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SYNOPSIS  

Tree roots penetrate to  a depth of at least 9 f t  i n  Kaingaroa 
silty sand, the soil type of the central region of Kaingavoa Forest. 
The  eight major pumice ash layers making u p  the profile to  this 
depth were sampled to  detevmine moisture storage capacity avail- 
able t o  deep-rooted plants. Soil textures of these layers range 
jrom silty sand to gravel, but the porous nature of primary particles 
restdts i n  low bulk densities (0.57 to 0.96) and high moisture capa- 
cities ( u p  to  51% by weight) .  All layers except one can store over 
30% moisture by  volume. Drainage of excess water is slozv i n  its 
later stages and two  to three weeks, rather than days, are required 
t o  reach field capacity. After rechai-ge, these soils contain more 
than 30 inches of plant-available water within the upper nine feet.  

This  exceptionally high storage allows sustained growth o f  
Pinus radiata throughout the long growing season. Although mois- 
ture i s  available at  all times, i t  is possible that gvotvth may be 
restricted by  inadequate nutrient uptake when the surface layers 
are near wilting point. 

INTRODUCTION 

Although many tree species can survive extended periods of 
drought, growth falls off rapidly as soil moisture nears exhaustion. 
Not only photosynthesis and growth as such are affected; VitC 
(1961) found that drought resulted in subnormal pressures in the 
resin canal system of Pinus ponderosa, which in turn increased 
susceptibility to bark beetle attack. Lewis and Harding (1963) 
reported that, in parts of Australia, growth of P. radiata forests 
is severely reduced by drought in the latter part of most summers, 
and Shepherd (1964) describes changes in cambial activity that 
result in formation of "false rings" during such periods. 

In New Zealand large areas of exotic conifer forests have been 
established on pumice soils in the central region of the North 
Island. Growth of P. radiata, the major species, does not appear 
to be affected by periods of low rainfall that restrict pasture 
production on the same soils each summer. This is apparently 
due to the fact that tree roots extend to depths of 8 ft or more 
(Will, 1966b) and exploit layers in the soil profile not reached by 
pasture plants. 

Moisture retention in pumice soils, however, differs appreciably 
from that of conventional soils derived from weathering of solid 
rocks. The vesicular nature of the pumice particle makes for 
txceedingIy low bulk densities (= volurne weights) (Packard, 1957; 
Wells, 1962), and moisture storage is within the particles of the 
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soils, rather than simply in external films and capillary pores. 
Unsaturated flow of moisture is slow, however (Packard, 1957; 
Youngberg arid Dyrness, 1964), presumably because of discon- 
tinuities in pore size distribution. Conventional textural classifica- 
tions based on particle size are virtually meaningless as guides to 
total porosity or moisture retention, as observed by Youngberg 
and Dyrness with pumice soils of central Oregon, U.S.A., and Soko- 
lov and Belousova (1966) with the volcanic soils of the Kamchatka 
Peninsula in eastern Russia. 

Studies with moisture blocks (fibreglass or gypsum conduc- 
tivity units) in pumice soils beneath forests would indicate that, 
although the moisture content of the surface foot often falls to 
wilting point, few changes occur below the 12in. depth (Will, 1959, 
1962), even in prolonged periods when evapotranspiration exceeds 
rainfall. Somewhat similar patterns were observed by Wagg and 
Hermann (1962) on pumice soils of Oregon, but their study sites 
were "open areas without brush or dense herbaceous vegetation". 
The failure of moisture blocks to register removal from the deeper 
layers of pumice soils contrasts with their performance elsewhere. 
For example, Hoover et al. (1953) using fibreglass units found that 
a clay loam beneath a Ioblolly pine plantation dried relatively uni- 
formly to wilting point throughout a 5% ft profile. Zahner (1953), 
working with both pine and hardwood stands, observed that 
moisture withdrawal from the layer below three feet proceded at 
about one-half the rate in the friable silt loam above. The absence 
of expected changes in pumice soils is presumably due to the slow 
rate of moisture flow, to insufficient contact between moisture 
blocks and sandy or gravelly pumice layeis, and perhaps to slow 
regrowth of roots into the disturbed soil. 

Gravimetric determinations have shown reductions in soil 
moisture to greater depths than indicated by moisture block 
readings (Will, unpubl.). Nevertheless, estimates of the water avail- 
able to deep-rooted plants in pumice soils are scanty. Packard's (1954) 
earlier work was largely confined to the surface 3 in. layer, and 
the profile characterization studies of the New Zealand Soil Bureau 
(Wells, 1962) depend upon laboratory estimates of field capacity 
and wilting point on disturbed samples, ~isually from within the 
surface three feet. Accordingly, we determined the actual amount 
of plant-available moisture stored within the rooting zone of a 
representative pumice soil. 

LOCATION 

This study was carried out in the central region of Kaingaroa 
State Forest where the soil type is Kaingaroa silty sand (Vucetich 
et  al., 1960). This and closely related types occur over much of 
the 350,000-acre forest. The soil profile has been built up by depo- 
sition of successive volcanic rhyolitic ash showers to a depth of 
lof t  or more on ignimbrite rock (Fig. 1). While the greater part 
of the radiata root systems are in the layers above the Taupo 
lapilli, some roots penetrate through to buried top soils and there 
give rise to extensive networks of fine rcots. Other "peg" roots 
fail to penetrate the lapilli layer. At the first study site roots of 
4-year-old natural regeneration of pine had penetrated to 8% ft, 
often following decayed roots of the parent stand. 



I. Taupo topsoil 
(silty sand) 

II .  Taupo ash 
(silty sand) 

Il l .  Taupo block member 
(sand) 

IV. Taupo lapilli 
(fine gravel) 

V. Rotongaio sands 
(sand) 

VI. Old surface soil I 
(silty sand) 

VIIi.  Old surface soil I I  
(silty sand) 

VII. Ash plus some lapilli 
(gravelly sand) 

FIG.  1 :  Nine-foot profile o/ Kaingaroa silty sand showing layers sampled. 
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Rainfall averages 50 to 60in. a year throughout the area, and 
normally is evenly distributed. Rainless periods of 2 to 4 weeks 
occur in most summers, however, and droughts are not uncommon. 
One of the worst occurred during the summer of 1945-6 when at 
Wairapukao Forest Headquarters, in the centre of the study area, 
the monthly rainfall was : Nov. 0.95 in.; Dec. 2.06; Jan. 0.39 ; and 
Feb. 0.13. 0 l l c w  

Winter rainfall always completely recharges the soil with water. 

METHODS 

Initially bulk density (volume weight), ficld capacity, and wilting 
point by sunflowers were determined on 8 soil layers a t  a single 
site in Compartment 69. To extend these findings, moisture equi- 
valents and 15 bar (atmosphere) wilting points were determined 
for 5 layers on this site, and a t  4 additional sites, respectively about 
4 miles NE, NW, SW, and SE. The soil profile at each site was 
similar to that shown in Fig. 1. Details of methods used are as 
follows : 

Bulk Density 

I t  was possible to c ~ i t  coherent blocks of soil 2% to  3 in. square 
from all layers except the Taupo lapilli and Rotongaio sands. The 
blocks were placed in thin polythene bags which were then evacu- 
ated to  fit the plastic tightly about the sample. The volume was 
determined by change in weight upon immersion, corrected for 
bag volume, and the sample dried to constant weight a t  105°C. 

For the lapilli and sands, volumes were estimated by the "irregu- 
lar hole method" (Lyford, 1964). A sample about 6 X 6 X 4in. 
was taken from a horizontal surface and the volume of water re- 
quired to fill the lined cavity was measured. Bulk density values 
were used to convert moisture content by weight to a volume basis. 

Field Capacity 

Field capacity of the intact profile was determined by the classic 
Veihmeyer procedure. A level zrea was cleared of four-year-old pine 
saplings, and 800 gal of water applied to a centre portion measuring 
approximately 10 X 20 ft  on 27 June 1962. Two-and-a-half inches of 
rain had fallen the previous week and 8 in. in the previous month. 
Records from an adjacent drainage collector showed that for 
the three previous months gravitational water had been flowing 
through a lo f t  profile. Hence, i t  was assumed that all layers were 
soon a t  or above field capacity aftcr applying the additional water. 

The area was covered with a vinyl sheet to prevent evaporation 
and sampled after 2, 5, 9, 27, and 69 days. At each sampling a 
fresh pit was excavated in undisturbed soil. Duplicate or triplicate 
samples were taken from each of the layers in Fig. 1 for gravi- 
metric determination of moisture content Results of the 27-day 
sample were discarded; almost without exception they were higher 
than the 9-day samples, which together with the position of the 
sample pit near the edge of the cover indicated some inward flow 
of water shed by the plastic cover. 



Wilting Point 

For glasshouse trials, composite samples from each layer were 
mixed and placed in 5 in. plastic pots aft=. adding approximately 
1.5 g 14-14-14 fertilizer. Three dwarf sunflower plants were allowed 
to grow through holes in the aluminium foil covering the surface 
of each pot. Watering was discontinued when the plants were 
about 1 ft high and had developed a good leaf area. At first sign 
of wilting the plants were removed to a cool, shady part of the 
glasshouse and left overnight. This process was repeated several 
times until the plants failed to regain turgor during the night. 
Moisture content of the soil was then determined. 

Laboratory wilting point was determined by the pressure plate 
apparatus at 15 atmospheres presscre. Approximately 10 days were 
needed for the samples to reach equilibrium before the retained 
moisture was measured. 

Moisture Equivulent 

Approximately 30-gram samples were centrifuged 30 minutes 
at  1,000 times gravity, and the retained moisture determined. 
This measure was not used as an estimate oi field moisture content, 
but to reveal similarity in the retention pr~pert ies  of the respective 
ash layers at  the five sites. 

RESULTS AND DISCUSSION 

Figure 2 indicates the way in which the moisture content of the 
various layers changed over the 69-day period. The values represent 
successive samples from adjacent, intact profiles in the absence of 
transpiration or surface drying. With the possible exception of the 
Rotongaio sands, all layers lost appreciable moisture between the 
second and ninth days, and several continued to lose thereafter. 
Though one would expect drainage to continue longest in the 
deepest layers, sampling variability is too great for any conclusion 
on this point. 

Estimation of total available water in the 9 f t  profile, as described 
later, indicates that the change between the 2 and 69 days samplings 
amounts to about eight inches. Hence, slow movement of gravi- 
tational water in effect increases the amount retained for plant 
use; some part of this mobile fraction would surely be utilized 
before leaving the profile if evapotranspiration were unrestricted. 
The additional amount could be of some consequence in delaying 
the effect of drought in shallower soils Though field capacity 
in the Veihmeyer sense was not established throughout the profile 
before 2 to 3 weeks, in practice samples taken from vegetated 
soils within a few days after complete wetting of the profile 
would give a good estimate of usable sEorage. 

The slow movement of gravitational water probably accounts 
for the high field capacity values that Youngberg and Dyrness 
(1964) obtained by sampling intact profiles shortly after snow 
melt, as compared with laboratory values at 0.1 bar pressure. 

The bulk densities shown in Table 1 are realistic, being based 
on moist volume and including both large voids and coarse frag- 
ments, apart from a few large pumice blocks. The porous parent 



TABLE 1: BULK DENSITY (VOLUME WEIGHT) AND MOISTURE RETENTION VALUES, SITE 1, KAINGAROA FOREST 

(Values are means of 2 to 6 samples) 

Description 

Field Capacity Wilting Point Available 
Depth Bulk M.C.* M.C. Water 

( f t )  Density % wl % vol. % wt % vol. U/o wt % vol. 
-- -- - - - 

.... I. Taupo top soil . . . . . . . . . . . . . . . .  0.1-0.6 

.... . . . . . . . . . . . . . . . . . . . .  + 11. Taupo ash 1 .O-2.0 
w 

.... * 111. Taupo block member . . . . . . . . . . . .  2.5-3.0 

.... IV. Taupo lapilli . . . . . . . . . . . . . . . .  3.0-5.0 

.... V. Rotongaio sands . . . . . . . . . . . . . . . .  5.1-5.6 

.... VI. Old surface soil . . . . . . . . . . . . . . . .  6.0-6.5 

VII. Ash plus some lapilli . . . . . . . . . . . .  7.0-7.5 .... 

VIII. Old surface soil . . . . . . . . . . . . . . . .  8.0-8.5 .... 
-- - - 

* Equilibrium M.C. after 69 days' drainage under cover. 



materials result in values that are low, 0.57 to 0.97, compared with 
conventional soils, but are similar to those of other pumice soils 
in New Zealand (Packard, 1957; Wells, 1962), the rhyolite and 
dacite pumice soils of Oregon (Youngberg and Dyrness, 1964), and 
the volcanic soils of eastern Russia where some top soil densities 
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are as low as 0.3 (Sokolov and Belousova, 1966). Low values for 
bulk density usually mean friable soils readily penetrable by roots. 
The latter is true of most layers of the profile, but the rough sur- 
faced, gravel-sized Taupo lapilli bridge to make non-yielding struc- 
tures. This severely restricts root expansicn at  many points. 

Table 1 also indicates the high moisture content of the porous 
ash materials a t  field capacity. Apart from the Rotongaio sands, 
which include some denser particles, the values range from 43% 
to 58% by weight. The amounts are both independent of particle 
size, and wholly outside the rule-of-thumb relationships between 
moisture retention and texture that prove useful in conventional 
soils. As in other pumice soils, bulk densities less than 1.0 result 
in lower numerical values when moisture content is expressed on 
a volume, rather than a weight, basis. 

Some of the wilting point values determined by sunflowers 
(Table 1) seem moderately high, and it is possible that better 
control of wilting might have resulted in even lower values. Lab- 
oratory estimates by pressure plate apparatus (15 bars for 10 
days) yielded similar or up to 4% higher values for the same 
pumice layers, however, as shown in Tablt 3. In contrast, Young- 
berg and Dyrness (1964) found that 15 bar moisture contents 
were always lower than wilting points determined by sunflower 
by 1 to 2.5%, but mention no precaution to extend survival of 
the wilting sunflowers, such as taken in the present study. 

In any case, the results of the wilting point determinations by 
both methods agree with the previous conclusions of Youngberg 
and Dyrness, and Packard, that the last of the available water 
is only slowly removed from the internal pores. 

The storage capacities for plant-available water in the various 
layers, that is, moisture content after 69 clays' drainage less that 
retained a t  wilting point, are given in Table 1. Despite the low 
bulk densities, available moisture contents expressed on a volume 
basis are high, 3.5 to 5.0in. of water per foot of depth. Such 
values contrast with the 2.0 to 2.5 in. values found in most medium- 
textured mineral soils. The Taupo lapilli, texturally a fine gravel 
devoid of finer particles, holds 3.5 in. per foot. In Table 2, these 

TABLE 2: ESTIMATED AVAILABLE MOISTURE STORAGE IN A 
KAINGAROA SILTY SAND PROFILE 

Available Available 
Depth Thickness Moisture Moisture 

Layer (f t )  (in.) % vol. (in.) 

I. Taupo top soil .... 0.0-1.0 
11. Taupo ash . . . . . . . .  1.0-2.0 

111. Taupo block 
member ...: .... 2.0-3.0 

IV. Taupo lapilli .... 3.0-5.0 
V. Rotongaio sands .... 5.0-5.5 

VI. Old surface soil I .. 5.5-6.5 
VII. Ash . . . . . . . . . . . .  6.5-7.5 

VIII.  Old surface soil I1 7.5-9.0 



values have been extended to the entire 9 ft profile by the following 
approximation: where part of a homogeneous layer was sampled, 
the results have been applied to the whole; otherwise the lesser 
values from two adjacent strata were applied to the intermediate 
thickness. The result is a conservative estimate, rendered further 
so by the 69-day drainage period. Nevertheless, the total storage for 
plant use, about 36 in., is astonishmgly great when compared w t h  
other values in the literature. Zahner and S!age (1966), for example, 
suggest a range of "only 2 inches to as much as 15 inches". So 
far as the wrlters are aware, only one reported value is higher; 
40in. of water in a 20 ft deep profile in North Carolina (Patric 
e t  al., 1965). In this soil, roots were known to penetrate a t  least 
18 ft, but the authors estimate the contnued drainage removed 
about 2% in. of the above total. Obviously, any of the reported 
storage values may be further increased whenever roots are found 
to penetrate appreciably deeper, as is indeed likely in some of 
the Kaingaroa pumice soils. 

The unusually high storage capacity of profile 1 raises a question 
whether other occurrences of the soil type, although almost identi- 
cal in morphology, are also similar In moisture retention. Values 
for moisture equivalent and 15 bar moisture content from four 
other sites, representing corners of a 32 square mile block, show 
no large or  consistent differences from those of the centrally 
located profile (Table 3). In general, the higher moisture equivalent 
values are associated with hlgher wilting points so that the differ- 
ences between pairs of values - i.e., retention above wilting point - 
vary proportionately less than the values themselves. Hence, it 
seems certain that over many thousands of acres near the experi- 
mental site trees have access to more than 30 in. of stored moisture 
after winter recharge of the profile. This is sufficient to meet 
evapotranspiration demands through the severest droughts. Cal- 
culated evapotranspiration (Penman's formula as adapted by Fin- 
kelstein, 1961) for the summer of 1945-6, when total rainfall was 
only 3.5 in., indicates a moisture loss of 18.5 in., leaving a t  least 
15 in. in the soil. If the Zahner and Stage (1966) assumption of un- 
restricted evapotranspiration as long as moisture content is above 
50% of total storage actually applies to pumice soils, growth would 
have been uninterrupted during this drought, the worst on record. 
Even though actual evapotranspiration might exceed the calculated 

TABLE 3: MOISTURE EQUIVALENT AND 15 BAR MOISTURE 
CONTENTS OF SELECTED LAYERS OF KAINGAROA SILTY SAND 

AT 5 SITES, KAINGAROA FOREST 

(Layers as shown in Fig. 1; values are means of du~licate determinations) 

Layers 
I II 111 IV VII  

Site M . E . 1 5 b a r  M . E . 1 5 b a r  M . E . 1 5 b a r  M . E . 1 5 b a r  M . E . 7 5 b a ;  

- 
% of Oven-dry Weight  - 



value (see Zahner, 1955), the rooting prvfile would still contain 
available water. 

This is not to say that tree growth is never affected by moisture 
deficiency on such deep soils. Thc upper layers of the soil con- 
taining the major part of the fine root system may be reduced to 
near wilting point long before the remainder of the profile (Will, 
1959, 1962; Dyrness and Youngberg, 1966); it is possible that in 
some soils the remainder of the root system may not be able to 
absorb moisture rapidly enough to avoid plant stress when the 
evaporative demand is high. In our study area, however, there 
is no evidence of decreased tree growth during the 1945-6 drought, 
although Gilmour (1965) has reported such reduction on some other 
pumice soils. In any case, postulated relationships between moisture 
stress in trees and the Sirex epidemic in the years following the 
1945-6 drought (e.g., Rawlings and Wilson, 1949) will have to be 
modified to accord with the large available moisture reserves re- 
vealed by the present study. Further evidence on the large role 
of moisture storage in pumice soils is provided by Heddenvick 
and Weston (unpubl.); records of diameter growth with dendro- 
meter bands over periods of several years show growth to be 
dependent on temperature and sunshine, but unrelated to rainfall. 
Another ~oss ib le  conseauence of drouohi mav be inadeauate 
mineral k t r i t ion .  As wili be shown in a-subseq;ent report, h o s t  
of the available nutrient supply is in the topsoil, but roots are 
unable to absorb from this layer whilst it is dried to near wilting 
point. Such an effect in magnesium has already been reported 
(Will, 1966a). 

In sum, the ability of Pintis vadiata to root deeply in these 
porous soils, together with the high content of available moisture 
per unit depth ensures a very large rnoistuie reserve, so great that 
it may be no more than half depleted e v a  during periods of pro- 
longed drought. This abundant and sustained moisture supply 
allows full use of radiation in the long growing season, and so 
leads to exceedingly high dry matter production (Will, 1966b). 
The uninterrupted moisture supply must also influence both the 
properties of timber and the behaviour of forest stands. I t  may, 
for example, account for the remarkably gradual course of mor- 
tality in unthinned stands reported by Spurr (1962), wherein trees 
marked as doomed by reduced diameter growth nevertheless uni- 
formly survived some 7 to 9 years. 
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