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REVIEW OF EARLY RESEARCH ON THE NUTRITION AND
GROWTH OF EUCALYPTS PLANTED IN REHABILITATED BAUXITE
MINED AREAS IN THE DARLING RANGE, WESTERN AUSTRALIA

SUMMARY

Ecualyptus globulus, E. microcorys and E. resinifera seedlings increased
in height and diameter at breast height in response to nitrogen (N) plus
phosphorus (P) fertiliser applied some weeks after planting out. There

was a significant but small response to potassium (K). Survival of

seedlings which received little or no N plus P or just P fertiliser was
generally low. E.' microcorys and E. globulus responded differently to
low levels of P fertiliser in the presence of N. E. microcroys was better
able to survive and maintain its growth rate at low levels of P than E.

globulus .

There was little difference between the responses of eucalypts receiving
relatively high application rates of alternative fertilisers provided the
fertilisers supplied both N and P. For the range of application rates
tested, there was no significant difference between applying all of a
fertiliser treatment in one application three weeks after planting, or

applying half the amount at each of two applications three and nine

weeks after planting.

E. globulus responded to an additional broadcast application of’
mono-ammonium phosphate nine wéeks after planting. E. globulus,
E resinifera E. saligna and E. wandoo from one to six years old
increased their rate of growth in response to an application of a
complete fertiliser. Two year old E. calophylla did not respond to the

complete fertiliser.

The responses to different fertiliser treatments suggest that growth of
most of the species tested is more likely to be limited by N than P.
Current rehabilitation practice includes the establishment of a predom-
inantly legume understorey and it may be that the ongoing nitrogen
demand of the trees will be met by the atmospheric nitrogen fixed by the
legumes. However, substantial additional research is required to provide

a clearer understanding of the nutrition of rehabilitated mined areas.




INTRODUCTION

Alcoa of Australia Limited currently clear, mine and rehabilitate approx-
imately 250-300 ha of forested land per year in the Darling Range of
southwest Western Australia. Rehabilitation practices have been
described by Tacey (1979). Briefly, they involve a sequence of
landscaping, subsoil amelioration, topsoil replacement and revegetation
procedures. Revegetation includes the planting of seedlings of a variety
of local and eastern Australian species of eucalypts. Understorey
establishment is achieved by broadcast seeding, and double stripping or

direct return of topsoil (Tacey & Glossop 1980, Glossop 1981).

The importance of nutrition in revegetation becomes obvious when the
nature of the mining operations is considered. Bauxite in the Darling
Range occurs as relatively small orebodies covering areas of 1-100 ha on
laterised hillslopes. The laterite forms a shallow mantle over deeply
weathered kaolinitic sub-soils and is covered by about 40 cm of sandy
gravel topsoil which supports a dry sclerophyll, jarrah (Eucalyptus
marginata) forest. Prior to mining the forest in the immediate area is
salvage logged. Some of the remaining vegetation is utilised as minor
produce and some stumps and logs are returned to rehabilitated areas
for fauna habitat. Any residual material is heaped and burned. The
topsoil is removed and the underlying bauxite layer which averages 4.5
m in thickness is then excavated. This exposes or nearly exposes the

kaolinitic sub-soil.

The mining operations and associated salvage logging results in the
removal of nutrients from the mined areas. These nutrients are exported
directly in timber produce and in the mined bauxite. In addition
nutrients may be lost during burning of the residual vegetation, or be
lost to the atmosphere or leached during stockpiling of the topsoil. Thus
when topsoil is replaced after mining the nutrient capital of the new
ecosystem created is expected to be lower than the already low nutrient

capital of the original jarrah forest.

During the years 1972-1977 Alcoa staff initiated a number of trials
concerning the nutrition and growth of eucalypts planted in rehabil-

itated mined areas. Information about some of these trials was difficult



to obtain, since several different people, some no longer associated with
Alcoa, were responsible for their planning and measurement. However, in
most cases the raw data has been located and analysed. The trials are

outlined below in chronological order.

1972 TRIAL

The objective of this trial was to determine the establishment fertiliser

requirements of E. globulus and E. microcorys growing in rehabilitated

bauxite pits.

Method
Two uniform areas were selected at Jarrahdale (JW316), one for each
species. An effort was made to ensure that overburden return and
ripping was carried out uniformly. For both species there were 22
treatments, each replicated three times (Table 1). Treatment 21 was the
former standard treatment of blood and bone plus potato manure E,
applied three weeks after planting. In the case of E. globulus each
replicate was a row of 152 trees. Treatments were allocated randomly to
five successive seedlings with two seedlings between each treatment as a
buffer. In the case of E. microcorys each replicate consisted of two rows
of 75 trees and again cach treatment was allocated randomly to five
successive seedlings with two seedlings between each treatment as a
buffer. Seedlings were planted 180 cm apart with rows 360 cm apart. The
seedlings were of uniform stock and were approximately 15-20 cm high

when planted out.

The heights of all E. globulus were measured on 6.7.72, 2.10.72,
13.11.72 and 17.4.75 and their diameter at breast height over bark
(DBHOB) on 6.10.76 (Figures 1-5). The heights of all E. microcorys were
measured on 6.7.72, 2.10.72 and 17.4.75, and their DBHOB on 5.10.76
(Figures 6-9). The data for this trial and the 1973 trial were analysed
by Mr. M.J. Palmer of the CSIRO Division of Mathematics and Statistics.

Though the experiments were set-up as a randomised block design, there
were too many missing values for a balanced analysis to be possible.
Thus the data were analysed using a regression on dummy variables

approach (Searle, 1971). The statistical language GENSTAT was used for



the analysis. The effects of the wvarious fertiliser treatments were
examined by taking into consideration the actual amounts of nitrogen
(N}, phosphorus (P} and potassium (K) (in the 1973 trial only) applied.
The effects of the various amounts of N, P and K were evaluated by
partitioning the fertiliser sums of squares into linear and quadratic
components and associated interactions and examining their significance.
In some cases there was a significant lack of fit with the quadratic
model, but the quadratic response model still accounted for a large
amount of the wvariability and extending it to say, a cubic model, was

considered unwarranted,

A disadvantage of this approach is that the actual combinations of N, P
and K applied do not define the response surface over all possible
combinations. This can lead to misleading interpretations of the response

if the surface is extrapolated outside the combinations applied.

Inspection of 1initial analyses of the data showed an 1increasing
variability with increasing response. This contradicts one of the
assumptions necessary for the validity of inferences from the analysis. A

natural logarithm transform was used to obtain homogeneity.

Results

One month after planting (Figures 1 and 6) there was a significant
difference between heights of the two species; E. microcorys being
consistently taller than E. globulus. There were no significant fertiliser
effects except for quadratic P which may have occurred by chance. The

fertiliser by species interaction was not significant.

Four months after planting (Figures 2 and 7) the significant difference
in height between the species had disappeared. However, there were
large fertiliser effects with both linear P and linear N components
significant, although the quadratic effects were not. There was no
significant fertiliser by species effect which indicates that the response

to fertiliser was similar for both species at this stage.

Three years after planting (Figures 4 and 8) the E. globulus were

significantly taller than the E. microcorys. There was a significant



height response to fertiliser with linear P, quadratic P, linear N,
quadratic N and linear P by linear N effects all significant. The two
species responded differently to the fertilisers as there was a significant
species by fertiliser interaction. The species by linear P, quadratic P
and linear P by linear N interactions were all significant indicating a

different response to P and a different N by P interaction effect with the

two species.

Four years after planting DBHOB was measured (Figures 5 and 9}. There
was a clear response to fertilisation with Ilinear and quadratic
components for both N and P significant. Unlike the height data for the
previous year there was no significant N by P interaction nor a
difference between species or a species by fertiliser interaction.
However, there was a significant species by linear P effect indicating
that the species responded differently to P. E. globulus grew poorly at

low rates of P whereas E. microcorys was not as sensitive to low P.

Looking at the individual fertilisers, there was little difference between
the heights and DBHOB of trees receiving the highest rates of those
fertilisers which supply both N and P such as Agras 18:18 (treatment 4},
sulphate of ammonia plus superphosphate {treatment 16) and mono-amm-
onium phosphate (MAP) (treatment 20). However, applying a fertiliser
with no P component such as sulphate of ammonia reduced the response
of both species, but E. globulus in particular, as indicated by the

significant species by linear P effect.

There was no significant difference between applying all of a fertiliser
treatment in one application three weeks after planting or applying half

the amount at each of two applications three and nine weeks after

planting.

Survival numbers (Tables 2 and 3) show that when no fertiliser or very
low levels of fertiliser were supplied (treatments 5, 21 and 22} survival
of E. microcorys was low. Survival of E. globulus was low with these
treatments and alsoc when fertiliser with a low P content was used
(treatments 9-12), further emphasising the sensitivity of E. globulﬁs to

low levels of P.



1973 TRIAL

This trial was an extension of the 1972 trial and investigated different
application levels and combinations of P and N fertilisers. In addition,
Potassium (K) was added to three of the treatments. One of these N,P,K

treatments also included a trace element mix. Three species were used:

E. globulus, E. microcorys and E. resinifera.

Method
Seedlings were planted at Jarrahdale pit JW302 on 25.5.73 and fertilised
on 20.6.73 and again on 1.8.73. The fertiliser was placed in a heel hole
20-30 cm from the seedling except for treatment 13 where it was spread
on the surface. Table 4 summarizes the treatments applied. Each
treatment consisted of five successive trees and was replicated three

times. Table 5 shows the constituents of the trace element mix used in

treatment 11.

All the plots were measured on 6.5.75 and 1.10.76. The data were again

analysed by Mr. M.]. Palmer using the same statistical procedures as

for the 1972 trial.

Results
Height data two years after planting (Figures 10,12 and 14) showed a
significant difference between species with E. globulus taller than E.
microcorys which were taller than E. resinifera. There was also a
significant difference between fertilisers with significant linear N and
linear K components. The P components were not significant. There was
no fertiliser by species interaction signifying that all species responded

similarly to fertiliser.

DBHOB data three years after planting (Figures 11,13 and 15) showed no
difference between species nor a fertiliser by species interaction, again
indicating a similar response to fertiliser by the three species. There
was a significant response to linear N and linear K, although the K
effect was small. No effect of the trace element application was found.

As for the earlier height data there was no significant response to P.



Looking at the individual fertilisers, those with the highest N content
(treatments 2 and 5) generally gave the largest height and diameter

response for all three species (Figures 10-15).

Treatments 10 and 11, which supplied K as well as N and P, also gave
good growth responses. Trees receiving treatment 9 which supplied no N
(only P) grew poorly. There was little difference in growth between
treatments (1 and 13) where equivalent amounts of MAP were applied in
a heel-hole 20-30 cm from the tree or broadcast around the tree.
Survival figures (Table 6) show that without fertiliser or with a

fertiliser with no N component (treatments 9 and 15) survival was poor.

1974 TRIAL

The aim of this trial was to determine the growth response of
E. globulus seedlings and the density of volunteer ground cover to a

broadcast application‘ of MAP nine weeks after planting.

Method
E. globulus seedlings weré”plan.ted in winter 1974 in an area of
Jarrahdale JW306 which had been spread with fresh topsoil taken from a
pit currently being prepared for mining. The use of fresh topsoil
ensured that the maximum number of viable seeds would be conserved
and spread on the area. The tree seedlings received two applications of

100 g of MAP applied in a heel-hole three and nine weeks after planting.

The trial consisted of 14 rows, each of 15 trees. Each fireatment and
control consisted of two of these rows. There were three controls (zero
broadcast application of MAP) and two replicates each of 600 kg/ha and
1200 kg/ha of MAP broadcast nine weeks after planting. The treatments
were allocated systematically rather than randomly (Figure 16). In the
statistical analysis of the results the allocation of treatments was

treated as though random.

Results
DBHOB of all trees was measured on 18.1.77. The data from all replicates
for each treatment were combined and the treatments compared using a

one-way Anova (Table 7). Trees receiving fertiliser had significantly



larger diameters than those receiving none (p < 0.001) and those
receiving 1200 kg/ha were significantly larger than those receiving 600
kg/ha (p <0.05). A chi-squared test supported the hypothesis that tree

survival rates were the same for all treatments.

The density of ground cover was determined on 26.2.75 by counting the
number of plants in ten 1 m quadrats in each plot. The quadrats were
laid out in a systematic fashion every two metres along the southern
boundary of plots 1 to 6 starting from the western end. The data for
each treatment was combined and a one-way Anova, comparing the
average number of plants per square metre, was carried out (Table 8).
No significant differences were found. This early trial did not include
an assessment of the percentage of cover of individual species, nor of

changes in species densities with fertiliser rates.

1977 TRIAL

This trial was initiated to investigate the response of trees growing in
rehabilitated mined areas to refertilisation. A number of different

species and ages of trees were involved.

Method
Table 10 gives details of the eight plots, three at Del Park and five at
Jarrahdale. All the trees would have received 100 g of MAP at three and
nine weeks after planting except the E. globulus on ]JV328 which would
have received only 100 g of blood and bone/potato manure E mix at
planting. All the plots except JV328 would have been ripped to a nominal
depth of 1-2 m before planting.

Each treatment consisted of two rows of trees. There were two replicates
for all treatments at both sites and for the controls on the Del Park
plots. The controls on the Jarrahdale plots had three replicates. The
treatments were a control (no fertiliser), one kilogram of fertilizer per

tree and two kilograms of fertiliser per tree.

The fertiliser used was 50:50 mix of CSBP 3:6:3 and double super-
" phosphate. The analysis of this mixture was 5.5% N, 10.5% P, 1.65% K,
2.25% S, 0.05% Cu, 0.05% Zn and 0.5% Fe. Table 10 gives details of the



dates on which the various plots were refertilised.

Samples for foliar analyses were taken from E. resinifera (JW302),
E. wandoo (JW306), E. globulus (JW302) and E. calophylla (JW306) by
Ms. J. Lovering, a W.A.I.T student. Sampling was restricted to upper
mature leaves formed on current growth shoots at the ends of branches
in the upper third of the crown. Trees to be sampled were selected
randomly in each row. Composite samples for each row were dried at 50°
for 24 hours and then ground in a mill with a coarse sieve. Sub-samples
were digested by a Kjeldahl procedure. The digest was analysed for
nitrogen by steam distillation, phosphorous by the phospho-molybdate
blue method and potassium by flame photometer. The trees were measured
in August and November 1977, August 1978, March 1979 and February
1980, Where the trees were small, héight measurements were taken; but
DBHOB was measured on plots with larger trees. Multistemmed trees,
which were common in E. calophylla and E. wandoo plots, had the DBHOB
of all their stems measured and then converted to a single DBHOB equal

to the square root of the sum of the squared individual DBHOB

measurements.

The data was analysed for each plot on each date by an analysis of
variance. If a significant difference between treatments was found,
orthogonal contrasts comparing fertilised and unfertilised plots and the

one kilogram versus two kilograms of fertiliser were carried out.

Results
Figures 17,18,19 and 20 summarise the results for the four E. globulus
plots. Comparison of the DBHOB of the 1971 planting on [V328 with the
1975 planting on JW302 (Figures 17 and 18) gives an indication of the
effects on tree growth of the improvements in the techniques of
rehabilitation over that period. Under all three treatments the 1975
planted E. globulus were bigger in March 1979 than the 1971 plantéd
trees which had received only small amounts of fertiliser at planting

and were planted in a pit that was not deep ripped.

Figure 17 shows that within a year of refertilising there was a
significant difference (p <0.01) in diameters of fertilised compared with

unfertilised trees of the 1971 planted E. globulus. This difference




10.

remained at March 1979, although the comparatively high rate of growth
for the two kilogram treatment decreased between August 1978 and March
1979. The plot was heavily thinned after March 1979 as part of the W.A
Forests Department's posf—mining management programme, $O0 measure-

ments were discontinued.

Figure 18 shows the marked response of the E. globulus on JW302 to
fertilisation. Trees receiving fertiliser showed a much higher growth
rate than the control between November 1977 and August 1978 (p<0.01).
Following this, increases in diameter were similar for all three
treatments and the significant difference in diameters evident in August
1978 still remained in February 1980. The two 1976 planted E. globulus
plots showed a similar trend (Figures 19 and 20). In November 1977
treatment differences were either not significant or small (height data)
but by August 1978 the differences in average DBHOB between fertilised
and unfertilized plots were very highly significant (p<0.001). Although
increases in diameter between March 1979 and February 1980 were similar
for unfertilised and fertilised trees on both plots, the very highly
significant differences in DBHOB remained. While all of the E. globulus
plots showed a significant response to fertiliser addition there was no
greater response to two kilograms of fertiliser than one kilogram. Foliar
analyses of the 1975 planted E. globulus on JW 302 (Table 11) show an

increase in P and K content with fertilisation but no increase in N.

The 1975 planted E. resinifera responded in a different manner. In this
case (Figure 21) there was a significant response to two kilograms of
fertiliser but no difference between the control and the one kilogram
treatment. Like the E. globulus the main growth response was in the
first year after fertilisation. Following this, diameter increases were
similar for all treatments. Measurements were discontinued after March
1979 as this plot was thinned as part of the Forests Department's
post-mining management programme. Table 11 shows that foliar P content

increased greatly with fertilisation while N levels increased slightly.

The 1975 planted E. wandoo showed a significant response to two
kilograms of fertiliser (p<0.05) but no response to one kilogram (Figure

22). These results must be treated cautiously as the large number of



11.

multistemmed trees were a confounding factor. Foliar analysis showed

that N, P and K contents all increased with fertilisation (Table 11}.

The 1975 planted E. calophylla also had many multistemmed trees which
confounded the results. Two and a half years after refertilisation trees
receiving two kilograms of fertiliser were 1argef than those receiving
one kilogram which were larger than those which were not refertilised,
although the differences were not significant (Figure 23). There was no

consistent response in foliar N, P and K concentrations to refertilisation.

The 1975 planted E. saligna showed an increasing response to increasing
levels of fertiliser. One year after refertilisation both the one kilogram
per tree and two kilograms per tree treatments had increased in diameter
more than the nil treatment. After another seven months the two kilogram
per tree treatment had increased in diameter more than the other two
treatments which increased about the same amount (Figure 24). Two and
a half years after refertilisation trees which had received fertiliser had
significantly greater DBHOB than unfertilised trees (p< 0.001) and trees
receiving two kilograms of fertiliser had significantly greater DBHOB

than trees receiving one kilogram (p< 0.001).

DISCUSSION

Due to the changes in the soil environment and the difference in species
composition of pre- and post-mining forests it is of little use to
estimate the loss of nutrients during mining Vas an indication of
fertiliser needs. An alternative approach for estimating the immediate
nutrient requirements of the species planted is to observe the response of

a growth parameter (e.g tree height or DBHOB) to fertiliser additions.

The three species of eucalypts investigated in the 1972 and 1973 trials
all grew taller and increased their diameter in response to fertiliser.
Survival of the trees not receiving fertiliser was poor. Growth rates of
trees receiving the highest rates of fertiliser were comparable with those
of E. globulus and other fast growing eucalypts in Victoria (Cromer
1971, McKimm & Flinn 1979). In the 1972 trial both species responded in
height and DBHOB to increasing N and P. However, they did respond
differently. The growth and survival of E. globulus was more severely




12.

affected by low levels of P fertiliser than E. microcorys as indicated by
the significant species by linear P effect on DBHOB four years after
planting. This shows that fertiliser recommendations for one eucalypt
species on a particular site cannot be applied to all eucalypts. ldeally
separate fertiliser trials should be carried out for ea_Lch species to be

grown on a site.

In contrast to the 1972 trial, there was no significant response to
increasing levels of P in the 1973 trial, although there was a significant
response to N and a significant but small response to K. This differing
response to P can perhaps be explained by looking at the rates at which
P was applied in the two trials. In 1972, 13 of the 22 treatments
supplied ten grams or iess of P per tree. In 1973 only two of the 15
treatments supplied less than . ten grams of P peJr tree and eight
treatments supplied 49 grams or more of P per tree. If the slope of the
response. curve to P addition was steepesf at the lowest rates of P and
flattened out at rates above 20 grams of P then the contrasting results
for the two years could be explained. Where the majority of observations
in the 1972 trial were of trees receiving P in the area where the
response curve was steepest the majority of observations in the 1973
trial were of trees receiving high rates of P. Therefore, any increasing
response to P at low levels of application would be less likely to show
up as significant. Crane (1978) states that growth responses of eucalypts
in the field to P are rare and some examples of a lack of response to P
fertilisers can be found in Cromer (1971) and McKimm & Flinn (1979).
Cromer (1971) found in .some instances an N x P interaction with E.
globulus. However the available evidence indicates that, except in cases
where available soil P is very low, eucalypt growth is more likely to be

limited by N than P.

The conclusions that can be drawn from these two trials are that both N
and P should be applied to eucalypt seedlings growing in bauxite pits to
ensure that the trees survive and grow. Increasing N applications up to
the highest rates of 50-60 grams per tree increased heights and DBHOB's
and higher rates still may increase growth further. These responses were
evident four months after planting and remained four years after
planting. Increasing P applications to 20-40 grams per tree increased

tree height and DBHOB particularly for E. globulus but, rates above this
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did not further increase and may have decreased the response.
Significant but very small responses may be obtained from applications

of K.

The small differences between the heights and DBHOB's of trees receiving
the highest rates of the different fertilisers which supplied both N and P
indicates that the selection of fertiliser could be on the basis of cost or
ease of handling. The lack of response to increasing P above 20-40
grams per tree and the increasing response to N up to the highest levels
used suggests that the use of a fertiliser with a low N:P ratio such as
MAP could be wasteful of P. For example, to supply 60 grams of N per
tree requires 500 grams of MAP which would supply 115 grams of P. It
may be more economical to use a fertiliser with a higher N:P ratio such
as Agras 18:18 which supplies only 27 grams of P when 60 grams of N
are supplied. However, it is not possible to say what long-term effect
the extra bank of P in the soil would have. This would depend both on
the P demands of the trees and the residual value of the P fertiliser,

i.e. the amount remaining available to the trees in subsequent years

after application.

Another result which may affect operational procedures is the lack of a
significant difference between applying fertiliser in one application
three weeks after planting and the standard practice of applying half
the amount at three weeks and the balance nine weeks after planting.
However, before any operational procedures are altered it should be
pointed out that the highest rates of fertiliser application in the 1972
trial for each fertiliser were applied in a split applicatidn. 1f the whole
amount had been applied in one application there could have been
problems of deaths due to fertiliser toxicity. A further trial could
investigate this. Christensen (1974) and McGrath (1979) both found
eucalypt seedling mortality increased as the rate of fertiliser appli-

cation increased.

The 1977 refertilisation experiment results again demonstrate the
different responses to fertiliser of different eucalypt species evident in
the 1972 trial. Unfortunately the design of this experiment did not
enable identification of the limiting nutrient or nutrients, nor did the

_foliar analyses help identify them. All the E. globulus responded to
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refertilisation but no more to two kilograms of fertiliser than to one
kilogram. The 1974 experiment also showed that E. globulus will respond
to extra fertiliser above that supplied routinely at planting. The E.
saligna demonstrated a higher demand for nutrients than the E. globulus
as there was an increasing response to increasing levels of fertiliser. E.
calophylla showed no significant respomnse to fertiliser, although these
results were confounded by the high incidence of multistemmed trees.
This indicates that either their nutrient demand is being met by the
native and initially applied fertilisers or that the primary ~factor

limiting their growth is not nutrient supply.

E. resinifera and E. wandoo responded differently again. As mentioned
previously the E. wandoo result must be treated with caution because of
the high incidence of multistemmed trees. The results showed that these
species responded significantly to two kilograms of fertiliser but not to
one kilogram. This means that theif growth response curves to the
limiting nutrient are sigmoid. Response curves for most species to
nutrient addition are not sigmoid but can be described by equations
such as the Mitserlich equation (Tisdale & Nelson, 1975). There are
several possible situations which could result in sigmoid response
curves. Firstly, adsorbtion of the nutrient to soil constituents may be so
strong that at low levels of application neither the soil solution
concentration of the nutrient,. nor it's rate of desorption in response to
a lowering of the soil solution concentration, significantly increases.
Secondly, at low levels of fertiliser application the soil solution
concentration may remain below the threshold level for uptake by roots.
Thirdly, other plants or micro-organisms may out compete the trees for
the added nutrient; or lastly, at low levels of application all the added
nutrient may move out of the rooting volume, e.g. by leaching, before it
is absorbed by the roots. Why these species show sigmoid responses in

this experiment is not clear.

The response by most species to refertilisation with a complete fertiliser
two years after planting, has implications for the long-term management
of rehabilitated mined areas. Some species, in particular those like E.
saligna which displayed a high demand for nutrients, will need
additional input of nutrients if they are to maintain growth rates. Since

1978 establishment of a predominantly legume understorey has been an




