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Abstract Eucalyptus (family Myrtaceae), represented by over 900 species distrib-
uted throughout the world, are well known for their essential oils. Nutrient supply is
treated as a dynamic variable which is related to relative growth rate. Plants take up
the nutrients from the soil and use them for various metabolic processes. The genetic
constitution of plants plays a superior role in determining the way assimilates are
partitioned between roots, stems, and leaves. Different growth stages of the trees are
reflected in processes of change that contribute to the control of nutrient demand,
storage, and distribution. The amount of litterfall and nutrient return depends on the
degree of biomass production and nutrient uptake in the stand. Cycling of nutrient
is an important aspect as significant amounts of nutrients are returned to the soil
through different mode and become available for cycling.
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2.1 Introduction

The genus Eucalyptus comprises of more than 900 species and various hybrids and
varieties. These are well known for their essential oils. The Eucalyptus genus
because of its high growth rate is presented as great soil nutrients demanding
(Camara et al. 2000). The nutrients absorption by eucalyptus trees is essential to
their development and reproduction. Most metabolic reactions are not possible
without mineral elements’ presence. Different growth stages of the plant are
reflected in processes of change that contribute to the control of nutrient demand,
storage, and distribution in trees. Deficiency of important nutrients for tree metabo-
lism determine according level its weakening (and therefore susceptibility increase
to plagues and diseases), poor growth, not reaching sexual maturity or even death
(Foelkel 2005). Among many roles of plant nutrients are constituents of plants’ tis-
sues, catalysts in various reactions, osmotic regulators, constituents of buffer sys-
tems, and regulators of membrane permeability (Pallardy 2008). Tree nutrition is
important throughout development; the nutritional demands are larger from plant-
ing to canopy closure because this early stage of growth is predominantly the
chlorophyll-producing tissues formation (Gémez 2006).

The circulation of nutrients in forests and plantations has received increasing
attention over the past two to three decades with the major emphasis on the biologi-
cal cycle between plant and soil of nutrient uptake, nutrient reabsorption before leaf
senescence, nutrient use efficiency, etc. (Ovington 1965; Attiwill 1981; Bargali
et al. 1992; Bisht 1993). Nutrient use efficiency can be estimated as the amount of
aboveground net primary production per kilogram of nutrient taken up (Binkley
et al. 1992).

The gross annual supply of a given nutrient from the soil is equal to the net
annual demand of the stand. It is assumed that the total amount of the nutrient
returned annually in the biogeochemical cycle from forest stand to soil is again
available to the stand. The balance between the input of a nutrient in rainfall and the
output in stream water (the geochemical cycle) is also considered as an available
amount of nutrient. All these processes are ecologically important because plant
nutrient uptake and nutrient recovery from senescing leaves are major components
of ecosystem nutrient cycles.

In the beginning the gross productivity proportion of the plants is highest in the
crown (leaves and branches), with high nutrient concentrations. Redistribution of
nutrients linked to leaf senescence is small during this period and great amounts of
nutrients are absorbed from the soil. This stage is characterized by increased nutri-
ent accumulation rates, which peak during the crown closing phase (Attiwill 1981;
Grove et al. 1996). The second stage includes crown closing when leaf biomass is
stable or slightly decreasing and the heartwood generates most of the primary gross
production. The heartwood nutrient content is low and this leads to a decrease in the
nutrient accumulation rate of the tree. This is the phase of maximum soil exploita-
tion by the fine roots and cycling processes are very intense. During the third growth
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Table 2.1 Percentage of nutrients at different age in E. grandis plantation (Source: Bellote et al.
1980)

Age (years)/% of the total extracted nutrients

Nutrients 1 2 3 4 5 6 7

N 21.6 34.6 47.7 60.8 73.9 86.9 100
P 21.8 28.1 46.6 69.7 90 99.9 100
K 13.4 27.8 422 56.7 85.6 85.6 100
Ca 8.2 15.9 32.7 49.5 83.2 83.2 100
Mg 1.1 18.7 36.2 53.8 89 89 100
S 9.9 249 39.9 54.9 85 85 100

stage of the tree, the greatest part of gross primary productivity is associated to the
maintenance of the produced biomass (Miller 1984; Grove et al. 1996).

Annual nutrient uptake = annual nutrient increment + annual nutrient return.

Annual nutrient return = ) (aboveground litterfall biomass of tree each month in
the stand x nutrient concentration in litterfall each month.

Cycling coefficient (%) = (annual nutrient return/annual nutrient uptake) x 100%.

2.2 Nutrient Uptake

Plants take up the nutrients from the soil and use them for various metabolic pro-
cesses. Some of the plant parts such as leaves, branches, seeds, fruits, and roots are
returned to the soil during the plant’s growth. The nutritional factor can be expressed
as a “flux density” or the amount of nutrient available per unit of time and unit of area.

In the beginning the gross productivity proportion of the plants is highest in the
crown (leaves and branches), with high nutrient concentrations. The processes regu-
lating nutrient transfers that require basic knowledge are as follows:

1. The geochemical cycle (in the soil)
2. The biogeochemical cycle (between tree and soil)
3. The biochemical cycle (inside the trees)

The eucalyptus can achieve a high biomass production on a low nutrient uptake.
The nutrient use efficiency of eucalyptus increased with the decrease of the avail-
ability of the nutrient in the soil (FAO 2011). The majority of the nitrogen, phospho-
rus, and potassium were found in the eucalyptus trees. Laclau et al. (2000) showed
that more than half of the nitrogen and 35% of the potassium in a stand of Eucalyptus
alba hybrids had accumulated in the tree biomass by the time the stand reached 2
years. Bellote et al. (1980) reported the Eucalyptus grandis on the evolution of the
nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur content as
function of age (1-7 years). The data nutrient content for each year shows as a per-
centage of totals extracted at the end of 7 years (Table 2.1).
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All nutrients showed a maximum accumulation at 7 years old (increasing trend
with increasing age) with the exception of phosphorus, which at 6 years had already
accumulated 99.9% of the total extracted. By the fourth year more than 50% of the
total of all nutrients have been removed except calcium, with an accumulation at
that age of 49.5%. Schumacher and Caldeira (2001) reported the nutrient content in
different compartments of forest biomass in 4-year-old E. globulus. The tree stem
represents 69% of total biomass, which contained only 29% of the nitrogen, 28% of
the phosphorus, 40% of the potassium, 12.5% of the calcium, and 34% of the mag-
nesium. However leaves with 15% of the total biomass (larger canopy proportion
than in other studies because are young trees in this instance) contained 60% of the
nitrogen, 45% of the phosphorus, 33% of the potassium, 23% of the calcium, and
29.5% of the magnesium. On the other hand, bark was the element that accumulated
55.3% of the total calcium, representing only about 9% of total biomass.

George (1984) reported that 120 t ha™! of total biomass in Eucalyptus plantation
constituted 69% aboveground biomass and accumulated 42, 50, and 35% N, P, and
K of total uptake amounting to 168, 47, and 104 kg ha!, respectively. Nitrogen
status of plants affects growth mainly via light interception by strongly influencing
the partitioning of assimilates between roots, stem, and leaves (Agren and Ingestad
1987; Ingestad and Agren 1988). The concentration of potassium but generally not
of nitrogen and calcium is significantly lower in heartwood than in sapwood in both
eucalyptus and conifers (Turner 1981; Wright and Will 1958).

The decreasing concentrations of Ca and Mg in the bark with increasing tree age
may indicate a reduced availability of these nutrients for plants due to exhaustion of
their exchangeable forms in the soil, as well as retranslocation of nutrients from this
tissue as trees grew older. The reduction of K, Ca, and Mg concentrations in the
stem wood, however, may have been caused by stronger supply restrictions by the
soil, just as much as by higher internal cycling rates stimulated by higher heartwood
production rates with increasing age (Reis and Barros 1990). Plants are opportunists
and, when possible, take up more nutrients than actually required for growth of new
tissues. A positive correlation between the tissue content of minerals and plant
growth is generally observed also under field conditions (Aronsson and Elowson
1980; Pereira et al. 1989; Snowdon and Benson 1992; Rytter and Ericsson 1993;
Nilsson and Wiklund 1994, 1995).

2.3 Nutrient Removal

The percentage return of nutrients varies with species, site conditions, plant age, etc.
(Sugur 1989). Nutrient withdrawal from senescent leaves to stems and roots is cer-
tainly an important mechanism by which plants make more efficient use of a limited
nutrient resource. Between one-third and two-thirds of the leaf nitrogen and phos-
phorus contents can in this way be transported back to woody tissues and stored for
use in the coming season (Bernier 1984; Ericsson 1984; Pereira et al. 1989; van den
Driessche 1984). Stem harvest with de-barking in the intensively fertilized
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treatment would result in removal of 127 kg ha™! nitrogen, 13 kg ha~! phosphorus,
and 65 kg ha~! potassium reported by Rudhe (2014). Similar values have been esti-
mated by Laclau et al. (2000) where stem harvest with de-barking of E. alba hybrids
for pulpwood resulted in exports of 82 kg ha™! nitrogen, 23 kg ha~! phosphorus, and
31 kg ha™! potassium. Without knowing all sources of nutrient input to the ecosys-
tem, it is difficult to know if the removal will result in a depletion of nutrients in the
long term. Similarly reported by many researchers (Qui et al. 2011; Carneiro et al.
2008; Brady and Weil 2007; Gongalves et al. 2004), keeping as much biomass as
possible at the site could be important to sustain the productivity. As the result indi-
cates, much of the available plant nutrients are received from the litter and the bio-
mass, and if too large amounts of nutrients are removed from the ecosystem,
depletion of nutrients in the soil could be expected.

2.4 Nutrient Cycling

Nutrient dynamics in soil-plant system are studied under a common term called
“nutrient cycling.” Cycling of nutrient is an important aspect as significant amounts
of nutrients are returned to the soil through litterfall and become available for
cycling.

Cycling processes in forest ecosystems have been defined (Switzer and Nelson
1972) in terms of:

1. The biogeochemical cycle between plant and soil
2. The biochemical cycle of internal transfer within the forest stand
3. The geochemical cycle of import export to the forest ecosystems

In the process of internal biological cycle, there are two important pathways: The
first is tree to soil—along this nutrients are transported to forest floor via leaf/lit-
terfall, twig, fruits, and flower drop, etc. The other pathway is movement of nutrient
elements from soil to tree through the activity of root systems.

Nutrient cycling in forest plantations can be defined as the exchange of nutrient
elements between the living and nonliving components of the forest ecosystem. The
uptake of nutrients by plant roots, their incorporation into living tissue, and the
release of nutrients from organic matter through decomposition causes nutrients to
cycle within terrestrial ecosystems. Therefore, the nutrient cycling process involves
nutrient uptake and storage in vegetation in perennial tissues, litter production, litter
decomposition, nutrient transformation by soil fauna and flora, nutrient input from
the atmosphere, and the weathering of primary minerals and nutrient export from
the site by harvest and other removals, leaching, erosion, and gaseous transfers.

Nutrient retranslocation from senescing or dead tissue (leaves, heartwood, or
bark) to growing tissues is one of the ways to increase utilization efficiency of lim-
ited nutrients by trees. Nutrient retranslocation from leaves means the largest
contribution to the biogeochemical cycle of nitrogen, phosphorus, and potassium
(mobile nutrients), followed in importance by retranslocation due to duraminization
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process and in lesser extent by redistribution from the outer bark (Grove et al. 1996).
Nutrient retranslocation proportion due to leaf senescence depends on the initial
concentration and mobility of nutrient in the phloem. Eucalyptus trees are particu-
larly efficient in phosphorus retranslocation in wood during heartwood formation,
finding for various species concentrations from five to thirty times higher in sap-
wood than in heartwood. Potassium generally follows the same behavior as phos-
phorus, while nitrogen has smaller concentration differences between sapwood and
heartwood. Calcium retranslocation in duraminization process shows significant
differences depending on species and site. Therefore in cases where the internal
calcium redistribution is small, the tree requires continuous absorption from the soil
of this nutrient (Turner and Lambert cited by Grove et al. 1996).

The depletion of soil nutrients is one of the most commonly cited criticisms
associated with the eucalyptus (Jagger and Pender 2003). In contrast to other trees
commonly used, such as Leucaena and Acacia, Eucalyptus species do not fix nitro-
gen from the atmosphere as the leguminous species do. According to some authori-
ties, monoculture plantation forestry may affect soil chemical properties in two
ways: nutrient depletion from the soil into the tree components and change in the
chemical status of the soil surface as the litter layer is dominated by leaf fall derived
from one species. Forest management practices can aggravate or reduce the magni-
tude of these effects. For example, the nutrient cycle at a site can be improved by
mixing Eucalyptus species with nitrogen-fixing species such as Acacia.

Forrester et al. (2005) have compared monocultures of E. globulus (E) and
Acacia mearnsii (A) and mixtures of these species planted in a species replacement
series: 100% E, 75% E + 25% A, 50% E + 50% A, 25% E + 75% A, and 100%
A. The result indicated that highest and the lowest aboveground biomass was
obtained from 50:50 mixtures and monoculture, respectively.

The concentrations in the physiologically active leaves and litterfall leaves dif-
fered after 4.5 years, indicating the magnitude of biochemical nutrient cycling that
occurs during the process of leaf senescence. Values of —43.8%, —63.6%, —53.3%,
+24.0%, —22.2% were found for N, P, K, Ca, and Mg, respectively, showing the
release sequence: P > K > N > Mg and the absence of Ca mobility. The same
sequence was observed for leaves and leaf litter (consisting mainly of leaves) after
2.5 years, (—62.9%, —56.7%, +10.6%, and —18.0% for P, K, Ca, and Mg, respec-
tively) (Leite et al. 1998). For E. diversicolor and E. marginata, the nutrient per-
centage retranslocated from senescent to younger leaves was —56.0%, —71.1%,
—63.0%, +30.0%, and —4.0% for N, P, K, Ca, and Mg, respectively (Grove et al.
1996). Attiwill (1981) reported that the remobilized N and P quantities of senescent
eucalyptus leaves are greater than in other annual or woody species.

There are other minor routes like stem flow, crown/canopy washed, and through
rainfall in which the nutrients are dissolved in rains as atmospheric input into for-
est soil. Nutrient remobilization (on a mass base) from the bark and stem wood has
the greatest contribution to the biochemical cycle in eucalyptus trees (Grove et al.
1996).

The nonmobile nutrients in the phloem, similar to Ca in the trunk, are retrans-
ferred outward during heartwood formation or from the outer bark to tissues in
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growth process. This process is not observed in leaves, where Ca is retained in the
aging tissues (Grove et al. 1996). Calcium remobilization in trunk and branches
seems to be the greatest source of Ca in many species with marked differences of Ca
concentrations between heart- and sapwood or between inner and outer bark, par-
ticularly when Ca absorption by the roots is limited. A large fraction of the nutrients
required for growth of new tissues can be met by internal cycling of nutrients. The
ability to use the same nutrients over and over again, before they are finally dis-
carded in litter or immobilized in heartwood, is a characteristic which is particularly
well developed in trees. Although trees are very efficient at cycling nutrients from
old to young tissues, sooner or later part of the nutrients contained in the living
biomass will be lost in the litterfall.

The contribution of biochemical cycling to gross annual demand is the amount
of a given nutrient which is moved from the sapwood before its transition to physi-
ologically inactive heartwood, plus the amount of that nutrient which is moved from
that portion of the stand which is to fall as litter. The external geochemical cycle
encompasses input of nutrient elements by various means such as precipitation,
weathering of rocks, biological N, fixation, fertilization, etc., and output of nutrients
through harvest, forest fire, volatilization, leaching, drainage, erosion, etc.

The nutrients that most frequently limit forest growth are nitrogen (N) and phos-
phorus (P) (Fisher and Binkley 2000). Nutrient availability can alter growth rate
through changes in dry mass partitioning, in specific leaf area, or in the assimilation
rate per unit leaf area (Kirschbaum et al. 1992; Madeira et al. 2002; Sands et al.
1992; Xu et al. 2002).
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