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JOSEPH WILLIAM GOTTSTEIN MEMORIAL TRUST FUND

The Joseph William Gottstein Memorial Trust Fund was established in 1971 as a
national educational Trust for the benefit of Australia's forest products industries. The
purpose of the fund is "to create opportunities for selected persons to acquire
knowledge which will promote the interests of Australian industries which use forest
products for the production of sawn timber, plywood, composite wood, pulp and paper
and similar derived products.”

Bill Gottstein was an outstanding forest products research scientist working with the
Division of Forest Products of the Commonwealth Scientific Industrial Research
Organization (CSIRO) when tragically he was killed in 1971 photographing a tree-felling
operation in New Guinea. He was held in such high esteem by the industry that he had
assisted for many years that substantial financial support to establish an Educational
Trust Fund to perpetuate his name was promptly forthcoming.

The Trust's major forms of activity are,

1.  Fellowships - each year applications are invited from eligible candidates to
submit a study programme in an area considered of benefit to the Australian
forestry and forest industries. Study tours undertaken by Fellows have
usually been to overseas countries but several have been within Australia.
Fellows are obliged to submit reports on completion of their programme.
These are then distributed to industry if appropriate.

2. Seminars - the information gained by Fellows is often best disseminated by
seminars as well as through the written reports.

3. Wood Science Courses - at approximately two yearly intervals the Trust
organises a week-long intensive course in wood science for executives and
consultants in the Australian forest industries.

4.  Study Tours - industry group study tours are arranged periodically and have
been well supported.

Further information may be obtained by writing to,

The Secretary,

J.W. Gottstein Memorial Trust Fund,
Private Bag 10,

Rosebank M.D.C.,

Clayton, Victoria, 3169 Australia
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The information contained in this report is published for the general information of
industry. Although all reasonable endeavour has been made to verify the accuracy of
the material, no liability is accepted by the Author for any inaccuracy therein, nor by the
Trustees of the Gottstein Memorial Trust Fund. The opinions expressed are those of

the author and do not necessarily represent the opinions of the Trustees.

Copyright © Trustees of the J.W. Gottstein Memorial Trust Fund 2000. All rights
reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without the prior written permission of the Trustees.
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Executive summary

The rapid expansion of eucalypt plantations in Australia, now in excess of 50,000
hectares of new plantations annually, is mainly on private land, with areas ranging in
size from farm windbreaks and small wood lots to broad-scale plantings. Due to the
fragmented nature of plantings, the wide range of planting sites and the proliferation of
plantation management companies, there is an emerging need for collaborative
research to maintain and improve plantation productivity through nutrient management.
With the addition of nitrogen and phosphorus at establishment, the ten-year productivity
of Eucalyptus globulus can be increased by between 30% and 100%, depending on site
characteristics.

Because fertilizer purchase and application is a significant component of
establishment costs, the profitability of all plantation enterprises is dependent on the
appropriate matching of nutrient prescriptions to site and species characteristics. This
involves identifying those sites where nutrient addition will increase productivity and
developing appropriate fertilizer regimes.

Nutrition research over the last decade has established the upper bounds for
production in only a few of the major plantation development areas. Productivity limits
will also change with the planting of superior genotypes, which may require different
fertilizer mixtures and rates of application. There is a significant challenge to develop
and extend knowledge of nutrient limitation to productivity to the diverse range of
planting sites, many of which have received decades of nitrogen and phosphorus
enrichment through the use of sub-clover and phosphorus fertilizers. Careful recording
of plantation productivity and widespread application of soil and foliage testing will be
essential for the successful fostering of Australia’s eucalypt plantation enterprise.

New collaborations between the diverse group of plantation establishment
companies, research providers, analytical laboratories and funding agencies should be
forged to develop effective solutions to managing nutrients in eucalypt plantations. In
addition, the refinement and application of novel and effective methods for improving
nutrient prescription will be greatly assisted by a cooperative approach. This in turn
would speed the development of industry-wide solutions to nutrient management and
improve technology transfer to the diverse group of plantation growers.
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Eucalyptus plantation development in Australia

Plantations of Eucalyptus species are increasing by tens of thousands of
hectares annually in Australia, with most activity in Western Australia, New South
Wales, Victoria and Tasmania (NFI 1998). For example, about 21,000 hectares of
eucalypts were planted in Western Australia in 1998 (NFI 1998). Australia-wide, new
areas planted to eucalypts are probably well in excess of 50,000 hectares, with

E. globulus the dominant species.

Government policy and investment are driving eucalyptus plantation
development; key players include international fibre consumers, superannuation fund
managers, and established national wood-fibre consumers. Security of wood-fibre
supply is a strong motivating force driving plantation expansion in Australia by both
national and international wood-fibre consumers.

Government policy to encourage the rapid expansion of Eucalyptus plantations
has targeted a three-fold increase of the 1996 area by 2020 (VPFC 1998). Unlike the
rapid expansion of Pinus plantations in the 1960s and 1970s —involving extensive
clearing of native forests to create the land base — Eucalyptus plantations are being
established on a wide range of already cleared sites with various past land uses. For
example, in south—western Victoria, significant areas of former grazing land are
currently being converted to eucalypt plantations: a consequence in part of the decline
in the profitability of sheep grazing for wool production.

Many planting sites are in the 500-900 mm annual rainfall zone, with winter
dominated rainfall patterns and soil water deficits over the summer and early autumn
months. There is limited experience in growing eucalypts on these sites, where water
supply inhibits growth for several of the warmest months, as most plantation efforts with
eucalypts were restricted to rainfall zones above 900 mm per annum until the late
1970s.

Due to this variety of planting environments, which range from sites which have
been improved under pastoral and cropping management to relatively infertile sandy
sites, there is an urgent need to develop site specific establishment and fertilizer
practices. Working from a poor knowledge base could lead on the one hand to

excessive application of nutrients — which is costly and potentially polluting of ground
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water — while on the other hand sub-optimal plantation survival and growth may result
from poorly formulated fertilizer regimes.

Relationships between productivity and nutrients in soil and foliage are poorly
developed in Eucalyptus species relative to Pinus radiata, where foliage diagnosis has
been a routinely applied tool in plantation management for several decades, both in
Australia and elsewhere (e.g. Raupach, 1967; Bevege and Richards, 1971; Will, 1985).
Eucalyptus nutrition research to date has dealt mainly with nitrogen and phosphorus
limitation to growth (e.g. Cromer et al., 1981; Bennett et al., 1997); there are few
published (i.e. easily accessible) reports detailing growth responses to and deficiencies
of other nutrients. The data published on other nutrients (e.g. Dell and Malajczuk, 1994;
Shedley et al., 1995; Dell, 1996) suggest the elements most likely to limit growth across
the broad range of planting sites in Australia are nitrogen, phosphorus, potassium,

boron, zinc and copper.

Reports to date have usually addressed deficiencies at the seedling stage and
first two years of growth. The case for further work in mature field-grown trees seems
clear, as is the need for the wide dissemination of results in the published literature. The
success and profitability of these plantations depends in part on optimizing productivity

by identifying and correcting nutrient limitations.

This report reviews the recent national and international literature on nutrition of
Eucalyptus plantations and identifies implications for management of plantation
productivity in Australia. Aspects of nutrient management and productivity are
discussed in the light of current knowledge and recommendations outlined for further

research to improve nutrient management.
Productivity of Eucalyptus plantations

The productivity of eucalypt plantations world-wide varies according to site

characteristics and silvicultural inputs, with volume production ranging from as low as

6 m> ha™' year” on poor sites to over 50 m® ha™" year on moist and relatively nutrient

rich sites. Where rainfall approaches 2000 mm per year, very high rates of production

have been achieved, such as the 60 m* ha™ year'1 claimed for the fifteen-year rotations

of E. nitens in coastal Chile (Prado and Toro, 1996). Relatively high productivity has
been reported from good sites in South Africa (25 m®> ha” yr'; Herbert, 1996) and

Argentina (28 m® ha™ yr'1; Dalla-Tea and Marco, 1996), where intensive silviculture has
been practiced for several decades. In Australian plantations some of the highest
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productivity has been reported in E. regnans (>30 m? ha™ year'1 over twenty to thirty
year rotations). E. globulus plantations range from about 10 m? ha™ year'1 to 28 m*> ha™
year'1 over ten year rotations on a range of sites, with E. nitens producing over 30 m?

ha™ year'1 (over ten years) on a good site (Weston unpublished data).

A key concern for growers and investors in E. globulus plantations on the
relatively dry sites in southern Australia is maintaining tree health and productivity in the
face of periodic drought (Pate and Arthur, 1998; Aggangan et al., 1999). It is possible
that some recently planted sites will be marginal for E. globulus growth; similar sites will
most likely be established in the future with more drought tolerant species such as
E. botyroides and E. cladocalyx. There is a much stronger emphasis on site selection in
western Australia since the occurrence of drought deaths there during the 1990s.

Apart from limited plantings in the 1960s and 1970s, both E. globulus and
E. nitens were not planted widely for wood production in Australia until the mid—1980s.
Consequently the industry is currently developing the technology for Eucalyptus
plantations dominated by these species. In terms of rainfall zone, it is perhaps the
plantations in the 500-700 mm per annum rainfall areas where silviculture, including
species selection, is most in need of refinement. The productivity of E. globulus planted
mostly on lowland sites down to 500 mm per annum rainfall is of greatest concern due
to the uncertainties associated with both low and seasonally pronounced rainfall (White
et al., 1996). This assertion is supported by reports of the productivity of the first ten-
year rotations of intensively established E. globulus plantations — many of which are

below expectation (e.g. Hafner, 2000).

There seem to be fewer potential productivity problems associated with
Eucalyptus plantations on sites with more than 900 mm per annum rainfall. For
example, early experience with E. nitens (usually planted on cooler upland sites) has
shown up to 350m? of timber at ten years (Weston unpublished data). In Victoria and
Tasmania, these wetter sites are usually associated with well-structured and friable
clay-loam soil, and temperature probably limits growth more than available moisture
once weed control and nutrition have been addressed.
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Effects of added nutrients on eucalypt productivity

There is no doubt that, on many sites, fertilizers will improve survival and
productivity. Research to identify sites requiring nutrient amendment is discussed
below according to the four fertilizer practices defined by Flinn (1984), and summarized

below:
o Starter fertilizer to provide planted seedlings with a competitive advantage;

e Corrective fertilizer where one or more applications corrects or prevents the onset of

nutrient deficiency;

e Later-age fertilizer involving the application of nutrients to stands following full

canopy development; and,

e Replacement fertilizer where nutrients lost during harvesting and regeneration are

subsequently replaced.

With these fertilizer practices in mind, the following observations relate to the recent

developments in eucalypt nutrition management.

Starter fertilizer - application at plantation establishment

Eucalypt productivity has increased in response to establishment applications of
phosphorus and/or nitrogen on almost all sites investigated (Cromer et al., 1981; Yost et
al., 1987; Schonau and Herbert, 1989; Birk and Turner, 1992; Cromer et al., 1993a;
Bennett et al., 1996; Herbert, 1996). There is strong evidence that E. globulus and
most other commercially important Eucalyptus species require nitrogen and
phosphorus, and sometimes potassium and micronutrients, for successful
establishment and optimum productivity (Cromer et al., 1981; Ritson et al., 1991;
Herbert, 1996; Bennett et al., 1997). In Gippsland, productivity of nitrogen and
phosphorus fertilized trees is double that of unfertilized trees in ten-year-old stands of
E. globulus on uniform clay-loam soils (Weston unpublished data). Productivity is
further improved by the inclusion of potassium on some sites in Gippsland, but none of
the Gippsland sites has responded to basal dressings of boron, zinc, copper and
molybdenum (Bennett et al., 1996). There are reports of boron deficiency in eucalypt
plantations in north—east Victoria (Hopmans personal communication), but these data

have not been widely disseminated in the published literature as yet.
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There is good evidence to show that growth on previous agricultural land is less
responsive to fertilizer addition due to higher nutrient availability resulting from years of
fertilizer addition (Weston et al., 1991). Furthermore, growth on previous agricultural
land is usually more uniform and of higher productivity relative to cleared forest sites
(Skinner and Attiwill, 1981; Weston et al., 1991).

Experience to date clearly shows that effective suppression of competing species
for at least one year after planting is essential for the survival and rapid early growth of
eucalypts. Fertilizer application should accompany first-year weed control to promote
rapid early growth, which promotes survival through height growth to resist grazing
pressure. Where plantations are remote from native forests and the risk of wallaby
browsing of seedlings — or where the plantations are fenced from grazing animals —
the risks from grazing pressure can be managed in other ways.

Nutrients have been widely used in the establishment of P. radiata plantations
since the 1970s and the current practices have resulted from a detailed research effort
(e.g. Nambiar and Fife, 1987; Carlyle, 1995). The main elements supplied in fertilizer to
P. radiata at establishment in Australia are P, K, Cu and Zn; nitrogen has been dropped
from most prescriptions as the supply from soil mineralization is apparently adequate
over the first few years (Smethurst and Nambiar, 1990a, 1990b). This difference in
nitrogen fertilizer requirement between pines and eucalypts is most likely due to the
different growth trajectories of eucalypts and pines, well exemplified in the study of
Myers et al. (1996) on an effluent irrigated site near Wagga Wagga. Eucalypts initially
grow faster than pines and place a higher demand on soil nitrogen reserves, as shown
by threefold higher stand volume at approximately two years of age (Myers et al., 1996).
Therefore, while empirical lessons from P. radiata fertilizer practice are not directly
transferable to eucalypts, the principals of nutrition management in pines are directly
applicable to eucalypts.

Corrective fertiliser to prevent nutrient deficiency

Turnbull et al. (1994) reported severe copper deficiency in E. nitens growing on a
loamy sand in Tasmania. The deficiency was manifest in lack of apical dominance and
twisted branches and was corrected with a single application of copper sulphate.
Subsequent foliar analysis identified 1.4 ppm as the threshold below which copper
deficiency occurred. Published examples of micronutrient deficiency in eucalypts in
Australia are few, although there are examples from eucalypt plantations elsewhere
(e.g. Dell and Malajczuk, 1994; Dell and Xu, 1995). Work with zinc to date shows that
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critical foliage concentrations vary among tropical and temperate eucalypts (Dell and Xu
1995), while copper deficiency impairs wood quality before tree growth is affected (Dell
1994; Gherardi et al., 1999). With the excellent relationships between foliar symptoms
and nutrient deficiencies established by Dell and co-workers in Western Australia (for
example see Dell, 1996), future occurrences of severe nutrient deficiencies should be
rapidly identified and corrected — as most micronutrient deficiencies can be rectified
with a single application in each rotation.
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Later-age fertiliser or application following canopy development

While almost all fertilizer applications to Australian eucalypt plantations have
been starter fertilizer to increase productivity and survival, nutrient application to older
stands could be economically viable. This could include commercial plantations for fibre
production as well as mixed product plantations where rotation lengths extend to fifteen
or more years, and where site resources allow significant growth response. While most
recent plantings have a planned rotation of ten to twelve years, some growers intend to
manage eucalypts on 18 to 22 year rotations. Recent studies of later-age (five to seven
years of age) weed control and fertilizer effects on productivity in Gippsland have

demonstrated significant growth responses on sites with deep, well-drained soils.

To date, later-age fertilizing in P. radiata plantations usually follows thinning; by
contrast the addition of nutrients to established eucalypt plantations is likely to follow
weed control (such as roller-crushing of weeds between planting rows), especially on
sites below 1000 mm rainfall. On many sites where plantations will be grown over
rotations of 18 to 22 years, there is scope to further increase growth through fertilizer
addition, competing species control and thinning. As plantations established over the
last decade come to maturity, there will be an increase in the need for research trials to

determine which sites will respond to later-age weed suppression.
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Replacement fertiliser for nutrients lost during harvesting and regeneration

Maintaining the productivity of eucalypt plantations beyond the first rotation could
involve replacement of nutrients removed in one or more harvests, especially where site
capital is low in relation to nutrient removal. Nutrient removal in wood is much higher in
short rotation plantations due to the high percentage of sapwood relative to heartwood
in harvested logs (Birk and Turner, 1992). Harvesting of plantation eucalypts should
include on-site bark removal to maximize nutrient retention on site, as between 40%
and 60% of above—ground calcium is contained in stem bark (Attiwill et al., 1996).
Ideally the bark should be removed at the stump rather than at the landing to ensure
even distribution across the site. Therefore, harvesting machinery that fells and
debarks at the stump will be critical to the sustainability of eucalypt plantations,
especially on low fertility sites.

With current slash retention and chopper-rolling site preparation techniques, the
elements most likely to be lost in significant quantities with successive harvests are
calcium, potassium and phosphorus (Judd, 1996). Much of the phosphorus removal
can be made good if phosphate fertilizers are applied at plantation establishment.
Calcium addition is incidental with single superphosphate (Ca 12%) and double
superphosphate (6%), but is absent from the commonly used triple superphosphate and
di-ammonium phosphate. Therefore, single superphosphate should be selected in
preference to other phosphorus fertilizers for sites with low inherent calcium reserves.
Alternatively the Ca could be added in the formulation of fertilizers. Similarly, potassium
is likely to become an essential component of eucalypt fertilizers, especially on sandy
and highly leached soils.

Detailed analyses of site nutrient capital and calculation of nutrient removal in
harvests are required to ensure plantation sustainability in many new areas of plantation
expansion. Modelling approaches such as those used by Judd (1996) and King (1996)
will greatly assist in identifying nutrient depletion over several rotations; these models

require site-specific parameters and will rely on growth and nutrition data to be effective.

Identifying research needs

Research has addressed the need for starter fertilizers, but work on other
fertilizer practices is not well-developed and in some cases is non-existent. The case
for further research, or the need for a review of unpublished information held by the

various plantation agencies, seems clear. Questions of immediate concern include:
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J What further gains, if any, are possible with fertilizer application after two years of
age, and what are the best techniques for identifying sites which will respond to

nutrient addition?

o Which nutrients require replacement due to removal in harvested timber? This is
one aspect in which the management of eucalypts differs from pines — due to the
short rotation period of eucalypts, which can lead to significant cumulative nutrient

removal over successive rotations.

J What is the best way to apply foliar diagnosis to identify limiting nutrient availability
and what are the elements most likely to become deficient in the major planting

areas?

. Can soil testing identify sites with little or no need for fertilizers at establishment?

To identify nutrition research to support eucalypt plantation development in
Australia, these questions and others are discussed below in the light of current

knowledge and experience drawn from native forests and Pinus radiata plantations.

Nutrient cycling in Eucalyptus plantations

Nutrient cycling has been studied in native eucalypt forests for several decades,
with the emphasis shifting from quantification of nutrient pools to include research on
processes controlling nutrient availability to trees. The three major cycles of nutrients
identified by Attiwill (1979) provide a basis for studying nutrient cycling in forests and
plantations and have been useful in determining relationships between nutrient cycling
and stand age (Attiwill and Adams, 1993; Attiwill et al., 1996). These nutrient cycles
include inputs to and outputs from the ecosystem, nutrient returns from plant to soil, and
internal redistribution within plants. The relative importance of each of the above
components in total nutrient cycles changes between elements and alters as the stand
develops. The relative contribution of internal redistribution and nutrient return to
nutrient supply for new growth changes over the life of a forest and can be linked to
three stages of forest development as described by (Attiwill, 1979).  Nutrient
requirement for new growth is derived almost entirely from the soil in the first few years
of growth and, as a percentage of total uptake, soil uptake is maximum prior to the

commencement of litterfall (Attiwill and Leeper, 1987).

Internal redistribution, nutrient return and decomposition are critical processes

supplying nutrients for new growth following canopy development (canopy closure) and
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determine productivity in eucalypt plantations. Fertilizer addition can increase rates of
both nutrient return and decomposition by increasing the mass and nutrient
concentration of litter in particular (Bennett et al., 1996; Judd et al., 1996a; Bennett et
al., 1997; Hooda and Weston, 1999). Hooda (1998) identified more rapid
decomposition and release of nutrients from decomposing litter in E. globulus
plantations where nitrogen and phosphorus fertilizer had been applied four years
previously. In this way nutrients added at plantation establishment could be expected to
benefit growth throughout the rotation, especially where rotations extend beyond ten

years.

The emphasis on understanding processes controlling nutrient availability in soil,
and nitrogen availability in particular, is shown in the studies of Wang et al. (1996) and
O'Connell and Rance (1999). Aggangan et al. (1998) clearly demonstrated the impact
of previous land use — including fertilizer application — on nitrogen mineralization and
availability in E. globulus plantations in Western Australia. An understanding of how
long the benefits of previous nutrient enrichment (fertilizers and nitrogen-fixing plants)
will carry over into tree cropping rotations is a key concern for plantation managers.
The accumulation of litter and organic matter of high C/N ratio on former pasture sites
will have a profound effect on mineralization reactions controlling the availability of
nitrogen and, to a lesser extent, sulphur and phosphorus. An understanding of this
change in the nature and amount of organic matter on former pastoral sites (Aggangan
et al., 1998) will be critical to nutrient management; it is also of great interest in the
development of plantations for carbon sequestration.

Managing nutrients in plantations

The recognition of nutrient addition as a necessary component of Eucalyptus
plantation management, in combination with the wide range of sites currently planted, is
the basis for developing and refining nutrient diagnosis techniques. In the case of
Eucalyptus plantations, although there is a considerable research effort currently under
way, relatively little detailed work has been published — leaving the plantation
establishment companies with little basis for determining optimum fertilizer regimes.
Examples of recent publications specifically dealing with plantation eucalypt nutrition
include Cromer et al. (1993b), Judd et al. (1996b) and Aggangan et al. (1998). To
improve the knowledge base of nutrient requirements across a range of sites where
new eucalypt plantations are being established requires expansion of the trial base,
sustained sampling of trials throughout a rotation, and collaboration among researchers
to integrate information from a broad range of sites. Both traditional and novel
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approaches to determining nutrient limitation to tree growth will be essential in
formulating nutrient management guidelines. A range of approaches is discussed
below.

Total nutrients in foliage have been used with some success to diagnose nutrient
deficiencies and limitations to growth in coniferous plantation species (e.g. Bevege and
Richards, 1971). Indeed, analysis of total nutrients in foliage has been the mainstay of
nutrient management for decades. Dell et al. (1995) and Dell (1996) have developed
"critical" foliage nutrient levels associated with nutrient deficiency in seedling eucalypts
grown under controlled conditions in the glasshouse and from juvenile foliage of one- to
two-year old field-grown trees. However, these values will most likely need to be varied
for application to trees following canopy closure in the field — the stage at which foliage
nutrient assessment is most likely to be applied.

Addition of fertilizer nitrogen and phosphorus to recently planted seedlings
increases foliage concentrations of nitrogen and phosphorus for up to two years, after
which nitrogen concentrations are similar between biomass components of fertilized and
unfertilized trees (Bennett et al., 1996; Judd et al., 1996b). In contrast to nitrogen,
increases in the phosphorus concentrations in foliage following fertilizer application are
more long-lived (Bennett et al.,, 1997). Given our current knowledge, foliage nitrogen
may be useful in indicating nutrient requirements in young trees, soon after fertilizer
addition, or in cases of extreme deficiency. However, the general application of foliage
nitrogen analysis to the diagnosis of nutrient requirement in eucalypts has not been
well-developed in Australian plantations. This is one area where the pooling of data

from a wide range of sites will improve our knowledge of critical foliage nitrogen levels.
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There is a strong case for the refinement of foliar diagnosis beyond analyses of
total element concentrations, to the identification of physiologically active forms of
nutrients. In a recent review of the nutritional physiology of eucalypts Grove et al.
(1996), commented on the need for a greater understanding of the chemical forms in
which nutrients are held in plants, the biochemical processes involved in mobilization
and transfer of nutrients.

Investigations of physiologically active forms of nutrients are restricted to nitrogen
and phosphorus. Progress in identifying physiologically active forms of phosphorus —
which may be more useful in determining nutrient status than total phosphorus analysis
— has been encouraging. Recent studies with E. globulus point to improved diagnosis
of nutrient limitation based on a fraction of total phosphorus in foliage (Hooda and
Weston, 1999). Unfortunately, the study of nitrogen forms has not identified a nitrogen
fraction which is more responsive to N-fertilizer addition than is total nitrogen (Bussau,

1999). These themes are explored further in the following discussion.
Nitrogen

Attempts to refine methods for determining nitrogen requirements in plantation
eucalypts will need to carefully consider internal cycling of nitrogen, which is a poorly
studied area of eucalypt physiology (see Adams et al., 1995; Wendler et al., 1996). By
contrast far more is known about internal nutrient cycling mechanisms in the
commercially important coniferous species of North America and Europe (e.g. Millard,
1996; Huhn and Schulz, 1996).

Knowledge of nitrogen metabolism in trees has increased rapidly over the last
decade, driven primarily by European studies on the effects of increased nitrogen
deposition (N enrichment) on tree nitrogen pools (Edfast et al., 1990; Nasholm et al.,
1994). These studies have confirmed the accumulation of glutamine and arginine in
Pinus sylvestris needles under high nitrogen deposition. Huhn and Schulz (1996)
suggest that glutamine and arginine are useful bio-indicators of nitrogen pollution in

Pinus stands.

Resolving to what extent the physiology of internal nitrogen cycling in evergreen
conifers and deciduous trees is reflected in Eucalyptus species will be important in
refining foliage nutrient diagnosis in eucalypts. Major findings from the study of
coniferous and deciduous trees, which augment nitrogen metabolism knowledge
derived from investigation in non-woody plants, includes:

J soluble protein nitrogen can accumulate as a result of luxury nitrogen

consumption, usually in vegetative tissues (Millard and Marshall, 1986);
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. in some deciduous trees Rubisco serves as an nitrogen storage protein (Huffaker
and Miller, 1978; Millard, 1988);

o the ability of a plant to store nitrogen is not dependent on its nitrogen status, which
will only influence the amount of nitrogen held in store (Millard, 1988; Millard and
Proe, 1993);

o N remobilization in the spring is dependent on the size of the store and is
unaffected by current nitrogen supply (Millard and Proe, 1993);

J in the boreal forest, internal cycling provides nitrogen for leaf growth in the spring
before rapid root uptake (Millard and Proe, 1991);

o amino acids and amides usually form the bulk of soluble, non-protein nitrogen in
foliage; these compounds are usually contained in the vacuole (Pate, 1980; Cyr
and Bewley, 1990);

. nitrate accumulation occurs in some species where it may play a role in controlling
solute potential (Smirnoff and Stewart, 1985); however, nitrate is unlikely to
accumulate in the tissues of forest trees which rely on ammonium as the main

form of inorganic nitrogen in soil (Attiwill and Adams, 1993).

As noted by Wendler et al. (1996), in contrast to temperate conifers, little is known
about processes of nitrogen storage and translocation in eucalypts, and none of the
above-mentioned relationships has been demonstrated for eucalypts. Therefore, an
understanding of the mechanisms of internal nitrogen cycling and the contribution of
remobilization from one tissue for growth or maintenance of another, and the influence
of nitrogen, phosphorus and potassium supply on these processes, is required to
develop a better understanding of nitrogen requirements in plantation eucalypts. In
regard to nitrogen, these queries have in part been addressed in two recent studies of
internal nitrogen cycling in E. globulus seedlings (Adams et al., 1995; Wendler et al.,
1996). These studies are the only detailed attempts to date to elucidate internal

nitrogen cycling in eucalypts. Important findings include:

e that nitrogen remobilization occurs from older Eucalyptus leaves that do not show

any symptoms of senescence (Wendler et al., 1996);

e that nitrogen supply in spring has little effect on either the duration or amount of
nitrogen remobilization, and the amount of nitrogen remobilized is therefore

dependent on the size of the nitrogen store (Wendler et al., 1996);
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e that soluble proteins other than Rubisco seem important in explaining the
biochemical basis of nitrogen remobilization from old leaves to new leaves in

E. globulus. The nature and identity of these soluble proteins is unknown;

e that glutamine is the dominant nitrogenous solute in xylem sap of eucalypt seedlings
(Adams et al., 1995);

e that arginine accumulated (40-60% of free amino acid nitrogen) in the lower foliage
of seedlings of three eucalypt species cultivated in the glasshouse with contrasting
phosphorus supply (Adams et al., 1995).

Several studies have demonstrated that concentrations and relative proportions of
soluble non-protein nitrogen (amino acids and amides) increase in relation to total
nitrogen in response to fertilization (e.g. Matson and Waring, 1984; Kim et al., 1987,
Nasholm and Ericsson, 1990; Huhn and Schulz, 1996; Schneider et al., 1996).
Because these foliar chemical characteristics reflect physiological activity and resource
limitation, their measurement may be useful in predicting growth response to

fertilization.

Attempts to identify a fraction of foliar nitrogen related to growth limitation have not
been successful in field-grown trees. There was no change in tri-chloro acetic acid
(TCA) extractable nitrogen following urea addition in either P. taeda (Polglase et al.,
1992) nor E. globulus (Hooda and Weston, 1999). Bussau (1999) did not find nitrogen
and phosphorus fertilizer-induced changes in the highly labile pool of soluble nitrogen in
E. globulus foliage on three sites in Gippsland. It seems likely that impacts of fertilizer
addition on the concentration and composition of foliage nitrogen are relatively short-
lived and must be carefully interpreted in the routine prediction of fertilizer requirement.

Phosphorus

Eucalypt growth is increased by phosphorus application on many sites, usually
where phosphorus is applied with nitrogen (Bennett et al., 1997). There is good
evidence to show that phosphorus addition exceeding the trees’ immediate requirement
increases phosphorus concentrations in foliage and wood (Polglase et al., 1992; Hooda
and Weston, 1999). While little is known about the precise form in which phosphorus is
accumulated in foliage, cold (4°C) tri-chloro acetic acid extracts the accumulated
phosphorus from dried and ground foliage (Hooda and Weston, 1999). The
accumulated phosphorus is probably highly labile, and may be poly-phosphate

granules, as suggested by (Polglase et al., 1992). Where phosphorus accumulates in
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foliage, rates of phosphorus cycling are significantly increased due to increased litter
phosphorus concentrations, which increases decomposition (Hooda and Weston, 1999).
Therefore, both the litter quality and quantity from phosphorus fertilized plantations is
altered (O'Connell and Grove, 1993; Scott and Binkley, 1997; Hooda and Weston,
1999). Therefore, phosphorus fertilizer addition increases the rate of release of
nutrients bound in litter to the soil (O'Connell, 1994; Hooda, 1998; Hooda and Weston,
1999) so that the benefits of phosphorus addition carry over to the litter decomposition

stage and benefit nutrient availability for longer than nitrogen additions.

Potassium and other elements

Aside from studies of nitrogen and phosphorus, very little is known about
relationships between other essential elements and productivity in Eucalyptus
plantations. On sandy soils and highly leached loams, potassium may limit productivity
after growth limitation by nitrogen and phosphorus has been satisfied, as shown by
Bennett et al. (1996). As mentioned previously, copper deficiency has been reported in
two- to four-year-old E. nitens plantation on a sandy soil in Tasmania (Turnbull et al.,
1994).

Water and nutrient availability are most likely the primary environmental factors
limiting productivity on most plantation eucalypt sites in southern Australia. Therefore,
plantation eucalypts will only respond to added nutrients where growth is not primarily
limited by water availability. Fertilizer management must take into account the seasonal
water supply to trees — principally through knowledge of soil properties and the amount
and seasonal distribution of rainfall. Promising new techniques for evaluating seasonal
water and nutrient status of E. globulus involve the analysis of phloem sap ¢ C-13 and
solute analyses (principally amino acids), and interpreting these data with the ¢ C-13
signature of foliage and trunk wood (Pate and Arthur, 1998; Pate et al., 1998).

Pate and co-workers in Western Australia have established strong relationships
between 0 C-13 signatures of leaf dry matter carbon and climatic/edaphic conditions
(Pate and Arthur, 1998; Pate et al., 1998). Dry matter formed under severe plant water
stress has less negative d C-13 values (less C-isotopic discrimination) relative to dry
matter formed under conditions of higher water availability. By examining wood at
increasing distance from the centre, the d C-13 signature of structural wood could be
used to interpret the record of moisture stress experienced by the trees on a site.
Furthermore, Pate and Arthur (1998) claim that the ability of E. globulus to take up
nitrogen is reflected in the relative concentrations of amino acids to sugars in phloem
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sap. Low amino acid concentration in phloem sap, relative to sugars, reflects a limited
capacity to take up nitrogen relative to photosynthetic fixation of C.

Studies combining these new techniques and integrating site characteristics and
growth information will hold considerable promise in untangling the complex interactions
among nitrogen nutrition, water stress and growth of Eucalyptus plantations, and have
the potential to inform plantation managers in matching sites to fertilizer regimes.

Implications of research for nutrient management

Eucalypt plantation productivity in south-eastern Australia is strongly limited by
the supply of nitrogen and phosphorus from soil (Judd et al., 1996b; Bennett et al.,
1996). Therefore nitrogen and phosphorus supply are of prime concern in the
maintenance and improvement of productivity. While potassium supply may limit
biomass production on soils with very low exchangeable potassium, such as the duplex
sandy loams (Dy 2.32; Northcote 1975) of central Gippsland, few trials investigating

growth limitation by elements other than nitrogen and P have been reported.

The availability of nitrogen and phosphorus on plantation sites is often strongly
influenced by previous land use (Skinner and Attiwill, 1981; Adams and Attiwill, 1986;
Wang et al., 1996; Aggangan et al. 1998). Compared with previously forested
plantation sites, many pasture sites converted to plantations exhibit high nitrogen
availability due to legume establishment, which enriches the soil in nitrogen (Aggangan
et al, 1998, Weston et al., 1991). Similarly, the sustained application of
superphosphate increases both the quantity and intensity of soil phosphorus, especially
in heavier textured soils (Skinner and Attiwill, 1981). Clearly, savings in the cost of
fertilizers can be made if this legacy of previous land use can be identified through soil

testing prior to the implementation of establishment fertilizer practices.

E. globulus and E. nitens have emerged as the two most commercially important
plantation eucalypt species in Australia. For E globulus, the interaction between
moisture availability and nutrition limits the response to applied fertilizer on many of the
newly planted sites (Bennett et al., 1997). By reducing the competition for moisture it is
expected that greater response in growth to nutrient addition can be obtained. Early
indications from E. globulus trials on 600-800 mm rainfall sites show that response to
weed control at five to seven years is greater than to fertilizer application. Conversely,
results from E. nitens trials show a relatively greater response to fertilizer than to weed

control treatments at six to eight years of age — probably due to better soil physical

Weston: Gottstein Foundation Report page 22



conditions and moisture-supplying power. While site-specific competition and moisture
availability will determine the relative responses to weed control and fertilizer addition
on a site, it seems likely that plantations in the 500-700 mm rainfall zone will benefit
more from weed control measures than from nutrient addition at later ages.

The larger plantation owners have played the major hand in the development and
dissemination of plantation technology for the benefit of all eucalypt growers, of whom
many do not have the resources to develop and refine plantation silviculture. A
significant challenge for the future is the development of research cooperatives to
support the development and maintenance of healthy and productive Eucalyptus
plantations; many of which are being planted in regions hitherto unplanted with
eucalypts.

Although large plantation owners will continue to strongly influence practices
throughout the industry, it is inevitable that problems will arise on the wide range of sites
represented by smaller holdings. Cooperative research will be essential in identifying

and addressing these problems.

Growth rates and productivity gains resulting from silvicultural inputs in well-
established eucalypt plantations have not been quantified beyond ten years of age. An
understanding of the effects of silvicultural practices on nutrient availability for
successive rotations is of key significance for sustainable management of these
plantations. Because the major cost and profit driver for the eucalypt plantation industry
is the production of more fibre on less land, the early gains in productivity achieved by
intensive silvicultural inputs must be maintained throughout rotations of up to twenty
years. A key issue for further research is how best to achieve productivity gains through
mid-rotation silvicultural inputs, whilst maintaining profitability and sound environmental
practices.
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On a cautionary note, operational experience to date shows that establishment
silviculture of eucalypts requires careful attention in the application of effective weed-
control and fertilizer prescriptions; there seems to be less margin for error than for
pines. For example, good weed control and careful hand-placement of fertilizer within
20 to 30 cm of seedlings is essential for good survival and growth of eucalypts in
Gippsland (Hescock et al., 1999). Therefore, the effective transfer of research-trial
knowledge to routine practice is especially important with Eucalyptus species, as they
appear to be less tolerant than P. radiata of below standard establishment practices.
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