 % 

-2 
m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 1.3 + 0.1 MFa 
10-20 em 1.5 + 0.1 MPa 
20-30 em 1.8 + 0.2 MPa 
30-40 em 2.0 + 0.5 MPa 
40-50 cm + MPa 

5-15cm depth. 
8.4 + 0.1 % 

47.6 + 0.7 ~ 

2.47 + 0.01 g 

1.30 ! 0.02 g 
48 + 3.6 % 

4.7 + 0.07 % 

-3 em 
-3 em 

SURVEY SITE NUMBER 8 

LOCATION; NZMS S75 854 845 
SITE NAME; "SS" 

DATE OF SAMPLING; 11/2/85 

OWNER; Piers Phillips 
SOIL SERIES; Mairaki silt loam. 

NOTES ON SITE; Rolling downs land, site on rise, some shelter. 

PROFILE A HORIZON; ZL, 0-25 cm, mottled, nutty structure. 
AB HORIZON: ZL, 25-40 cm, strongly mottled, nutty/massive. 

NOTES B HORIZON; ZL, 40 cm to depth, strongly mottled, massive structure. 
ROOTING; Abundant rooting in top 25 cm, few below 35 cm. 

BIOPORES; Considerable activity in top 25 em, evidence to 30 cm. 
OTHER FEATURES; Dense surface, mulched by straw and chaff. 

CULTIVATION/STOCKING HISTORY 
RECENT Moderate winter stock 
LAST YEAR Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
BEFORE THAT Direct-drilled 

CROPPING HISTORY 
RECENT Perennial ryegrass 
LAST YEAR Wheat (straw baled) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT White clover 

PHYSICAL DATA. 

Infiltration Rate 1.6 + 0.45 cm h-1 
-1 Ksat (5-15 cm) 50 cm h 

Earthworm No. 410 + 93 -2 m 

Biopores (>lmm) at 10cm 1470 + 170 

E100 porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic Matter 

surface 0-2cm 
24.4 + 3.2 % 
59.2 + 2.2 % 

2.45 + 0.01 g 

1.00! 0.06 g 

67 + 1.7 % 

6.6 + 0.14 % 

-2 m 

-3 em 
-3 em 

Penetrometer profile; 
0-10 em 1.9 + 0.3 MFa 
10-20 em 2.3 + 0.6 MFa 
20-30 cm 4.1 + 1.1 MFa 
30-40 em 
40-50 em 

+ MPa 
+ MPa 

5-15cm depth. 
6.1 + 0.3 % 

45.4 + 0.7 % 
2.46! 0.01 g 
1.34! 0.02 g 

35 + 7.6 % 

4.4 + 0.21 % 

-3 em 
-3 em 

I 
W 
N o 
I 



SURVEY SITE NUMBER 9 

LOCATION; NZ~!s S75 846 848 
SITE NAME; "HH" 

DATE OF SAMPLING; 22/2/85 

OWNER; Piers Phillips 
SOIL SERIES; Mairaki silt loam. 

::On:S ON SITE; Rolling downs land, site on rise, some shelter. 

PROFILE ;.. HORIZON: ZL, 0-30 cm, mottled, nutty structure. 
;"B HORIZON: ZL, 30-35 cm, strongly mottled, nutty/massive. 

::OTES B HORIZON; ZL, 35 cm to depth, strongly mottled, massive structure. 
ROOTING; Abundant rooting in top 40 cm, some below 40 cm. 

BIOPORES; Considerable activity in top 25 cm, evidence to 30 cm. 
OTHER fEATURES; Porous friable surface, mulched by straw and chaff. 

CUL~IVATION/STOCKING HISTORY 
RECENT 
LAST "lEAR Direct-drilled 
YEAR BEFORE Direct-drilled 
"lEAR BEFORE Direct-drilled 
"lEAR BEFORE Direct-drilled 
BEfORE THAT Direct-drilled 

CROPPING HISTORY 
RECENT 
LAST YEAR 

Wheat 
White clover 

YEAR BEFORE Wheat (burned) 
YEAR BEfORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT White clover 

PHYSICAL DATA. 

Infiltration Rate 4.4 + 0.90 cm h-1 
-1 Ksat 15-15 cm) 97 cm h 

Earthworm No. 660 + 129 m -2 

Biopores l>lmm) at 10cm 2820 + 640 

E100 porosity 
surface 0-2cm 
25.4 + 1.5 % 

61.2 + 1.1 % 

-2 m 

Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic Matter 

-3 
2.~~ + 0.01 g cm 

- -3 
0.95 + 0.02 g cm 

78 + 3.6 % 
7.6 + 0.21 % 

Penetrometer profile; 

0-10 cm 1.3 + 0.1 MPa 
10-20 cm 1.4 + 0.1 MFa 
20-30 cm 1.5 + 0.1 MPa 
30-40 cm 
40-50 cm 

+ MFa 
+ MPa 

5-15cm depth. 
14.8 + 0.6 % 
49.5 + 0.8 % 

2.46 + 0.01 g 

1.24:t 0.02 g 
48 + 2.3 % 

5.0 + 0.05 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 10 

LOCATION; NZMS s75 852 850 
SITE NAME; "LL" 

DATE OF SAMPLING; 22/2/85 

OWNER; Piers Phillips 
SOIL SERIES; Mairaki silt loam. 

NOTES ON SITE; Rolling downs land, site on rise, some shelter. 

PROFILE A HORIZON; ZL, 0-15 cm, mottled, angular nutty structure. 
AS HORIZON: ZL, 15-30 cm, strongly mottled, nutty/massive. 

NOTES B HORIZON; ZL, 30 cm to depth, strongly mottled, massive structure. 
R0;OTING; Abundant rooting in top 35 cm, few below 35 cm. 

BIOPORES; considerable a'ctivity in top 15 cm, evidence to 30 cm. 
OTHER fEATURES; C,rumb1y but dense surface, mulched by clover litter. 

CULTIVATION/STOCKING HISTORY 
RECENT Moderate stocking 
LAST "lEAR Direct-dri11ed 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
YEAR BEFORE Direct-drilled 
BEFORE THAT Direct-drilled 

CROPPING HISTORY 
RECENT 
LAST YEAR 

White clover 
Wheat (burned) 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE White clover 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 0.72 + 0.12 cm h- 1 

Ksat (5-15 cm) 250 cm h 
-1 

Earthworm ~o. 700 ~ 157 -2 m 

Biopores (>lmmJ at 10cm 2490 -2 + 540 m 

E100 poros1ty 
Et porosity 
Particle density 
Bulk density 
Aggregate stab11ity 

organic Matter 

, : 

'; ," 

Surface 0-2cm 
27.6 + 1.9 % 

61.3 + 2.0 % 

2.~1 + 0.02 
0.92 + 0.0 .. 

79 + 3.6% 

3.~ + 0.06 

g cm- 3 

q cm- 3 

Penetrometer profile; 
0-10 cm 1.3 + 0.2 MFa 
10-20 cm 2.1 + 0.4 MFa 
20-30 cm + MFa 
30-40 cm 
40-50 cm 

+ MFa 
+ MFa 

5-1Scm depth. 
14.7+1.1% 
.J8.2 + 1.0 % 

2.50 .: 0.01 g 

1.29 .: 0.02 g 

61+1.7% 
.J.9 + 0.12 % 

-3 cm 
-3 cm 

?~'.?:: ;" 

ii:~i::: " 

J 

W 
N ,..... 



SURVEY SITE NUMBER 11 DATE OF SAMPLING; 22/2/85 

OWNER; Mrs. McIvor LOCATION; NZMS S75 852 841 
SITE NAME; SOIL SERIES; Mairaki silt loam. 
NOTES ON SITE; Rolling downs land, site on rise, unsheltered . 

. PROFILE A HORIZON; ZL, 0-20 cm, mottled, rounded nutty structure. 

AB HORIZON: ZL, 20-30 cm, strongly mottled, nutty/massive. 
NOTES B HORIZON; ZL, 30 cm to depth, strongly mottled, massive structure. 

ROOTING; Abundant rooting in top 40 cm, large roots below 40 cm. 
BIOPORES; Considerable activity in top 15 cm, evidence to 30 cm. 

OTHER FEATURES; Porous friable surface, many meadow species present. 

CULTIVATIO:,/STOCKING HISTORY CROPPING HISTORY 
RECENT Light stock (sheep) RECENT Per. ryegrass/Clovers ley 
LAST YEAR Light stock (sheep) LAST YEAR 
'lEAR BEFORE Light stock (sheep) YEAR BEFORE • 

YEAR BEFORE Light stock (sheep) YEAR BEFORE • 
YEAR BEFORE Ploughed & worked YEAR BEFORE Wheat (burned) 
BEFORE THAT Ploughed & worked BEFORE THAT ? 

PHYSICAL DATA. 

Infiltration Rate 7.8 + 2.05 cm h- l Penetrometer profile; 
Ksat (5-15 cm) 110 cm h -1 0-10 cm 1.4 + 0.1 MPa 
Earthworm No. 580 + 104 m -2 10-20 cm 1. 5 + 0.1 MFa 
Biopores (>lmm) at 10cm 2460 + 120 m -2 20-30 cm 1. 8 + 0.3 MFa 

30-40 cm + MFa 
40-50 cm + MPa 

Surface 0-2cm 5-15cm depth. 
EIOO porosity 24.8 + 2.0 % 17.0 + 0.7 % 
Et porosity 62.6 + 1.6 !!; 50.4 + 0.3 % 
Particle density 2.36.:t 0.03 g cm -3 2.46 .:t 0.01 g cm -3 

Bulk density 0.88 + 0.04 g cm -3 1.22 + 0.01 g cm -3 

Aggregate stability 82 + 2.3 % 79 + 4.4 % 
Organic Matter 8.1 + 0.55 % 5.5 + 0.11 % 

'··---~·'Z~--·-'~·i---; : 

. .• I ~ : 

)..,.~:-~- --, .... '."-
'0'".'" .'71 '," 
r~:~:~; :/-
f~~i~r.(;. ' 
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SURVEY SITE NUMBER 12 DATE OF SAMPLING; 20/3/85 

LOC;"TI0:1; olZ:1S S83 832 423 

SITE :1""'IE; "R1 7" 
OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

~OTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE ;,. HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

~lOTES B ·HORIZON; ZL, 25-';5 OJ; 80 cm, strongly mottled, massive s·trUC1:ure. 

~OOTING; unrestricted rooting to 25 cm, very sparing below 25 cm. 

BIOPORES; considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; Some crusting, otherwise very friable, very weedy. 

CULTIV;"TION/STOCKING HISTORY 

RECENT 

u..ST YEAR Ploughed & worked 

YEAR BEFORE Ploughed & worked 

'{EAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE TH;"T Ploughed & worked 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Wheat 

Wheat 

(burned) 

(burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

.,-",',', 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm ;-/0. 

-1 27 + 3.6 cm h 
-1 220 cm h 

450 + 64 -2 m 
Biopores (>lmml ~t 10cm 3500 + 1720 

::100 porosity 

Et porosl.ty 

Partl.cle density 

Bulk density 

;..ggregate stability 

Organic Matter 

Surface 0-2cm 

28.4 + 1.5 % 

59.6 + 1.0 % 

2.48 + 0.01 g 

1.00 + 0.02 g 

68 + 3.5 ~ 

5.4 + 0.07 % 

-2 m 

-3 cm 
"-3 cm 

Penetrometer profile; 

0-10 cm 1.4 + 0.2 MPa 

10-20 cm 1.3 + 0.1 MPa 

20-30 cm 1.6 + 0.1 MPa 

30-40 cm 2.8 + 0.3 MPa 

40-50 cm + liPa 

5-15cm depth. 

15.0 + 2.5 % 

52.2 + 0.4 % 

2.47! 0.01 g 

1.18 + 0.01 g 

47 + 5.5 % 
5.1 + 0.16 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 13 DATE OF SAMPLING; 20/3/85 

LOCATION; NZMS 583 832 423 

SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B ~ORIZON; ZL, 25-45 or 30 cm, strongly mottled, massive structure. 

ROOTING; Very few old roots to 25 cm. 

BlqPORES: considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; General crusting, very friable topsoil, some weeds. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST YEAR Plpughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Fallow 

Wheat 

(weed free) 

(burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm No. 

-1 21 + ].6 cm h 
-1 

190 cm h 

570 + 113 -2 m 
Biopores 1>lmmJ at 10cm 2200 + 1150 -2 m 

E100 porosJ.ty 

Et porosl.ty 

Particle density 

Bulk density 

Aggregate stability 

Organic Matter 

Surface 0-2cm 

24.6 + 1.3 % 

59.5 + 1.1 % 
-3 2 ... 8 + 0.02 0 cm 

- --3 
1.0 .. + 0.03 g cm 

57 + 0.6 

5.6 + 0.11 % 

Penetrometer profile; 

0-10 cm 1.1 + 0.1 MFa 

10-20 em 1.1 + 0.2 MPa 

20-30 cm 1.4 + 0.2 MPa 

30-40 cm 2.6 + 0.5 MPa 

40-50 cm + MPa 

5-15cm depth. 

12.2 + 1.5 % 

H.0+0.3% 

2.47! 0.01 9 

1.26!0.02g 

3. + 4,8 % 

5.2 + 0.28 % 

-3 cm 
-3 cm 

I 
Vol 
N 
Vol 
I 



SURVEY SITE NUMBER 14 DATE OF SAMPLING; 20/3/85 

LOCATION; NZMS S83 832 423 
SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, erid of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 
BIOPORES; considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; No crusting, few weeds, profuse surface rooting. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR Ploughed .. worked 
·{EAR BEFORE Ploughed .. '",orked 
YEAR BEFORE Ploughed .. worked 
YEAR BEFORE Ploughed .. worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT Perennial ryegrass 
LAST YEAR Wheat (burned) 
YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 25 + 7.9 cm h- l 
-1 Ksat (5-15 cm) 120 cm h 

Earthworm No. 270 + 72 m -2 

Biopores (>lmm) at 10cm 1100 + 680 

ElOO porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
26.0 + 1.5 % 

60.7 + 2.1 % 
2.~6 .:!: 0.02 g 
0.96 + 0.06 g 

Aggregate stability 64 + 4.1 % 
Organic ~atter 5.7 + 0.17 % 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 1.1 + 0.2 MPa 
10-20 cm 1.1 + 0.1 MPa 
20-30 cm 1.5 + 0.2 MPa 
30-40 cm 3.1 + 0.8 MFa 
40-50 cm + MFa 

5-l5cm depth. 
12.4 + 1.3 % 

48.9 + 0.7 % 

2.47.:!: 0.01 g 
1.26 + 0.02 g 

52 + 7.9 " 
5.5 + 0.20 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 15 DATE OF SAMPLING; 20/3/85 

LOCATION; NZMS S83 832 423 
SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 em, strongly mottled, massive structure. 

ROOTING; Profuse large roots to 25 cm, many large roots to depth. 
BIOPORES; Sparing activity in top 25 cm, evidence only to 35 cm. 

OTHER FEATURES; High sod strength dispite low density, few weeds. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR Ploughed .. worked 
YEAR BEFORE Ploughed .. worked 
YEAR BEFORE Ploughed .. worked 
YEAR BEFORE Ploughed .. worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT Tall fescue 
LAST YEAR Wheat (burned) 
YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 18 + 2.2 cm h-1 
-1 Ksat (5-15 cm) 60 em h 

Earthworm No. 200 + 74 m -2 
- -2 

Biopores (>lmm) at 10cm 800.:!: 320m 

noo porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
26.7+1.3% 
60.5 + 0.9 % 

2.47.:!: 0.01 g 
0.98 + 0.02 9 

Aggregate stability 63 + 2.2 % 
Organic Matter 5.6 + 0.09 % 

,; -~ -..:--

-3 em 
-3 cm 

Penetrometer profile; 
0-10 cm 1.3 + 0.1 MFa 
10-20 em 1.7 + 0.1 MFa 
20-30 cm 2.1 + 0.2 MFa 
30-40 cm 3.4 + 0.7 MPa 
40-50 cm + MFa 

5-15cm depth. 
13.5 + 1.6 % 

49.7+1.1% 

2.47 + 0.01 9 
1.25 + 0.03 g 

64 + 3.0 % 
5.2 + 0.19 % 

-3 em 
-3 cm 

{I)' 
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SURVEY SITE NUMBER 16 DATE OF SAMPLING; 20/3/85 

LOCATION; NZHS 583 832 423 

SITE NAME; "R17" 
OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

~;OTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

:;OTES B HORIZON; ZL, 25-~5 or 80 cm, strongly mottled, massive structure. 

ROOTING; Unrestricted rooting to 25 cm, large roots below 25 cm. 

BIOPORES; considerable activity in top 25 cm, evidence to 35 cm. 

OTHER PEATURES; stem rhizomes, high sod strength dispite low density. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST ·{EAR Ploughed .. wo rked 

·lEAR BEFORE Ploughed .. wo rked 

YEAR BEFORE Ploughed .. worked 

"{EAR BEFORE Ploughed .. worked 

BEFORE THAT Ploughed .. worked 

CROPPING HISTORY 

RECENT White clover 

LAST YEAR Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltrat~on Rate 

Ksat (5-15 cm) 

Earthworm No. 

-1 30 + -1.9 cm h 
-1 190 cm h 

-2 530 + 137 m 

Biopores ()lmm) at 10cm 2900 + 770 

E100 porosity 

Et porosity 

Particle density 

Bulk dens~ty 

Surface 0-2cm 

25.3 + 0.6 % 

59.6 + 0.8 % 

2.~6 .! 0.01 g 

1.00 + 0.02 g 

Aggregate stability 74 + 6.2 % 
Organic ~atter 6.5 + 0.04 % 

-.. - ':- ~ _ , 

:.,; 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 1.2 +'0.1 MPa 

10-20 cm 1.1 + 0.1 MPa 

20-30 

30-40 

cm 1.5 + 0.1 MPa 

cm 2.6 + 0.3 MPa 

40-50 cm + MFa 

5-l5em depth. 

14.5 + 1.6 % 

48.9 + 0.9 % 
2.47 + 0.01 g 

1.23 .! 0.02 g 

50 + 3.5 % 

5.2 + 0.14 's 

-3 em 
-3 em 

SURVEY SITE NUMBER 17 DATE OF SAMPLING; 20/3/85 

LOCATION; NZMS 583 832 423 

SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui Silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 em, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 

BIQPORES; Considerable activity in top 25 em, evidence to 35 em. 

OTHER FEATURES; No crusting, few weeds, profuse surface rooting. 

CULTIVATION/STOCKING HISTORY 

RECENT. 

LAST YEAR Pl,oughed .. worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed .. worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT Per. ryegrass/W. 

LAST YEAR Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

clover 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm No. 

-12 + 6.6 em h 
--1 

120 em h 

400 + 218 

-1 

-2 m 

Biopores plmm) at lOcm 2600 + 1030 

E100 porosity 

Et porosity 

Particle density 

Bulk density 

Surface 0-2cm 

24.3+1.7 

58.7 + 1.0 

2.45.! 0.01 g 

1.01 + 0.02 g 

Aggregate stability 66 + 3.-1 % 

Organic Matter 5.6 + 0.09 

-2 
m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 em 1.3 + 0.1 MFa 

10-20 cm 1.0 + 0.1 MPa 

20-30 

30-40 

cm 1.5 + 0.1 MFa 

em 2.1 + 0.2 MFa 

40-50 cm + MPa 

5-15cm depth. 

19.5 + 2.4 3; 

52.3 + 1.3 % 

2.47 + 0.01 g 

1.17.! 0.03 g 

61+6.0% 

5.1 + 0.19 

-3 cm 
-3 cm 

(~..) 

;'" 
V1 



SURVEY SITE NUMBER 18 DATE OF SAMPLING; 20/3/85 

LOCATION; NZMS S83 832 423 
SITE NAHE; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse large roots to 25 cm, many large roots to depth. 
BIOPORES; Sparing activity in top 25 cm, evidence only to 35 cm. 

OTHER FEATURES; High sod strength dispite low density, few weeds. 

CULTI'J;"TIO~l/STOCKI::G HI-5TORY 
RECE:IT 
LAST YEr.R Ploughed & worked 
'lEN, BEFORE Ploughed & worked 
YEN, BEFORE Ploughed & worked 
YEr.R BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT Tall fescue/W. clover 
LAST YEAR Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

. :~ 

Infiltration Rate 28 + 8.6 cm h-1 
-1 Ksat (5-15 cm) 68 cm h 

Earthworm No. 270 + 76 m -2 

Biopores(>lmm) at 10cm 1900 + 630 

E100 porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
25.9 + 0.4 % 

59.0 + 0.4 % 
2.47! 0.01 g 
1.02 + 0.03 g 

;"ggregate stability 63 + 5.1 % 

Organic ~atter 5.6 + 0.26 % 

,r, 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 1.3 + 0.1 MPa 
10-20 cm 1.3 + 0.2 MPa 
20-30 cm 1.7 + 0.1 MPa 
30-40 cm 3.1 + 0.5 MFa 
40-50 cm + MPa 

5-1Scm depth. 
16.4 + 1.2 % 

51.1 + 1.0 % 

2.47 .! 0.01 g 
1.21 .! 0.03 g 

52 + 9.2 % 
5.1 + 0.15 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 19 DATE OF SAMPLING; 20/3/85 

LOCATION; NZ}!S S83 832 423 

SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 
BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; No crusting, few 'Needs, profuse surface rooting. 

CULTIVATION/STDCKING HISTORY 
RECENT 
LAST YEAR Ploughed & worked 
YEAR BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT Italian ryegrass 
LAST YEAR Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
Y'EAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 30 + 3.0 cm h-1 
-1 Ksat (5-15 cm) 110 cm h 

Earthworm No. 400 + 55 m -2 

Biopores (>lmm) at 10cm 2100 ! 1270 

E100 porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
27.0 + 0.6 % 

60.0 + 0.6 % 
2.~8 ! 0.01 g 
0.99+0.01g 

Aggregate stabl1ity 58 + 9.8 % 

Organic ~atter 5.5 + 0.13 % 

-2 m 

-3 em 
-3 cm 

Penetrometer profile; 
0-10 cm 1.0 + 0.2 MFa 
10-20 cm 1.1 + 0.2 MFa 
20-30 cm 1.6 + 0.1 MFa 
30-40 cm 3.1 + 0.5 MPa 
40-50 cm + MPa 

5-15cm depth. 
18.8 + 1.6 % 

52.3 + 0.9 % 

2.47! 0.01 g 
1.18 ! 0.02 g 

56 + 8.6 % 

5.0 + 0.13 % 

-3 em 
-3 cm 

nl'i 
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SURVEY SITE NUMBER 20 DATE OF SAMPLING; 7/10/85 

LOCATION: ~ZMS S83 329 444 
SITE :IAME: "E2" 

o,mER; Lincoln College Dal.ry farm. 

SOIL SERIES; Templeton silt loam. 
::OTES 0:; SITE: Flat land, '-'ithin 5 metres of a water trough. 

PROf!LE A HORIZON: HZL, 0-35 cm, massive structure, platey at 12-22 cm. 
::OTES 3 HORIZON: HZL, 35 and below" nD mottles, massive 'struc~ure.' 

ROOTING: Restrl.cted roots in topsoil, very few below 17 em. 
3IOPORES; Low level of activity, some pores in platey structure. 

OTHER FEATURES; Bare trodden surface between plants, ground cover <50 %. 

CULTIVATIO~/STOCKING HISTORY 
RECENT ~o cult. heavy stock. 
LAST YE.AR :10 cult. heavy stock. 
YEAR BEfORE No cult. heavy stock. 
YEAR BEFORE No cult. heavy stock. 
YEAR BEfORE ? 

BEFORE THAT ? 

CROPPING HISTORY 
RECENT Ryegrass/meadow 
LAST YEAR "Pasture" 
YEAR BEFORE "Pasture" 

'lEAR BEFORE "Pasture" 
YEAR BEFORE "Pasture" 
BEFORE THAT 

PHYSICAL DATA. 

-1 Infiltratl.on Rate 5.6 + 1." cm h 
Ksat (5-15 cm) 190 cm h -1 

Earthworm No. 110 + 32 m -2 
-2 Biopores (>lmml ~t 10cm 700 ~ 240m 

E100 poroslty 
E:t porosity 

Par~lcle density 
Bulk density 
Aggregate stabillty 
Organl.c ~!a t te r 

Surface 0-2cm 
12.9 + 2.~ % 
56.3 + 2.0 % 
2.~6 ~ 0.01 g 
1.05 + 0.05 g 

36 + ~.i % 

3.1 + 0.30 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm ~_4 + '0.9 MPa 
10-20 cm 5.2 + 0.3 ~Pa 
20-30 cm 4.0 + 0.1 MPa 
30-40 cm + MPa 
40-50 cm +!'\Pa 

5-15cm dep~h. 
9.6 

45.9 

+ 0.9 % 
+ 0.7 % 

-3 2.50 ~ 0.01 g cm 
-3 1.35 + 0.01 g cm 

48+1.6% 
5.7 +' O:~O % 

SURVEY SITE NUI'18ER 21 

LOCATION; NZMS S83 331 ~43 

SITE NAME: "E5" 

DATE OF SAMPLING; 7/10/85 

OWNER; Lincoln College Dairy Farm. 
SOIL SERIES: Templeton silt loam. 

NOTES ON SITE; flat land, middle of a paddock, unsheltered. 

PROFILE A HORIZON; HZL, 0-35 em, angular nutty. platiness at 5-10 cm. 
NOTES B HORIZON; HZL, 35 and below, no mottles, massive structure. 

ROOTING: Unrestrl.cted roo~s ln topsoil, very few below 17 ern. 
BI~PORES: Low level of actlvity, some pores in platey structure. 

OTHER fEATURES: Bare trodden surface between plants, ground cover <50 %. 

CULTIVATION/STOCKH1G HISTORY 
RECENT No cult. heavy stock. 
LAST YEAR NO,cult. heavy stock. 
YEAR BEFORE No cult. heavy stock. 
YEAR BEFORE NO,cult. heavy stock. 
YEAR BEFORE ? 

BEFORE THAT 

CROPPING HISTORY 
RECENT Ryegrass/meadow 
LAST YEAR "Pasture" 
'{EAR BEFORE "Pasture" 
YEAR BEFORE "Pasture" 
YEAR BEFORE "Pasture" 
BEFORE THAT ? 

PHYSICAL DATA. 

Infiltration Rate 
Ksat (5-15 cm) 

~.6 + 0.85 cm h- 1 
- -1 

71 cm h 
Earthworm No. 210 + 39 m -2 

-2 Biopores (>1mml at 10cm 300 ~ 50 m 

E100 porosl.ty 
Et porosity 
Particle denslty 
Bulk density 
Aggregate stabllity 
Organic :-latter 

Surface 0-2em 
17.5 + 2.7 
56.2+1.5 

2.';2 + 0.02 
1.01 + O.O~ 

.J7 + ~.S % 

8.0 + 0.30 

-3 cm 
-3 

g em 

Penetrometer profile; 
0-10 cm 3.7 + 0.6 MPa 
10-20 cm 3.1 + 0.1 MPa 
20-30 cm 3.1 + 0.1 MPa 
30-~0 cm ".5 + 0.6 MPa 
"0-50 cm ".9 + 1.0 MPa 

5-15cm dep~h. 
9.2 + 0.6 

~6.7 + O.S % 

2.53 + 0.01 -3 
g em 

1.35+0,02g -3 cm 

n + 8.2 % 

L.J + 0.20 

\~~:?:T :"::::" .. 
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SURVEY SITE NUMBER 22 DATE OF SAMPLING; 14/10/85 

LOCATION; NZ~S S83 886 442 OWNER; Tory Jordan. 
SITE NAME; "Trotting track" SOIL SERIES; Temuka heavy silt loam. 
NOTES ON SITE; Flat land, sheltered paddock. 

PROFILE A HORIZON; HZL, 0-20 cm, strongly mottled, weak crumb structure. 
AB HORIZON; HZL, 20-25, strongly mottled, angular nutty structure. 

elOTES B HORIZON; HZL, 25 and below, strongly mottled, massive structure. 
ROOTING; Profuse in topsoil, large tap roots to depth. 

BIOPORES; Considerable activity in topsoil, activity to 35 cm. 
OTHER FEATURES; Many meadow species giving variety of rooting patterns. 

CULTI'lATIO:;/STOCKING HISTORY CROPPING HISTORY 
RECENT 
r..;.s T ... EA.P. 

No cult. light stock. 
No cult. light stock. 

RECENT 
LAST YEAR 

Lucerne/meadow 
Lucerne/meadow 

YEAR BEFORE No cult. light stock. 
"lEAR BEFORE No cult. light stock" 
YEAR BEFORE No cult. light stock. 
BEFORE THAT No cult. light stock. 

YEAR BEFORE Lucerne/meadow 
YEAR BEFORE Lucerne/meadow 
YEAR BEFORE Lucerne/meadow 
BEFORE THAT Lucerne/meadow 

::",'" 

Infiltration Rate 
Ksat (5-15 cm) 

PHYSICAL DATA. 

2.5 + 0.63 cm h- l 
-1 140 cm h 

Earthworm No. 690 + ~100 -2 
m 

-2 Blopores (>lmm) at 10cm 1800! 470 m 

ElOO porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic :-tatter 

, ;:;' 

Surface 0-2cm 
22.'-1 + 0.7 % 
61.6 + 1.0 % 

-3 
2.~8 + 0.01 g cm 

- -3 
0.95 + 0.03 g cm 

75 + 1. 6 % 

6.3 + 0.10 % 

Penetrometer profile; 
0-10 cm 0.8 + 0.1 MPa 
10-20 cm 1.2 + 0.1 MPa 
20-30 cm 1.5 + ,0.2 MPa 
30-40 cm 2.3 + 0.4 MPa 
40-50 cm 2.2 + 0.4 MPa 

5-15cm depth. 
9.2+1.1% 

48.5 + 0.7 % 
2.48 ! 0.01 g 
1.32 + 0.02 g 

62 + 2.0 % 
4.6 + 0.10 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 23 

LOCATION; NZMS s83 887 442 
SITE NAME; 

DATE OF SAMPLING; 14/10/85 

OWNER; Nigel Jay. 
SOIL SERIES; Templeton silt loam. 

NOTES ON SITE; Flat land, sheltered paddock. 

PROFILE A HORIZON; ZL, 0-20 cm, no mottles, weak crumb structure. 
AB HORIZON; ZL, 20-30 cm, no mottles, angular nutty structure. 

NOTES B2 HORIZON; ZL, 30-~0 cm, no mottles, massive/blocky structure. 
C3 HORIZON; ZL, 40 cm and below, sand, no mottles. 

ROOTING; Profuse in topsoil, many large roots to depth. 
BIOPORES; Considerable activity in topsoil and to 35 cm. 

OTHER FEATURES; Many meadow species giving variety of rooting patterns. 

CULTIVATION/STOCKING HISTORY 
RECENT None 
LAST YEAR Light stock 
YEAR BEFORE Light stock 
YEAR BEFORE Light stock 
YEAR BEFORE Ploughed' worked 
BEFORE THAT Horticultural traffic 

CROPPING HISTORY 
RECENT Ryegrass/meadow 
LAST YEAR Ryegrass/meadow 
YEAR BEFORE Ryegrass/meadow 
YEAR BEFORE Ryegrass/meado w 

YEAR BEFORE Tulips 
BEFORE THAT Tulips 

PHYSICAL DATA. 

Infiltration Rate 3.8 + 0.39 cm h-1 
-1 Ksat (5-15 cm) 150 cm h 

Earthworm No. 620 + 110 m -2 

Biopores (>lmml at 10cm 1400 + 220 

E100 porosity 
Et porosity 
Particle density 
Bulk density 

Surface 0-2cm 
28.8 + 1.7 % 

65.0 + 1.~ % 

2.56 + 0.01 g 
0.87 + 0.04 g 

Aggregate stability 73 + 3.3 % 
Organic Matter 6.5 + 0.30 ~ 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 1.0 + 0.1 MPa 
10-20 Cm 1.5 + 0.1 MPa 
20-30 cm 2.3 + 0.2 MFa 
30-40 cm 3.0 + 0.3 MFa 
40-50 Cm 3.1 + 0.3 MPa 

5-15cm depth. 
11.2 + 0.6 ~ 

48.3 + 0.3 % 
2.59 + 0.01 g 

1.34! 0.01 g 

68 + 1. 3 % 

4.4 + 0.10 % 

-3 cm 
-3 cm 
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SURVEY SITE NUMBER 24 DATE OF SAMPLING; 28/10/85 

LOC;"TION; NZI1S S83 832 422 
SITE NAME; "P..17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, paddock adjacent to trial sites. 

PROFILE ;.. HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-~5 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, many below 25 cm. 
BIOPORES; considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; No crusting, a few weeds, some surface rooting. 

CULTIV;"TION/STOCKING HISTORY CROPPING HISTORY 
RECENT RECENT Pasture 
LAST YEAR Light stocking LAST YEAR Pasture 
YEAR BEFORE Light stocking YEAR BEFORE Pasture 
YEAR 8EFORE Light stocking YEAR BEFORE Pasture 
YEAR BEFORE Light stocking YEAR BEFORE Pasture 
BEFORE THAT Light stocking BEFORE THAT Pasture 

PHYSICAL DATA. 

Infiltration Rate 22 + 3.8 cm h -1 Penetrometer profile; 
Ksat (5-15 cm) 62 cm h -1 0-10 cm 0.7 + 0.1 MPa 
Earthworm No. 870 + 170 m -2 10-20 cm 0.6 + 0.1 MPa 
Biopores (> 1mm) at 10cm 2600 + 230 m -2 20-30 cm 1.0 + 0.2 MFa 

30~40 cm 2.2 + 0.2 MPa 
40-50 cm 5.2 + 0.5 MPa 

Surface 0-2cm 5-15cm deEth. 
!:lOa porosity 24.5 + 3.3 % 16.4 + 0.2 % 
Et porosity 62.2 + 0.9 % 52.3 + 0.2 !I; 

Particle density 2 . 4 7 + o. a 1 g cm -3 2 . 53! 0.01 g cm -3 

Bulk density 0.93 + 0.02 g cm -3 1.21 ! 0.01 g cm -3 

Aggregate stability 76 + 2.9 % 66 + 3.0 % 
organic :-latter 6.7 + 0.6 % 5.8 + 0.3 % 
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SURVEY SITE NUMBER 25 DATE OF SAMPLING; 9/12/86 

LOCATION; NZMS 583 856 433 

SITE NAME; "A10" 
OWNER; Lincoln College Mixed Cropping Farm 

SOIL SERIES; Wakanui silt loam. 
NOTES ON SITE; Flat land. track used by heavy traffic in wet weather. 

PROFILE A HORIZON; ZL. 0-25 cm. top 10 cm massive/platey; 10-25 massive. 

~OTES 3 HORIZON; ZL. 25 and below strongly mottled. massive structure. 

ROOTING; Rooting pattern destroyed in topsoil. 

BIOPORES; Most biopores destroyed. 

OTHER FEATURES; Surface crusting, very low permeability when wet. 

CULTI"JATIO::/STOCKING HISTORY 

RECENT Very heavy traffic 

LAST YEAR Stocked. direct drilled 
YEnR BEFORE Stocked. direct drilled 

YEAR BEFORE Minimum cultivation 
YEnR BEFORE Ploughed« worked 

BEFORE THAT Ploughed' worked 

CROPPING HISTORY 

RECENT Per. ryegrass/w. clover 
LAST YEAR White clover 

YEAR BEFORE Perennial ryegrass 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 0.22 + 0.064 cm h- l 
- -1 

Ksat 15-15 cm) 48 em h 

Eartnworm No. 120 + 25 m -2 

-2 Biopores l>lmm) at 10cm 800 + S5 m 

EI00 ?orosity 
Et porosity 

Particle density 

Bulk density 

Surface 0-2cm 

6.0+1.2% 

49.6 + O.S % 
2.54 + 0.01 g 

1.28 + 0.02 g 

Aggregate stability 30 + 5.3 % 
Organic :-latter 5.9 + 0.50 % 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 3.8 + O.~ MPa 
10-20 cm' 3.0 + 0.3 MPa 

20-30 cm 5.5 + 0.5 MPa 

30-40 cm + MPa 

40-50 cm + MFa 

5-l5cm depth. 

3.5 + 0.9 % 
43.8 + 0.8 % 

2.50 + 0.01 g 

1. 4.0 ~ O. 02 g 

32 + 4.0 % 

5.6 + 0.20 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 26 DATE OF SAMPLING; 9/12/86 

LOCATION; NZMS 583 855 434 

SITE NAME; "A10" 

OWNER; Lincoln College Mixed Cropping Farm 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land. grassed area light traffic only. 

PROFILE A HORIZON; ZL, 0-20 cm. angular nutty, tending to platey in places. 
NOTES B HORIZON; ZL. 20 and below strongly mottled. massive structure. 

ROOTING; Apparently unrestricted topsoil rooting, few in subso~l. 

BIOPORES; Moderate activity in topsoil only. 

OTHER FEATURES; surprisingly dense considering recorded history. 

CULTIVATION/STOCKING HISTORY 
RECENT Light traffic 

LAST YEAR Stocked direct dr~lled 
YEAR BEFORE Stocked direct drilled 

YEAR BEFORE Minimum cultivation 

YEAR BEFORE Ploughed' worked 

BEFORE THAT Ploughed' worked 

CROPPING HISTORY 
RECENT Per. ryegrass;W. clover 
LAST YEAR White clover 

YEAR BEFORE Perennial ryegrass 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat Iburned) 

PHYSICAL DATA. 

Infiltration Rate 2.6 + 0.09 cm h- 1 

-1 Ksat (5-15 em) 19 cm h 

Earthworm No. 310 + 50 -2 m 

Biopores (>lmml at 10cm 1400 + 650 

E100 porosity 

Et porosity 
Particle density 

Bulk density 

Surface 0-2cm 

21.2 + 2.2 % 

61.6 + 1.3 % 

2.50 ~ 0.01 g 
0.96 + 0.02 g 

Aggregate stability 59 + 1.0 % 
Organic Matter 8.0 + 0.20 % 

-2 m 

-3 em 
-3 cm 

Penetrometer profile; 
0-10 cm 1.S + 0.2 MFa 

10-20 cm 1.S + 0.3 MFa 
20-30 cm 3.9 + 0.6 MFa 

30-40 em + MPa 

40-50 em + MPa 

5-l5cm depth. 

6.0+1.5% 

4S.1 + 1.0 % 

2.50.:!: 0.01 9 

1.30.:!: 0.05 9 

40+1.6% 

6.1 + 0.20 % 

-3 em 
-3 em 
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SURVEY SITE NUMBER 27 DATE OF SAMPLING; 2S"/12/85 

LOGTION; clZaS S 8 3 832 423 

SIn: NAl-!E; "R17" 
OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
nOTES B HORIZON; ZL, 25-45 or 80'cm, strongly mottled, massive structure. 

ROOTING; Unrestricted rooting to 25 cm, very sparing below 25 cm. 

BIOPORES; considerable activity in top 25 cm, evidence to 35 cm. 
OTHER FEATURES; Some crusting, otherwise very friable, very weedy. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST YEAR Direct drilled 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed' worked 

YEAR BEFORE Ploughed & worked 

BEfORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT Wheat 

LAST YEAR Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSIC>.L DATA. 

Infiltration Rate 20 + 5.1 cm h-1 
-1 Ksac (5-15 cm) 120 cm h 

Earthworm No. 280 + 61 m -2 
-2 Biopores (>lmm) at 10cm 3600 ! 540 m 

E100 porosity 

Et porosity 

Particle density 

Bulk density 

Aggregate stability 

Organic :-tatter 

Surface 0-2cm 
25.1 + 0.8 % 
59.7 + 0.8 % 

2.~7 ! 0.01 g 

0.99! 0.02 g 

39 + 5.5 % 

5.9 + 0.36 's 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 0.5 + 0.1 MPa 

10-20 cm 0.6 + 0.1 MPa 

20-30 cm 1.4 + 0.1 MPa 
30-40 cm 2.5 + 0.3 MPa 

40-50 cm 4.2 + 0.5 MPa 

5-15cm depth. 

13.1 + 2.1 % 

50.2 + 0.8 % 

2.47! 0.01 g 

1.23!0.03g 
30 + 3.3 >; 

5.1 + 0.13 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 28 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS S83 832 423 

SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROfILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Very few old roots to 25 cm. 
BIO?ORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; General crusting, very friable topsoil, some weeds. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST YEAR None 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT Fallow (weed free) 

LAST YEAR Fallow (weed free) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 
Earthworm No. 

-1 19 + 9.1 cm h 
-1 130 cm h . 

-2 400 + 43 m 

Biopores (.ilmm) at 10cm ~100 + 390 

E100 porosity 

Et porosity 
Particle density 

Bulk density 

Aggregate stability 

Organic Matter 

Surface 0-2cm 
19.3 + 2.2 % 

56.3 + 1.3 % 

2.~7 ! 0.02 g 

1.08 + 0.03 g 

21 + 5.2 % 
5.3 + 0.09 1; 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 0.4 + 0.1 MFa 

10-20 cm 0.5 + 0.1 MPa 

20-30 cm 1.3 + 0.1 MFa 
30-40 cm 3.9 + 0.7 MFa 

40-50 cm 5.1 + 0.2 XPa 

5-15cm depth. 

12.5 + 2.7 % 

50.0 + 1. 5 % 

2.47 + 0.01 g 

1.23! 0.04 g 

21 + 4.4 % 

5.2 + 0.05 % 

-3 cm 
-3 cm 

!'i,! 
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SURVE¥ SITE NUMBER 29 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS 583 832 423 

SrTE NAME; "Rl7" 
OWNER; Lincoln College Research Farm. 

SOIL SERIES; wakanui silt loam. 
NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

~OTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 

BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; No crusting, few weeds, profuse surface rooting. 

CTJLTIVATIO:-l/STOCKING HISTOR¥ 

RECENT 

LAST ¥EAR :lone 

¥~ BEFORE Ploughed & worked 

¥~ BEFORE Ploughed & worked 

1~ BEFORE Ploughed & worked 

BEFORE THAT Ploughed & waLked 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Perennial ryegrass 

Perennial ryegrass" 
YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm No. 

-1 17 + 2.7 cm h 

90 cm h 
-1 

270 + 32 -2 m 

Biopores(>lmm) at 10cm 2300 + 460 

E100 porosity 

Et porosity 

Particle density 

Bulk density 

Surface 0-2cm 

31.9 + 1.0 % 

62.5 + 0.9 % 

2.~7 .:!: 0.01 g 

0.93 + 0.02 g 

Aggregate stability 73 + ~.3 % 
Organ~c Matter 6.0 + 0.14 % 

(foliage removed) 

~ '/ 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 0.7 + 0.1 MPa 

10-20 cm 0.8 + 0.1 MFa 

20-30 cm 1.6 + 0.1 MPa 

30-40 cm 2.9 + 0.6 MPa 

40-50 cm 4.6 + 0.6 MFa 

s-15cm depth. 

13.2 + 1. 9 % 

51.1 + 0.9 % 

2.47 + 0.01 g 

1.21.:!: 0.02 g 

60 + 5.4 % 

5.4 + 0.23 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 30 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS S83 832 423 

SITE NAME; "RI7" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse large roots to 25 em, many large roots to depth. 

BIOPORES; Sparing activity in top 25 cm, evidence only to 35 cm. 

OTHER FEATURES; High sod strength dispite low density, few weeds. 

CULTIVAT.ION/STOCKING HISTORY 

RECENT 

LAST YEAR None 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT 

LAST YEAR 

Tall fescue 

Tall fescue" 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 14 + 5.4 cm h- 1 
-1 Ksat (5-15 em) 63 cm h 

Earthworm No. 240 + 45 m -2 

Biopores (>lmm) at 10cm 1700 + 270 

E100 porosity 

Et porosity 

Particle density 

Bulk density 

Surface 0-2cm 

30.7+1.2% 

63.~+0.7% 

2.~7 .:!: 0.01 g 
0.90 + 0.02 g 

Aggregate stability 65 + 6.8 % 
Organic Matter 6.3 + 0.19 % 

" (foliage removed) 

-2 m 

-3 em 
-3 cm 

Penetrometer profile; 

0-10 cm 0.5 + 0.1 MPa 

10-20 cm 0.7 + 0.1 MPa 

20-30 cm 1.4 + 0.2 MPa 

30-40 cm 2.7 + 0.5 MFa 

40-50 cm 4.9 + 0.6 MFa 

s-15cm depth. 

12.5 + 1.8 

50.2+1.0 

2.47 + 0.01 g 

1.23.:!: 0.02 9 

58 + 2.8 % 

5.5 + 0.08 % 

-3 cm 
-3 cm 

~~~j;~:~ .: 
:~ ~t~~r ~ . 
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SURVEY SITE NUMBER 31 DATE OF SAMPLING; 28/12/85 

LOCATION; NZ11S 583 832 423 

SITE NA.'1E; "R17" 
OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Unrestricted rooting to 25 cm, large roots below 25 cm. 

BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; Stem rhizomes, high sod strength dispite low density. 

CULTIVATIO~/STOCKING HISTORY 

RECENT 

LAST YEAR None 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT White clover 

LAST YEAR White clover-

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm No. 

-1 18 + 3.0 cm h 

71 cm h -1 

330 + 42 -2 m 

Biopores (>lmm) at 10cm 2800 + 170 

EI00 porosity 

Et porosity 

Particle density 

Bulk density 

Aggregate stability 

Organic :-tatter 

(foliage removed) 

Surface 0-2cm 

28.1 + 1.0 .. 

60.7 + 0.5 .. 

2.47 + 0.01 g 

0.93 .! 0.01 g 
66 + 3.6 % 

7.0 + 0.14 % 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 

0-10 cm 0.7 + 0.1 MPa 

10-20 cm 1.0 + 0.1 MPa 

20-30 cm l.~ + 0.1 MFa 

30-40 cm 2.5 + 0.2 MPa 

40-50 cm 3.6 + 0.5 MFa 

5-1scm depth. 

12.7 + 0.9 '\ 

49.4 + 0.6 '\ 

2.47.! 0.01 9 

1.25.! 0.01 9 

39 + 4.6 !I; 

5.4 + 0.08 % 

--,;:: 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 32 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS 583 832 423 

SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 

BIOPORES; considerable activity in top 25 cm, evidence to 35 em. 

OTHER FEATURES; No crusting, few weeds, profuse surface rooting. 

CULTIVATION/STOCKING HISTORY 

RECENT 

LAST YEAR None 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

CROPPING HISTORY 

RECENT Per. ryegrassjW. clover 

LAST YEAR Per. ryegrassjW. clover" 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 cm) 

Earthworm No. 

-1 22 + ~.6 cm h 
-1 100 em h 

-2 350 + 85 m 

Biopores i>lmm) at 10cm 2300 .! 160 

E100 porosity 

Et porosity 

Particle density 

Bulk density 

Aggregate stability 

Organic Matter 

• (foliage removed) 

surface 0-2cm 

27.2 + 0.5 % 
60.7 + 0.3 % 

2.~5 + 0.01 9 
0.97 + 0.01 g 

63 + 3.9 % 
5.7 + 0.24 % 

-2 m 

-3 em 
-3 em 

Penetrometer profile; 

0-10 cm 0.6 + 0.1 MFa 

10-20 cm 0.7 + 0.1 MFa 

20-30 cm 1.7 + 0.1 MPa 

30-40 cm 2.8 + 0.6 MPa 

40-50 cm 4.5 + 0.7 MPa 

5-1scm depth. 

13.9+1.7% 

50.4 + 0.6 % 
2.47 + 0.01 g 

1.22.! 0.02 g 

59 + 1. 6 % 

5.3 + 0.14 % 

-3 em 
-3 em I 

W 
W 
W 
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SURVEY SITE NUMBER 33 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS 583 832 423 OWNER; Lincoln College Research Farm. 

SITE NAME; "R17" SOIL SERIES; Wakanui silt loam. 
NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse large roots to 25 cm, many large roots to depth. 
BIOPORES; Sparing activity in top 25 cm, evidence only to 35 cm. 

OTHER FEATURES; High sod strength dispite low density, few weeds. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR None 
YEAR BEFORE Ploughed & worked 
Y~ BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT 
LAST YEAR 

Tall fescue/W. clover 
Tall fescue/W. clover* 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat iburned) 
YEAR BEFORE Wheat - (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 21 + 6.2 cm h- l 
-1 Ksat (5-15 cm) 94 cm h 

Earthworm No. 290 + 82 -2 m 

Biopores (>lmm) at 10cm 1900! 250 

ElOO porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 

Organl.c Matter 

(foliage removed) 

Surface 0-2cm 
32.0 + 2.0 % 
63.7+1.4% 
2.~7 + 0.01 g 
0.90! 0.03 g 

71 + L2 % 

6.6 + 0.25 % 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 0.6 + 0.1 MPa 
10-20 cm 0.8 + 0.2 MPa 
20-30 cm 1.7 + 0.1 MPa 
30-40 cm 2.9 + 0.4 MPa 
40-50 cm 4.5 + 0.4 MPa 

5-l5cm depth. 
16.7 + 0.5 l; 

52.0 + 0.4 t 

2.47! 0.01 g 
1.18 + 0.01 g 

59 + 7.4 % 
5.5 + 0.20 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 34 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS 583 832 423 
SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 
NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 25 cm, very sparing below 25 cm. 
BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; No crusting, few weeds, profuse surface rooting. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR None 
YEAR BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT 
LAST YEAR 

Italian ryegrass 
Italian ryegrass* 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 
Ksat (5-15 cm) 
Earthworm No. 

25 + 7.5 
110 cm 

250 + 

cm h-1 

h-1 

45 m- 2 

Biopores (>lmm) at 10cm 3200! 390 -2 m 

E100 porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stabl.lity 
Organic :-tatter 

• (foliage removed) 

Surface 0-2cm 
29.5 + 0.9 % 
62.0 + 0.5 % 

-3 2.47 + 0.01 g cm 
-3 0.94! 0.01 g cm 

54 + 5.9 % 
5.9 + 0.16 % 

Penetrometer profile; 
0-10 cm 0.4 + 0.1 MFa 
10-20 cm 0.8 + 0.2 MFa 
20-30 cm 1.4 + 0.1 MFa 
30-40 cm 1.8 + 0.1 MFa 
40-50 cm 3.5 + 0.1 MFa 

5-15cm depth. 
16.4 + 0.7 % 
51. 9 + 0.6 % 

2.n + 0.01 g 
1.19 + 0.01 g 

53 + 3.7 % 

5.4 + 0.06 % 

-3 cm 
-3 cm 

I 
VJ 
VJ 
~ 
I 



SURVEY SITE NUMBER 35 DATE OF SAMPLING; 14/1/86 

LOCATION; NZMS S83 856 433 

SITE :<lANE; "A10" 
OWNER; Lincoln College Mixed Cropping Farm 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, track used by heavy traffic, cultivated. 

PROFILE A HORIZON; Z~, 0-25 crn, top 10 cm angular platey, 10-25 massive. 
NOTES B HORIZON; ZL, 25 and below strongly mottled, massive structure. 

ROOTING; Rooting pattern destroyed in topsoil. 

BIOPORES; Most biopores destroyed. 

OTHER FEATURES; Surface crusting, very low permeability when wet. 

CULTIVATION/STOCKING HISTORY CROPPING HISTORY 
RECENT Very heavy traffic. rotary hoed 

to 10 cm depth, and rolled. RECENT Per. ryegrass;W. clover 

White clover LAST YEAR Stocked, direct drilled 

YEAR BEFORE Stocked, direct drilled 

'{EAR BEFORE Minimum cul ti va t ion 

'lEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed & worked 

LAST YEAR 

YEAR BEFORE Pe~ennial ryegrass 
YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 

Ksat (5-15 em) 

Earthworm No. 

-1 10 + 3.2 cm h 

35 cm h 
-1 

100 + 27 -2 
m 

Biopores (>lmm) at 10cm 700 + 340 

EIOO porosity 

Et porosity 

Part~cle density 

Bulk density 

Aggregate stability 

Organic Matter 

Surface 0-2cm 

33.7 + 2.7 % 
66.2 + 1.3 % 

2.B + 0.01 g 

0.84.! 0.03 g 
22 + 2.0 % 

6.3 + 0.20 % 

-2 m 

-3 cm 
-3 em 

Penetrometer profile; 

0-10 cm 1.3 + 0.8 MPa 

10-20 cm 3.3 + 0.8 MPa 

20-30 
30-40 

cm 3.7 + 0.8 MPa 
cm 4.8 + 0.6 MPa 

40-50 cm 4.9 + 0.5 MPa 

5-15cm depth. 

12.6 + 2.0 % 
51.0 + 2.0 % 

2.49 + 0.01 g 

1.22 + 0.05 g 

21+3.7% 

5.2 + 0.10 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 36 DATE OF SAMPLING; 14/1/86 

LOCATION; NZMS S83 856 433 

SITE NAME; "A10" 

OWNER; Lincoln College Mixed Cropping Farm 

SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land. track used by heavy traffic, cultivated. 

PROFILE A HORIZON; ZL, 0-25 em, top 10 cm massive/p1atey, 10-25 massive. 

10-~0 cm broken massive structure either side of fissure. 

NOTES B HORIZON; ZL. 25 and below strongly mottled, massive structure. 

ROOTING; Rooting pattern destroyed in topsoil. 
BIOPORES; Most biopores destroyed. 

OTHER FEATURES; S.urface crusting, very low permeability when wet. 

CULTIVATION/STOCKING HISTORY CROPPING HISTORY 

RECENT Very heavy traffic, rotary hoed 

to 10 cm depth, rolled and subsoiled. 

LAST YEAR Stocked, direct drilled 

YEAR BEFORE Stocked, direct drilled 

YEAR BEFORE Minimum cultivation 

YEAR BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

RECENT Per. ryegrass/W. clover 

LAST YEAR White clover 

YEAR BEFORE Perennial ryegrass 

YEAR BEFORE Wheat (burned) 

YEAR BEFORE Wheat (burned) 

BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 12 + 1.5 cm h- l 
-1 Ksat (5-15 cm) 290 cm h 

Earthworm No. 100 + 27 m- 2 

Biopores (>lmm) at 10cm 1600! 600 

ElOO porosity 

Et porosity 

Pa~ticle density 

Bulk density 

Aggregate stab~lity 

organic Matter 

Surface 0-2cm 

27.7 + 2.0 % 

64.2 + 1.2 % 

2.~9 .! 0.01 g 

0.89 + 0.03 g 

16 + 1.2 % 
7.4 + 0.30 's 

-2 m 

-3 em 
-3 cm 

Penetrometer profile; 

0-10 cm 0.4 T 0.0 MFa 

10-20 

20-30 

cm 0.7 + 0.3 MFa 
cm 1.1 + 0.2 MFa 

30-40 cm 2.4 + 0.3 MPa 

40-50 em 3.7 + 0.5 MPa 

5-15cm depth. 

15.8 + 2.2 % 

55.0 + 1.6 % 

2.H + 0.01 

1.12 + 0.04 

18 + 2.3 % 

6.2 + 0.10 % 

-3 cm 
-3 

g em 

~mn '\ ;~~;>~ 

) 

W 
W 
U1 
I 



SURVEY SITE NUMBER 37 DATE OF SAMPLING; 21/1/86 

OWNER; D.S. I.R. LOCATION; N~~ S83 867 446 
SITE NAME; "S2" SOIL SERIES; Templeton deep heavy silt loam. 
NOTES ON SITE; Level plateau in undulating terrain, unsheltered. 

PROFILE A HORIZON; HZL, 0-25 cm, no mottles, nutty, but platey at 5-10 cm. 
NOTES B HORIZON; HZL, 25 and below, no mottles, massive structure. 

ROOTING; Profuse fine roots in topsoil, large tap roots to depth. 
BIOPORES; considerable activity in top 25 cm evidence to 35 cm. 

OTHER FEATURES; Bare surface between plants, ground cover <10 %. 

CULTIVATIO~/STOCKING HISTORY 
RECENT ~o CUlt., no stock. 
LAST YEAR ~o cult., no stock. 
YEAR BEFORE ~o cult., no stock. 
YEAR BEFORE No cult., no stock. 
YEAR BEFORE Ploughed & worked 
BEFORE THAT ? 

CROPPING HISTORY 
RECENT Lucerne pure stand" 
LAST YEAR Lucerne pure stand" 
YEAR BEFORE Lucerne pure stand" 
YEAR BEFORE Lucerne pure stand" 
YEAR BEFORE 
BEFORE THAT 

? 

? 

PHYSICAL DATA. 

Infiltration Rate 6.2 + 1.8 cm h- l 
- -1 

Ksat (5-15 cm) 90 cm h 
Earthworm No. 380 + 50 -2 m 

Biopores (>lmm) at 10cm 2400! 350 

EI00 porosity 
Surface 0-2cm 
23.7 + 0.9 % 
61.~ + 1.3 % 

-2 m 

Et porosity 
Particle density 
Bulk density 

-3 
2.~5 + 0.01 g cm 

- -3 
0.95 + 0.03 g cm 

Aggregate stability 71 + 3.3 % 
Organic ~atter 8.9 ! 0.53 % 

• (foliage removed) 

Penetrometer profile; 
0-10 cm 1.4 + 0.1 MPa 
10-20 cm 1.5 + 0.2 MFa 
20-30 cm 2.9 + 0.3 MFa 
30-40 cm + MFa 
40-50 cm + MFa 

5-15cm depth. 
12.5+1.7% 
50.4 + 1.1 % 

2.41 + 0.03 g 
1.20 + 0.03 g 

37 + 2.6 % 
6.4 + 0.30 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 38 DATE OF SAMPLING; 21/1/86 

OWNER; D.S.I.R. LOCATION; NZMS S83 867 446 
SITE NAME; "S2" SOIL SERIES; Templeton deep heavy silt loam. 

NOTES ON SITE; Level plateau in undulating terrain, unsheltered. 

PROFILE A HORIZON; HZL, 0-25 cm, no mottles, nutty, but platey at 5-10 em. 

NOTES B HORIZON; HZL, 25 and below, no mottles, massive structure. 
ROOTING; Profuse fine roots in topsoil, large tap roots to depth. 

BIOPORES; Considerable activity in top 25 cm evidence to 35 em. 
OTHER FEATURES; Bare surface between plants, ground cover <10 %. 

CULTIVATION/STOCKING HISTORY 
RECENT No cult., winter stock. 
LAST YEAR No cult., winter stock. 
YEAR BEFORE No CUlt., winter stock. 
YEAR BEFORE No cult., winter stock. 
YEAR BEFORE Ploughed & worked 
BEFORE THAT ? 

CROPPING HISTORY 
RECENT Lucerne pure stand" 
LAST YEAR Lucerne pure stand" 
YEAR BEFORE Lucerne pure stand" 
YEAR BEFORE Lucerne pure stand" 
YEAR BEFORE 
BEFORE THAT 

? 

? 

PHYSICAL DATA. 

Infiltration Rate 4.8 + 1.4 cm h-1 
- -1 

Ksat (5-15 cm) 82 cm h 
Ea.rthworm No. 510 + 52 -2 m 

Biopores (>1mm) at 10cm 1400 + 190 -2 m 

EI00 porosl.ty 
Et porosity 
Particle density 
Bulk density 

Surface 0-2em 
19.6 + 2.0 % 

58.9 + 1.4 % 

2.45 + 0.01 
1.00 + 0.03 

Aggregate stability 59 + 0.2 % 
Organic Matter 8.4 ! 0.31 % 

• (foliage removed) 

-3 9 cm 
-3 9 cm 

Penetrometer profile; 
0-10 cm 2.3 + 0.1 MFa 
10-20 em 2.0 + 0.2 MFa 
20-30 em 3.3 + 0.7 MFa 
30-40 cm + MPa 
40-50 cm + MFa 

5-15cm depth. 
11. 6 + 0.9 % 

49.3 + 0.6 % 

2.41 + 0.03 g 

1.22 + 0.02 g 
35 + 3.0 % 

6.0 + 0.17 % 

-3 cm 
-3 em 

jl~m 

I 
W 
W 
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SURVEY SITE NUMBER 39 DATE OF SAMPLING; 18/2/85 

LOCATION; NZMS S83 856 431 
SITE NAME; "AU" 

OWNER; Lincoln College Mixed Cropping Farm 

SOIL SERIES; Wakanui silt loam. 
NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, strongly mottled, massive structure. 
NOTES B HORIZON; ZL, 25-60 cm, strongly mottled, massive structure. 

ROOTING; No roots. 
BIOPORES; Occasional remnant in top 25 cm. 

OTHER FEATURES; Surface crusting, iron nodules exposed by erosion. 

CULTIVATION/STOCKING HISTORY CROPPING HISTORY 
RECENT Mob stocked RECENT Fallow (weed free) 
LAST YEAR Minimum cultivation LAST YEAR Fallow (weed free) 
YEAR BEFORE Direct drilled YEAR BEFORE Fallow (weed free) 
YEAR BEFORE Direct drilled YEAR BEFORE Fallow (weed free) 
YEAR BEFORE Ploughed , worked YEAR BEFORE Fallow (weed free) 
'BEFORE THAT Ploughed , worked BEFORE THAT Fallow (weed free) 

PHYSICAL DATA. 

Infiltration Rate 0.20 + 0.046 cm h-1 Penetrometer profi~e; 
Ksat (5-15 cm) 

. - -1 
15 cm h 0-10 cm 3.4 + 0.3 MPa 

Earthworm No. 00 + 0 m -2 10-20 cm 3.5 + 0.2 MFa 
Biopores ( >lmm) at 10cm 700 + 210 m -2 20-30 cm 3.6 + 0.2 MFa 

30-40 cm 4.9 + 0.5 MFa 
40-50 cm 5.9 + 0.8 MFa 

Surface 0-2cm 5-15cm depth. 
E100 porosity 9.5 + 0.5 % 8.7+1.7% 

Et porosity 50.1 + 0.6 % 45.2 + 0.9 % 

Particle density 2.55 ! 0.02 g cm -3 2.53 ! 0.02 g cm -3 

'-3 -3 Bulk density 1.27 + 0.01 g cm 1. 37 + O. 02 g cm 
Aggregate stability 3.8 + 0.2 % 5.9 + 0.9 % 
Orgahic :-tatter 5.3 + 0.1 % 5.0 + 0.1 % 

I 
VJ 
VJ 
--..J 
I 



SURVEY SITE NUMBER 40 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS S83 832 423 
S1:TE NAME; "Rl7" 

OWNER; Lincoln College Research Farm. 

SOIL SERIES; Wakanui silt loam. 
NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 

NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 
ROOTING; Profuse rooting to 20 cm,few below 25 cm, surface roots. 

BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 
OTHER FEATURES; No crusting, no weeds, profuse surface rooting. 

CtTLTIVATION/STOCKING HISTORY 
RECENT 
~T YEnF. Ploughed & worked 
YEAR BEFORE Ploughed & worked 
YEAR BEFORE Ploughed & worked 

YEAR BEFORE Ploughed & worked 
BEFORE THAT Ploughed & worked 

CROPPING HISTORY 
RECENT Italian ryegzass 
LAST YEAR Italian ryegrass* 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat 
YEAR BEFORE Wheat 
BEFORE THAT Wheat 

(burned) 
(burned) 
(burned) 

PHYSICAL DATA. 

Infiltration Rate 26 + 5.1 cm h-1 

Ksat (5-15 cm) 61 cm h-1 

Earthworm No. 390 + 52 m -2 
- -2 

Biopores (>lmm) at 10cm 1800! 250 m 

E100 porosity 
Et porosity 
Particle density 

Bulk density 

Surface 0-2cm 
27.0 + 2.1 % 
62.2 + 0.9 % 

2.47 ! 0.01 g 
0.93 + 0.02 9 

Aggregate stability 57 + 2.1 % 
Organic Matter 5.6 + 0.26 % 

(foliage removed) 

',,1., 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 0.4 + 0.0 MFa 
10-20 cm 0.4 + 0.0 MFa 
20-30 cm 1.6 + 0.2 MFa 
30-40 cm 2.0 + 0.2 MPa 
40-50 cm 3.8 + 0.3 MFa 

5-15cm depth. 
17.0 + 1.5 % 

53.5 + 0.9 % 
2.47 + 0.01 g 

LIS! 0.02 g 
43 + 2.3 % 
5.2 + 0.20 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 41 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS S83 832 423 OWNER; Lincoln College Research Farm. 
SITE NAME; "R17" SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Moderate rooting 5-20 cm, sparing below 25 em. 
BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FEATURES; Some crusting, some weeds, very friable surface. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR 
YEAR BEFORE 

Ploughed, & worked 
Ploughed & worked 

YEAR BEFORE Ploughed, worked 
YEAR BEFORE Ploughed & worked 

BEFORE THAT Ploughed' worked 

CROPPING HISTORY 
RECENT Wheat 
LAST YEAR Wheat* 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat 

YEAR BEFORE Wheat 
BEFORE THAT Wheat 

(burned) 
(burned) 
(burned) 

PHYSICAL DATA. 

Infiltration Rate 28 + 4.4 cm h-1 

h-1 Ksat (5-15 cm) 340 cm 
Earthworm No. 360 + 30 m- 2 

Biopores (>lmm) at 10cm 2900! 840 

E100 porosity 
Et porosity 
Particle density 

Bulk density 

Surface 0-2cm 
27.9 + 0.8 % 
60.8 + 1.2 % 

2.47 + 0.01 g 

0.97 + 0.03 g 
Aggregate stability 36 + 3.3 % 
Organic Matter 5.5 + 0.14 % 

* (foliage removed) 

'I" 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 0.4 + 0.0 MFa 
10-20 cm 0.4 + 0.0 MFa 
20-30 cm 1.4 + 0.2 MFa 
30-40 cm 2.6 + 0.4 MFa 
40-50 cm 3.8 + 1.0 MFa 

5-15cm depth. 
19.0 + 0.8 % 

53.8 + 0.4 % 

2.47 + 0.01 9 

1.14! 0.01 9 

38 + 2.9 % 
5.0 + 0.11 % 

-3 cm 
-3 cm 

I 
VJ 
VJ 
CO 
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SURVEY SITE NUMBER 42 DATE OF SAMPLING; 28/12/85 

LOC~TION; NZMS S83 832 423 
SITE NAl-!E; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROfILE A HORIZON; ZL, 0-25 cm, some mottles, nutty structure. 
NOTES 8 HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Profuse rooting to 20 cm, sparing below 25 cm. 
BIOPORES; Considerable activity in top 25 cm, evidence to 35 cm. 

OTHER FE~TURES; No crusting, few weeds, profuse surface rooting. 

CULTIVATION/STOCKING HISTORY 
RECENT 
UST YEAR Direct drilled 
YEAR BEFORE Direct drilled 
YEAR BEfORE Ploughed' worked 
YEAR BEfORE Ploughed' worked 
BEfORE THAT Ploughed' worked 

CROPPING HISTORY 
RECENT 
LAST YEAR 

Italian ryegrass 

Italian ryegrass" 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSICAL DATA. 

Infiltration Rate 15 + 2.9 cm h-1 
-1 Ksat (5-15 em) 49 em h 

Earthworm No. 570 + 85 m -2 

Biopores (>lmm) at 10cm 3400! 210 

noo porosity 
Surface 0-2em 
29.2 + 1. 3 % 

63.0 + 1.1 % 

-2 m 

Et porosity 

Particle density 
Bulk dens i ty 
Aggregate stability 
Organic :-latter 

-3 2.47 + 0.01 g em 

• (foliage removed) 

- -3 
0.91 + 0.03 g em 

65 + 9.3 % 
6.7 + 0.10 % 

Penetrometer profile; 
0-10 em 0.7 + 0.1 MPa 
10-20 em 1.1 + 0.2 MPa 
20-30 em 1.6 + 0.1 MFa 
30-40 em 2.8 + 0.3 MPa 
40-50 em 3.7 + 0.8 MPa 

5-15cm depth. 
13.0 + 0.4 % 
49.0 + 1.1 % 

2.47 + 0.01 9 
1.26! 0.01 g 

54 + 8.9 % 
5.0 + 0.36 't 

-3 em 
-3 em 

SURVEY SITE NUMBER 43 DATE OF SAMPLING; 28/12/85 

LOCATION; NZMS S83 832 423 
SITE NAME; "R17" 

OWNER; Lincoln College Research Farm. 
SOIL SERIES; Wakanui silt loam. 

NOTES ON SITE; Flat land, unsheltered, end of a paddock. 

PROFILE A HORIZON; ZL, 0-25 em, some mottles, nutty structure. 
NOTE~ B HORIZON; ZL, 25-45 or 80 cm, strongly mottled, massive structure. 

ROOTING; Moderate rooting 5-20 em, very sparing below 25 em. 
BIO,PORES; Considerable activity in top 25 em, evidence to 35 em. 

OTHER FEATURES; Some crusting, some weeds,very friable surface. 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR Direct drilled 
YEAR BEFORE Direct drilled 
YEAR BEFORE Ploughed' worked 
YEAR BEFORE Ploughed' worked 
BEFORE THAT Ploughed, worked 

CROPPING HISTORY 
RECENT 
LAST YEAR 

Wheat 
Wheat" 

YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
YEAR BEFORE Wheat (burned) 
BEFORE THAT Wheat (burned) 

PHYSI~L DATA. 

Infiltration Rate 26 + 3.2 cm h- l 
-1 Ksat (5-15 em) 98 em h 

Earthworm No. 670 + 77 -2 m 

Biopores (ilmm) at 10em 3200! 420 

E100 porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic Matter 

• (foliage removed) 

surface 0-2cm 
22.6 + 1. 6 % 

58.0 + 0.7 % 

2.47 + 0.01 9 
1.03 + 0.02 9 

61 + 9.0 % 
5.7 + 0.09 % 

-2 m 

-3 em 
-3 em 

Penetrometer profile; 
0-10 em 0.5 + 0.1 MFa 
10-20 em 0.9 + 0.2 MFa 
20-30 cm 1.6 + 0.1 MFa 
30-40 cm 2.8 + 0.3 MFa 
40-50 em 3.9 + 0.2 MFa 

5-15em depth. 
14.3 + 1.5 % 

49.6 + 1.2 % 

2.47! 0.01 9 
1.24! 0.03 9 

36 + 3.8 % 

5.0+ 0.10 % 

-3 em 
-3 em 

) 
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SURVEY SITE NUMBER 44 DATE OF SAMPLING; 10/2/86 

LOCATION; NZMS S84 972 567 OWNER; Riccarton Trust. 
srTE NAME; "Deans Bush" SOIL SERIES; ~~heavy silt loam. 
NOTES ON SITE; Flat land, total canopy, native bush. 

AO HORIZON; 1.5 cm of organic matter; 1, h , f layers indistinct. 
PROFILE nh HORIZON; ZL, 0-25 cm, very organic, mottled, crumb structure. 

AB HORIZON; ZL, 25-30 cm, strongly mottled, nutty structure. 
::aTES B HORIZON; ZL, 30 , below, concretions/gleying, massive/prismatic. 

ROOTING; Intense root system, many large (>5 cm) at all depths. 
BIOPORES; Many different sorts, some from megascolecid earthworms, 

o~ers from diptera and co1leoptera larvae, to at least 45 cm. 
OTHER FEATURES; Soil coloured by plant products, (especially tanins?). 

CcrLTIVATION/STOCKING HISTORY 
RECENT 
!.AST YEAR 
YEAR BEFORE 
YEAR BEFORE 
YEAR BEFORE 
BUORE THAT 

CROPPING HISTORY 
RECENT Native bush; mainly 
LAST YEAR hinau and mapou since 
YEAR BEFORE the selective logging 
YEAR BEFORE of totara and 
YEAR BEFORE kahikatea. 
BEFORE THAT 

PHYSICAL DATA. 

Infiltration Rate ? (very low)·-
-1 Ksat (5-15 cm) 110 cm h 

-2 Earthworm No. 110 + 61 m -
Biopores (>lmm) at 10cm 2400 ~ 350 

•• very hydrophobic - no reading 

E100 porosity 
Surface 0-2cm 
24.3 + 4.5 % 
71.5 + 1. 9 % 

-2 m 

Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic Matter 

-3 2.31 + 0.03 g cm 

., . 
. , 

- -3 
0.66 + 0.05 g cm 

76 + 1. 9 % 

17 . ~ + 0.09. % 

Penetrometer profile; 
0-10 cm 1.7 + 0.3 MFa 
10-20 cm 1.5 + 0.1 MPa 
20-30 cm 1.9 + 0.1 MFa 
30-40 cm 3.4 + 0.2 MPa 
40-50 cm 3.6 + 0.8 MPa 

5-15cm depth. 
12.3 + 2.3 % 
58.0 + 1.8 's 

2.4.4 + 0.01 g 
1.02 + 0.04 g 

76 + 7.2 % 
9.4 + 1.30 % 

-3 cm 
-3 cm 

SURVEY SITE NUMBER 45 DATE OF SAMPLING; 10/2/86 

LOCATION; NZMS S84 971 566 OWNER; Riccarton Trust. 
SITE NAME; "Deans Bush" SOIL SERIES; TaitapujKaiapoi heavy silt loam. -----NOTES ON SITE; Flat land, total canopy, native bush. 

AO HORIZON; 6 cm of organic matter; I, h & f layers distinct. 
PROFILE Ah HORIZON; ZL, 0-25 cm, very organic, mottled, crumb structure. 

AB HORIZON; ZL, 25-30 cm, strongly mottled, nutty structure. 

NOTES B HORIZON; ZL, 30 , below, strongly mottled, massive/prismatic. 
ROOTING; Intense root system, many large (>5 cm) at all depths. 

BIOPORES; Many different sorts, some from megascolecid earthworms, 
others from ~iptera and colleoptera larvae, to at least 45 cm. 

OTHER FEATURES; Soil coloured by plant products, (especially tanins?). 

CULTIVATION/STOCKING HISTORY 
RECENT 
LAST YEAR 
YEAR BEFORE 
YEAR BEFORE 
YEAR BEFORE 
BEFORE THAT 

CROPPING HISTORY 
RECENT Native bush; mainly 
LAST YEAR hinau and mapou since 
YEAR BEFORE the selective logging 
YEAR BEFORE of totara and 
YEAR BEFORE kahikatea. 
BEFORE THAT 

PHYSICAL DATA. 

Infiltration Rate 
Ksat (5-15 cm) 
Earthworm No. 

? (verv low) *. 
. -1 

27 cm h 

100 + 63 -2 m 

Biopores (>lmml at 10cm 2300 ~ 180 

_. very hydrophobic - no reading 

E100 porosity 
Et porosity 
Particle density 
Bulk density 
Aggregate stability 
Organic Matter 

Surface 0-2c:n 
36.9 + 3.6 % 
75.2 + 2.7 % 

2.26 -! 0.05 g 
0.56 + 0.06 g 

75 + 3.7 % 
19.7 + 3.00 's 

-2 m 

-3 cm 
-3 cm 

Penetrometer profile; 
0-10 cm 1.5 + 0.4 MFa 
10-20 cm 2.5 + 0.8 MPa 
20-30 cm 3.7 + 0.7 MFa 
30-40 cm 4.5 + 0.9 MPa 
40-50 cm 5.3 + 1.0 ~~a 

5-15cm depth. 
12.7 + 1.3 % 

56.9 + 1.2 's 

2.43 + 0.01 g 
1.04 ~ 0.03 g 

78+6.3% 
8.5 + 1.:'0 % 

-3 cm 
-3 cm 

:::1r:!~n· 
., .. ~,~!(:".-
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APPENDIX FOUR 

PARTICLE SIZE DISTRIBUTION OF SURVEY SITES. 

Percentage .(1//1/) 

o 10 20 30 40 50 60 70 80 90 100 
I I I I I I I I I i i 

_7////T~ 

o 10 20 30 40 50 60 70 80 90 100 

Percentage (1/11/) 

Sites 1,2,3,4,5,6 

Sites 7,8,9,10,11 

Sites 12,13,14,15,16,17,18,19, 
27,28,29,30,31,32,33,34, 
40,41,42,43 

Site 20 

Site 21 

Site 22 

Site 23 

Site 24 

Site 25,26,35,36,39 

Sites 37,38 

Site 44 

Site 45 

20 60 IJm 

Clay Silt Sand 



PARTICLE SIZE DISTRIBUTION OF VAKANUI SILT LOAM PROFILES. 

Percentage (II/V) 

o 10 20 30 /,0 50 60 70 80 90 100 
I I I I I I I I I I I 

_2OV~ 
_Z'lJ7Am 
~~/2f'lJ 
~/T//fZ] 
IIffhJ/Z1 
_2///7//712 
~A//A 
_W/r//Zl 
117/V/2 
I2JZI 
_mffJX102 
_W//ZV//A 
~/2Im 
_/~~ 

_//§~ 

_Z7ffflV///2 
~h3U1 
_/77/2Yffi1 
.1122 
I;{I 
, , , , I I I I I , I 

o 10 20 30 40 50 60 70 80 90 100 

Percentage (II/II) 

ClilY 

0-20 em 

20-40 em 

40-60 em 

60-80 em 

80-100 em 

0-20 em 

20-40 em 

40-60 em 

60-80 em 

80-100 em 

0-20 em 

20-40 em 

40-60 em 

60-80 em 

80-100 em 

0-20 em 

20-40 em 

40-60 em 

60-80 em 

80-100 em 

Depth. 
(em) 

Rep. 1 

Depth. 
(em) 

Rep. 2 

Depth. 
(em) 

Rep. 3 

Depth. 
(em) 

Rep. 4 

20 60 11m 

Silt Silnd 



90 APPENDIX FIVE 

PRECIPITATION AND PENMAN POTENTIAL EVAPOTRANSPIRATION (1984-1985). 
80 

70 

60 Half monthly precipitation (mm). 

50 

40 
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o 
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20 

30 
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70 Half monthly Penman potential 
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80 
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SURVEY SUMMARY OF WORM POPULATIONS 
site ~.cal~ginosa ~.trapezoides . O.cyaneum L.rubellus total total total total tota12 A.cal Mat 
no. JU 30m mat JU 30m mat JU 30m mat ju im mat A.cal A.trap O.cyan L.rub no m % % 

1 270 50 270 50 320 84 0 
2 490 10 330 500 330 830 60 1 
3 440 10 130 20 450 150 600 75 5 
4 750 50 140 10 10 800 150 10 960 84 6 § 5 1020 220 100 1020 320 1340 76 7 
6 1170 40 110 40 1210 150 1360 89 3 
7 170 280 (5 ) 80 (5 ) 460 80 540 85 2 
8 120 270 20 390 20 410 95 0 t:C 9 120 350 160 20 (5) 630 30 660 96 26 -= 10 30 580 40 50 650 50 700 92 6 0 11 70 360 90 50 (5 ) 530 60 580 89 17 

~ 12 50 370 20 20 10. 440 20 10 470 94 4 
13 30 500 16) 20 10 (5 ) !§l 530 30 10 570 93 4 
14 10 220 10 (5 ) 250 10 10 270 94 7 ." > 15 10 170 20 ~6) 200 ~6) 200 98 10 0 ." 16 20 460 20 Ul 500 520 95 5 ." ." 17 60 300 40 360 40 400 90 1 c:: gg 18 30 210 10 10 250 20 270 93 7 S 19 40 300 30 30 370 30 400 92 7 0 20 20 50 50 ~6) 120 120 96 40 H 21 30 90 60 180 30 210 86 29 H >:l 22 20 380 110 50 10 30 60 (5 ) 10 !§l 510 60 90 20 680 75 36 0 23 10 280 30 90 !6) 30 140 30 (5 ) 320 90 200 10 620 52 11 Z en 24 40 650 90 50 (5 ) 780 90 870 90 15 en H 25 30 70 20 120 120 100 17 >:l 26 40 170 100 -c·~6 ) 310 310 98 32 .s; 27 140 ~6) 30 ! § I 20 160 30 70 270 59 11 
28 290 20 30 10 320 20 40 380 84 13 0 29 20 160 10 10 50 20 190 10 70 270 70 11 
30 16) 150 30 16) 40 10 180 50 240 77 17 en 31 160 ~6) (5 ) 80 100 170 10 180 360 50 29 ." 32 10 110 20 (5 ) 60 20 160 20 80 260 60 25 t::l 33 10 140 30 16) 40 60 180 100 280 64 32 n 34 (5 ) 130 10 (5 ) 70 20 140 20 90 260 56 35 H 35 30 40 70 70 100 57 t::l 36 30 40 70 70 100 57 en n 130 60 (5) 110 20 10 40 10 190 130 10 50 380 50 24 
38 20 120 170 60 20 ( 5) 100 20 300 80 120 510 59 41 
38 0 
40 40 250 70 10 10 (5 ) (5 ) 360 20 380 95 20 
41 10 260 70 10 340 10 350 97 20 
42 40 430 40 16) 50 (5 ) (5 ) 510 60 570 89 8 
43 30 550 60 20 640 30 670 96 9 

;., 

"I l' ::!Ii:~!::: 
._1" •••. ' •• 
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