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Abstract: Eucalypt plantations in Brazil have the highest mean productivity when compared to
other producing countries, and fertilizer application is one of the main factors responsible for these
productivities. Our aim was to identify appropriate rates of N, P and K in eucalypt plantations and
their interactions with edaphoclimatic factors. Four trials with four rates and three nutrients (N, P
and K) were set up. Each nutrient was studied separately, and the trees received sufficient rates of all
of the other nutrients through fertilization, to avoid limitations not related to the desired nutrient.
We assessed solid wood volume (SV), productivity gains (PG), leaf nutrient content and leaf area
index (LAI) to determine the responses to fertilization. PG, regarding N, rates ranged from 104% to
127% at 60 months after planting. P fertilizer application led to gains in productivity in soils with
levels of P-resin up to 5 mg¨kg´1, but decreased with stand age. K fertilizer application responses
increased within age in three sites. In Paulistania, responses to K application were close to zero.
N and K responses were climate related. Leaf nutrient content and LAI were not able to predict the
highest yields obtained.

Keywords: silviculture; eucalyptus; fertilizer application; nitrogen; phosphorus; potassium

1. Introduction

In the last few decades, Brazilian forestry presented advances in tree breeding, silvicultural
practices and pest management [1,2]. The average yield of eucalypt plantations increased from 25 to
39 m3¨ha´1¨ year´1 between 1990 and 2015 [3]. The soils intended for forest plantations usually have
few physical limitations, but low fertility, which requires fertilizer application for appropriate rates

Forests 2016, 7, 0002; doi:10.3390/f7010002 www.mdpi.com/journal/forests



Forests 2016, 7, 0002 2 of 15

and periods to maintain high yields. N, P and K are some of the major nutrients applied to eucalypt
plantations [4,5].

Fertilizer applications in eucalypt plantations provide gains that can range from 5% to over 90%
in wood production, depending on the nutrient, the stand age and the edaphoclimatic conditions [6–9].
Forest plantations depend on fertilizer application in appropriate levels, soil water availability and
favorable climatic conditions to achieve high levels of productivity [2,10,11].

Eucalyptus species originated from Oceania and Asia, where they have high responses to
N fertilizer application [12,13]. In Brazil, the maintenance of the forest residues on the soil after harvest
and the favorable weather conditions accelerate the decomposition action of soil microorganisms,
with a half-life of the litterfall of about 0.6 years. In Brazil, soil organic matter (SOM) originated
from litterfall decomposition is rich in nutrients, such as N, and contributes to decreased responses
to N fertilizer application in eucalypt stands, especially after canopy closure, period of litterfall
deposition and biogeochemical cycling intensification [1,14]. In tropical forest plantations, the water
deficit intensifies two years after planting, because of intraspecific competition. Furthermore, a lower
water availability has a great influence on reducing responses to N fertilizer application, limiting
production and mitigating potential responses for this nutrient [15]. According to Goncalves et al. [1]
and Pulito et al. [6], eucalypt plantations on sandy soils may present responses to nitrogen fertilizer
application in the next rotations due to the high demands of more productive genetic materials and
exporting rates exceeding the quantities applied.

Restrictions imposed by intraspecific competition for water and light are commonly noticed [2].
Therefore, yield increases related to N and P fertilizer application tend to decrease with stand age,
while for K, these yields increase [1,15,16]. Forests with higher productivities may be achieved at
low water availability conditions when fertilized with appropriate rates of K, due to the effect of this
nutrient in the stomatal activity [17].

Eucalypt plantations under soils with good water retention and availability (clayey soils), but
deficient in N, tend to have larger and longer gains in wood productivity compared to sandy soils,
due to the water competition mitigation [6,18]. The appropriate rate and the potential of responses
are directly dependent on not only the soil fertility, but also the rainfall regime distribution and
climate [19].

The major nutrients that limit the growth of planted eucalypt forests in Brazil are P and K [8].
P is applied at rates of 10–50 kg¨ha´1 [1,19], but in conditions of low availability, rates of P exceeding
60 kg¨ha´1 provided gains of 97% in the wood volume produced [7]. During the first assays of mineral
fertilizing for eucalypt plantations in Brazil, no responses to K fertilizer application were observed [20].
However, eucalypt plantations have shown increasing responses to fertilizer application with K in the
last years, due to the expansion of planted forests to regions where the soils have low natural chemical
fertility and pronounced periods of water stress [8,21]. For N fertilizer application, recent studies
presented gains in solid wood volume in stands from 2 to 11 years old, varying from 5% to 35% [6,18].
Due to outputs being higher than inputs and higher productivities, it is expected that responses to
N fertilization start to appear in the upcoming eucalypt rotations [1].

The development of silvicultural practices and eucalypt breeding increased yields and, at the
same time, reduced rotation time, which intensified nutrient output in forest sites and raised the
responses for N, P and K fertilizer applications [22]. Despite the advances in silviculture and tree
breeding achieved in recent years, which provided superior genetic materials adapted to specific
edaphoclimatic conditions, with higher nutritional demands and yields, few studies on eucalypt N,
P and K fertilizer application were developed. Due to the highly responsive and productive clonal
eucalyptus stands, the impoverishment of forest soils and the expansion of eucalyptus plantations to
low fertility areas in the mid-west and north regions of Brazil, it is expected that productivity gains
will be more related to N, P and K fertilizer applications in the upcoming rotations. To meet N, P and
K nutritional demands for different genetic materials and sites, the calibration of fertilizer application
rates is necessary to reach the maximum yield [1,14,23].
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Given the highly productive short rotation eucalypt stands cultivated in low fertility soils,
associated with nutrient outputs higher than the inputs, we tested the hypotheses that higher demands
for N, P and K fertilizer applications would be expected in eucalypt stands under highly weathered
forest soils. Late reports show responses to N, P and K, though only a few presented growth results
of stands over three years old, mainly for N and P, which tend to show smaller gains within stand
age, and even fewer tested more than two nutrients at the same site. The effect of successive crop
rotations over fertilization responses also represents an important feature in this work. We wanted
to evaluate productivity gains related to N, P and K fertilizer rates separately, without another
nutritional deficiency, under different edaphoclimatic conditions used for eucalypt plantations. For
this, we provided the trees with commonly-used rates of all of the other nutrients, including Ca, Mg,
micronutrients and N (for P and K rates), P (for N and K rates) and K (for N and P rates). Additionally,
we determine the length of these gains according to the age, nutrient and the shape of the growth
response curves over stand age.

2. Material and Methods

2.1. Site Description

Four sites were selected for this experiment, considering their soil types, climates and previous
land use, to represent the conditions found in most sites currently used for forest plantations in the
mid-west and southeastern regions, responsible for 65% of the eucalyptus plantation area in Brazil
(Table 1). These sites belong to industrial companies from the states of São Paulo and Mato Grosso
do Sul (Figure 1). According to the Köppen classification, the climate is Cwa at the Mogi Guacu
(MGG) and Paulistania (PLT) sites. Cwa is a humid subtropical climate with dry winters and rainy
summers, with a mean temperature in the hottest month higher than 22 ˝C. Ribas do Rio Pardo
(RRP) and Luis Antonio (LAT) have climate described as Aw, a tropical climate with dry winters
and a mean temperature in the coldest month above 18 ˝C (Table 1). The soils in LAT and RRP are
Typic Quartzipsamment (Quartzarenic Neosol); in MGG, Typic Hapludox (red yellow Latosol); and
in PLT, Rhodic Hapludox (red Latosol) (Table 2). The experimental sites at LAT and MGG were
managed with eucalypt plantations for more than 20 years; in PLT, the site was previously used for
agricultural crops; and in RRP, the experiment was established in an area with previous Cerrado
(Brazilian Savannah) vegetation, known for the low levels of P, K, Ca, cation exchange capacity (CEC)
and a lower decomposition rate [24–26].

The experiments were set up in November 2008 (RRP and PLT) and November 2009 (MGG and
LAT). The genotypes used were two hybrids of E. grandis ˆ urophylla (RRP and PLT) and one hybrid
of E. urophylla ˆ globulus (MGG and LAT). Tree spacing of MGG and RRP was 3.00 m ˆ 2.75 m, for
LAT, 3.00 m ˆ 2.50 m, and for PLT, 3.00 m ˆ 2.00 m. The silvicultural practices performed were
soil preparation (subsoiling at 0.6 m), planting, irrigation and fertilizer application. Herbicides were
applied 2–3 times during the first 3 years after planting to prevent herbaceous species in the stands.

Table 1. Latitude (Lat), longitude (Long), altitude (Alt) and mean annual values for temperature (T),
pluviometric precipitation (PP), water surplus (WS), water deficit (WD) and months with WD per year
(WDM) in each site. RRP, Ribas do Rio Pardo; PLT, Paulistania; MGG, Mogi Guacu; LAT, Luis Antonio.

Site
Lat Long Alt T PP WS 1,2 WD 1,3

WDM
S 4 W 5 m ˝C ____________mm____________

RRP 20˝451 54˝621 530 24.5 1472 310 173 6
PLT 22˝331 49˝191 610 22.5 1387 355 86 6

MGG 22˝041 47˝021 591 22.0 1446 488 99 5
LAT 21˝351 47˝311 610 21.5 1213 311 118 6

1 Calculated according to Thornthwaite and Matter [27]; 2 mean of annual water surplus; 3 mean of annual
water deficit; 4 South; 5 West.
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Figure 1. Location of the studied site in the states of São Paulo and Mato Grosso do Sul.

Table 2. Soil classification, physical and chemical attributes (0–20 cm depth layer) at the studied sites.

Site Soil Type 1
Clay 2 Sand 2 OM 3

pH 4
P-Resin 5 Cation Exchange

Ca 5 Mg 5 K 5 Al 6

% g¨ kg´1 mg¨ kg´1 ________mmolc¨ kg´1________

RRP Quartzipsamment 7.3 90.8 12.9 4.0 1.4 1.4 1.0 0.3 6.8
PLT Rhodic Hapludox 12.3 86.0 9.8 3.6 3.0 3.0 1.5 0.4 9.5
LAT Quartzipsamment 8.9 90.7 19.4 4.1 8.7 16.3 5.8 0.4 4.1

MGG Typic Hapludox 16.4 50.9 16.1 4.1 4.0 20.5 3.5 0.3 0.9
1 Soil Taxonomy, USDA [28]; 2 pipette method [29]; 3 organic matter determined by potassium dichromate and
sulfuric acid extraction; 4 CaCl2 0.01 mol¨L´1 soil to solution 1:2.5 ratio; 5 extracted by ion exchange resin [30];
6 extracted by KCl 1 mol¨L´1.

2.2. Experimental Design

The experiments were conducted in a randomized block experimental design with four replicates
for each site. The plot had 36 trees, surrounded by a two-tree border. The experimental areas received
three groups of treatments (N, P and K), with four rates (treatments) of each nutrient. The treatments
for the N group were: (1) N0 (0 kg¨ha´1); (2) N50 (50 kg¨ha´1); (3) N100 (100 kg¨ha´1); and (4) N150
(150 kg¨ha´1). Each treatment in this group received the same amounts of P (40 kg¨ha´1) and K
(125 kg¨ha´1). The treatments for the P group were: (1) P0 (0 kg¨ha´1); (2) P13 (13 kg¨ha´1); (3) P26
(26 kg¨ha´1); and (4) P40 (40 kg¨ha´1). Each treatment in this group received the same amounts of N
(100 kg¨ha´1) and K (125 kg¨ha´1). The treatments for the K group were: (1) K0 (0 kg¨ha´1); (2) K41
(41 kg¨ha´1); (3) K83 (83 kg¨ha´1); and (4) K125 (125 kg¨ha´1). Additionally, K190 (190 kg¨ha´1) and
K250 (250 kg¨ha´1) were applied only at PLT. Each treatment in this group received the same amounts
of N (100 kg¨ha´1) and P (40 kg¨ha´1). A control treatment was also tested with application of rates of
N (10 kg¨ha´1), P (4 kg¨ha´1) and K (8 kg¨ha´1). The fertilizer sources used were ammonium nitrate
(AN), triple superphosphate (TSS) and potassium chloride (KCl). Other nutrients applied to all sites
and treatments were Ca (542 kg¨ha´1), Mg (150 kg¨ha´1), B (5.4 kg¨ha´1), Zn and Fe (1.2 kg¨ha´1,
each), Mn (0.8 kg¨ha´1), Mo and Cu (0.2 kg¨ha´1, each). Ca and Mg were supplied through lime
application, B, through ulexite and, the other micronutrients, through fritted trace elements (FTE) Br 9.
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The rates of Ca, Mg and all of the applied micronutrients were set up according to those commonly
applied in eucalypt stands throughout Brazil to guarantee that these nutrients would not interfere in
the experiment. The rates proposed for N, P and K were established according to those commonly
used in eucalypt stands throughout Brazil [1,8,9,31].

Fertilizer rates were split into three applications. In the first was applied all P, 10 kg¨ha´1 of N
and 8 kg¨ha´1 of K, into two side holes close to the seedling. The second and the third were performed
at 3 and 8 months after planting, dividing equally the remaining rates (amount varied according to
treatment) and spread over the crown projection.

2.3. Leaf Nutrient Content

Leaves were collected in the upper third of the canopy. Twenty young fully-expanded leaves were
collected from each tree, with four trees sampled per plot, forming a composite sample. This process
was performed in three blocks at MGG, LAT and RRP (PLT, at 48 months). For PLT, at 6, 12, 24 and
36 months, only one composite sample was collected per treatment. Sampling started six months
after planting for MGG, LAT and PLT and twelve months after that limit for RRP. Samples were
air dried at 65 ˝C to a constant weight and ground for chemical determinations of N, P and K
concentrations. The total N was determined after sulfuric acid digestion using the micro Kjeldahl
method. After nitropercloric digestion, the P content was determined by colorimetry, K content was
determined by flame photometry [32].

2.4. Leaf Area Index

The leaf area index (LAI) was obtained using hemispheric photographs analyzed with the software
Hemisfer 1.41 [33–35]. The photograph images were sampled at 18, 24, 30, 36, 48 and 60 months after
planting, according to the site. To provide the canopy image used to estimate LAI, the camera was
positioned with the lens aiming at the canopy at a 1.0-m height, parallel to the ground. A compass was
used to determine and direct the upper part of the lens to magnetic north. Four canopy images were
sampled per plot.

2.5. Tree Growth

Tree height, diameter at breast height (DBH) and survival were measured at 18 (except for RRP),
24, 36, 48 and 60 (except for MGG and LAT) months after planting, to estimate the solid wood volume
with bark (SV). Allometric equations using DBH and height developed by the industrial companies
specifically for each genetic material were used to estimate SV. The productivity gain (PG) increase
was calculated to compare the eucalypt responses to N, P or K fertilizer applications between sites,
regardless of the growth increment (Equation (1)). The rates compared were N150/N0, P40/P0 and
K125/K0.

PGp%q “
SV max

SV
ˆ 100 (1)

where SV is the wood volume with bark for N0, P0 or K0; SVmax: SV for the highest rate of N (N150),
P (P40) or K (K125).

2.6. Data Analysis

Data were checked for normality (Shapiro–Wilk) and homoscedasticity (Box–Cox). ANOVA was
performed at the 5% confidence level (F-test). When significant by the F-test, an LSD test (p < 0.05) was
performed for contrasting the means. The regression between the solid wood volume with bark (SV)
and their fertilizer rates was established and applied to determine optimum nutrient rates for each
nutrient and site at 24 and 48 months after planting for PLT, RRP, MGG and LAT and at 60 months
after planting for PLT and RRP. Statistical analyses were performed using the software SAS Version
12.1 (SAS Institute, Cary, NC, USA)) and Sigmaplot Version 12.0 (Systat Software Inc., San Diego,
CA, USA).
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3. Results

The leaf N content ranged from 12 to 27 g¨kg´1 in the four sites. N application affected N leaf
content in RRP, MGG and LAT, but not in PLT (Figure 2). In RRP, there were differences between
the N0 and the other rates only at 12 months. In MGG, the leaf N content of N0 was lower than
the N50 (12 months) and N150 (48 months). In LAT, the leaf N content in N0 was lower only than
N100 (12 months). A relationship between the applied N rates and the leaf N contents could not be
found. The highest leaf N contents were found at 24 and 48 months in PLT, at 12 and 48 months
in MGG and LAT and after 36 months in RRP. Among the four sites, the highest leaf N means
were observed in PLT and MGG. Regarding the P rates, levels of this nutrient in leaf biomass had
different performances in the sites. In RRP, the levels increased from 1.5 to 2.3 g¨kg´1, between 12
and 36 months. In MGG, the levels ranged, between six and 48 months, with values higher than
1.5 g¨ kg´1 found with P40, at 12 months. The variation between treatments was close to 0.1 g¨ kg´1 at
36 months. P levels decreased after six months in LAT, ranging from 0.6 to 1.5 g¨kg´1. The highest
levels of P observed in PLT were higher than 1.6 g¨kg´1, at 24 months, and the lowest between six and
12 months, close to 0.6 g¨kg´1. Leaf K content increased until 12 months, then decreased in MGG, LAT
and PLT. The highest (12.3 g¨kg´1) and lowest (4.4 g¨kg´1) values for the nutrient were observed in
the MGG site.

LAI, related to the N application, varied according to the sites (Figure 3). The highest LAIs were
found at 24 months in RRP, at 30 months in MGG, at 36 months in LAT, and in PLT, the values were
not stable until 60 months. The LAI variation was similar in all sites, and it was related to the genetic
material and climatic conditions, regardless of evaluated nutrient. No relationship between P rates
and LAI was found for the studied sites. Regarding K rates, the lowest LAI in all ages were for K0,
except in PLT. Similar results were found for N rates, with the lowest LAI values related to N0. The
LAI differences between treatments ranged up to 1.2 m2¨m´2.
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Figure 2. Nutrient leaf contents of N (a–d), P (e–h) and K(i–l) for RRP (a,e,i), MGG (b,f,j), LAT (c,g,k)
and PLT (d,h,l), according to the applied rates of the nutrients and stand age. Bars indicate the least
significant difference by the LSD test (p < 0.05).
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Figure 3. Leaf area index of N (a–d), P (e–h) and K(i–l) for RRP (a,e,i), MGG (b,f,j), LAT (c,g,k) and
PLT (d,h,l), according to the applied rates of the nutrients and the plantation age. Bars indicate the
least significant difference by the LSD test (p < 0.05).

The highest mean annual increment (MAI) at 48 months was found in PLT, 54 m3¨ha´1¨year´1

(N150), and the lowest in RRP, 12 m3¨ha´1¨year´1 (control) (Figure 4). The highest yield gains to
P fertilizer application were observed in RRP, PLT and MGG. For N fertilizer application, the most
responsive sites were in RRP, MGG and LAT, and to K fertilizer application, the sites were RRP, MGG
and LAT.

Regarding N fertilizer application, decreases in the productivity gains (PG) along stand age were
observed in MGG and LAT (Figure 5). The PG in PLT was 104% at 18 and 60 months, with minor
variations along age; in LAT was 150% at 18 and 119% at 48 months; in MGG, PG was 120% at 18 and
114% at 48 months; and in RRP was 113% at 24 and 127% at 60 months.

For P rates, the PG decreased during the studied period, except in LAT. After 48 months, PG
values were 105% (LAT), 110% (MGG) and 113% (PLT). In RRP, a PG of 165% at 24 and 140% at
60 months was observed. For K rates, PG increased in RRP and MGG, while in PLT, no responses were
found to the applied rates.

The response curves and the optimal rate of each nutrient varied according to the site and stand
age. The optimal N rate for the sites of MGG, LAT and PLT could not be established, due to the linear
response to fertilizer application during the evaluation period, therefore being higher than 150 kg¨ha´1.
The optimal rate of N in RRP was 84 kg¨ha´1, at 60 months. The optimum rate of P was higher than
40 kg¨ha´1 in RRP at 60 months and 25 kg¨ha´1 in MGG at 48 months. In LAT, no responses were
found, and in PLT, a hyperbolic model was adjusted. The optimal rate of K in RRP was higher than the
highest tested rate, 125 kg¨ha´1 (60 months after planting). The optimal rate of K was 184 kg¨ha´1 in
MGG and 104 kg¨ha´1 in LAT, at 48 months. PLT presented no volumetric gains related to the rate of
application of K.
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Figure 4. Solid wood volume with bark (SV) according to the applied rates of N (a,d,g,j), P (b,e,h,k)
and K (c,f,i,l) in RRP (a–c), MGG (d–f), LAT (g–i) and PLT (j–l). Bars indicate the least significant
difference by the LSD test (p < 0.05).Forests 2016, 7, 0000 
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Figure 5. Productivity gains (PG) for N (a), P (b) and K (c) fertilizer applications at different ages in
Eucalyptus sp. at four sites.

The responses to K rates found in RRP fit linear models at 24, 48 and 60 months. Late responses
were observed in LAT, with differences in wood volume between treatments from 36 months (Table 3).
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The responses in this site fit a quadratic model. MGG presented responses to the K rates during the
evaluation period, fitting a quadratic model. In PLT, there were no responses to the K rates applied.

Table 3. Regression equations for N, P and K applied (kg¨ ha´1) according to the age and site in stands
of E. grandis ˆ urophylla (PLT and RRP) and E. urophylla ˆ globulus (MGG and LAT).

Nutrient Site Age (years) NOR 1 Equation R2 p

N MGG 2 >150.0 SV 2 = 22.3555 + 0.027 N 0.91 0.05
4 >150.0 SV = 119.5067 + 0.1295 N 0.88 0.01

LAT 2 >150.0 SV = 12.9599 + 0.4441 N 0.98 0.01
4 >150.0 SV = 97.78 + 0.1385 N 0.97 0.01

PLT 2 55.0 SV = 90.8829 + 0.01111 N + 0.001 N2 0.99 0.05
4 >150.0 SV = 197.2356 + 0.0821 N 0.99 0.01
5 >150.0 SV = 260.5 + 0.0683 N 0.96 0.01

RRP 2 ns 3

4 83.0 SV = 83.17 + 0.83 N ´ 0.005 N2 0.98 0.01
5 84.0 SV = 92.6145 + 1.4245 N ´ 0.0085 N2 0.98 0.01

P MGG 2 - SV= 39.1693 + 13.0978 P/(7,7766 + P) 0.99 0.01
4 25.0 SV = 121.527 + 1.591 P ´ 0.032 P2 0.99 0.01

LAT 2 ns
4 ns

PLT 2 - SV = 59.6622 + 43.7815 P/(9.2192 + P) 0.98 0.05
4 - SV = 185.2123 + 32.2774 P/(9.0247 + P) 0.99 0.01
5 - SV = 234.5716 + 40.6509 P/(4.3426 + P) 0.99 0.01

RRP 2 - SV = 9.8719 + 7.5309 P/(6.253 + P) 0.99 0.01
4 - SV = 92.8321 + 28.4579 P/(20.8669 + P) 0.98 0.01
5 >40.0 SV = 105.568 + 0.468 P 0.98 0.01

K MGG 2 117.0 SV = 46.14 + 0.07 K ´ 0.0003 K2 0.89 0.05
4 184.0 SV = 112.275 + 0.2577 K ´ 0.0007 K2 0.99 0.05

LAT 2 - ns
4 103.00 SV = 94.7431 + 0.39 K ´ 0.0019 K2 0.91 0.05

PLT 2 - ns
4 - ns
5 - ns

RRP 2 148.0 SV = 10.4628 + 0.1182 K ´ 0.0004 K2 0.99 0.01
4 >125.0 SV = 58.92 + 0.47 K 0.95 0.01
5 >125.0 SV = 68.62 + 0.61 K 0.94 0.01

1 Nutrient optimum rates (NOR) determined for quadratic models; 2 solid wood volume (m3 ha´1);
3 no significant.

The optimal rates for RRP at 48 (K) and 60 months (P and K) could not be established, due to
the linear response to fertilizer application. The response curves of P for MGG, PLT and RRP (24 and
48 months) fit hyperbolic models, with decreasing increments. The model fit by the response curves of
K varied for MGG, LAT and RRP. As the trees grew, K curves in MGG better fit the quadratic models.
The response curves of K in LAT did not fit to any model at 24 months after planting. At 48 months,
they fit to a quadratic model. In RRP, they fit to a quadratic model at 24 months and to linear models
at 48 and 60 months after planting.

4. Discussion

4.1. Leaf Nutrient Contents

Leaf nutrient content and leaf area index are commonly used as quality indicators of forest
plantations [2,8,36]. Environmental conditions and age can influence the performance and responses
of stands under different fertilizer application regimes, as observed in other studies [8,9,21]. Eucalypt
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clonal plantations in a sandy soil in southeastern Brazil, with application of P rates from 9 to 36 kg¨ha´1,
presented differences in the leaf P content only at three months old, equaling the other treatments
after this age [21]. In seedling monoprogeny plantations of E. grandis, comparing the control (no
P application) and a P rate of 26 kg¨ha´1, leaf P content presented differences until 120 days after
planting, equaling later [9].

In our study, a decrease was observed in the leaf nutrient contents along stand age and in the
differences between leaf nutrient contents of the treatments, as the stands developed. The highest
variations were related to the age and weather seasonality, and not to the applied rates. LAT, a site with
soil-available P levels considered high for eucalypt stands (Table 1), presented the lowest variations
and differences in leaf P content along the stand age. According to Goncalves et al. [1], P contents higher
than 8 mg¨dm´3 at a 0–20-cm soil depth are considered high, with low or no potential responses to
phosphorus fertilizer application. Therefore, P content in the soil was sufficient to supply the demand
of the trees from the planting, and consequently, the leaf P contents in this site underwent less variation
than in the other three sites.

Nutrient leaf content tends to be higher in eucalypt up to 24 months (canopy closure), due to
the lower production of total biomass and the larger canopy contribution compared to other tree
compartments. After this age, the canopy closes, and nutrient requirements decline until the end of
the rotation [37]. According to Laclau et al. [31], N, P and K uptake from the soil are higher in the
first year after planting. After this age, 30% of annual N and P and 45% of annual K requirements
are met through internal retranslocation. Stocked in the leaves, nutrients are retranslocated to other
compartments, especially to the stem, causing a dilution effect, with a reduction of the differences
previously present in nutrient leaf content. This process decreases the possibility of associations
between leaf nutrient contents and the responses to fertilizer applications, especially in stands more
than 24 months old.

According to Gonçalves [36], the average leaf N, P and K contents in eucalypt stands in Brazil
vary between 21 and 30 g¨kg´1 (N), 1.0 and 1.3 g¨kg´1 (P) and 5.5 and 8.0 g¨kg´1 (K). In this study,
while the P and K contents were within the proper range during most of the evaluation period, the N
contents were below the proper range during all (RRP) or part (MGG, LAT and PLT) of the evaluation
period. RRP was the site with the higher response to nitrogen fertilizer application, while PLT had the
lower one, presenting the highest N content. No differences were found in N leaf contents between
treatments at a single age in any of the sites. Similar results were found by Misra et al. [38] and
Jesus et al. [18], who observed an increase in wood production not followed by an increase in leaf N
content. These results can be attributed to an even distribution of the nutrient in biomass, as shown
by Jesus et al. [18], who found larger amounts of N (kg¨ha´1) in the aboveground biomass (including
litterfall), according to the nutrient rates applied. Responses to P fertilizer application were observed
in RRP, despite the leaf P content being above the threshold. Biochemical cycling possibly occurred
with less intensity, due to the low MAI in RRP, which allowed higher P leaf contents until 36 months
after planting.

4.2. Leaf Area Index

LAI is influenced by stand age, as well as the leaf nutrient content [2]. After canopy closure,
between 24 and 36 months after planting, LAI values tend to decrease until stabilization. After this
age, the factor that most affects LAI is weather seasonality, related to rainfall regime and soil water
availability [39,40].

The maximum LAI is usually found until 36 months old, with minor variations and decreases
afterwards. In some cases, LAI may continue to increase after that age, as observed in PLT, which can
be attributed to its favorable edaphoclimatic conditions and the genetic material used [41]. The genetic
material used in PLT was developed specifically for the study area, while the genetic materials used in
RRP, LAT and MGG were developed for other regions. These genetic materials may have contributed
to the results found, since they are more susceptible to edaphoclimatic adversities.
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In RRP, where the highest responses to fertilizer application were found, small LAI variations
were verified by applying increasing rates of N and P (Figure 3). The difference between K0 and K125
in RRP was lower than 9% at 24 and 11% at 60 months, while the yield difference at the same ages was
81% and 128%, respectively. The responses to fertilizer application observed in wood productivity
were not followed by significant differences in the LAI in any of the evaluated sites. According to
Battie-Laclau et al. [17], LAI variations up to 20% depending on the period of the year can be expected.
The studied sites had no major variations in LAI between treatments in the rainy or the dry seasons.
These results are similar to those presented by Bazani et al. [9] on P and Almeida et al. [8] on N.

Similar LAI between treatments with different wood yields indicates a higher leaf biomass
contribution to the total biomass for treatments with lower yields. Fernandez et al. [7] found a higher
relative contribution of leaves in total biomass of E. camaldulensis trees in treatments with lower rates
of P (9.6 years after planting). Such results demonstrate the lower efficiency in light and water use,
indicating that less productive treatments are less efficient in use and assimilate resources in low
nutrient availability situations [13,42].

4.3. Productivity of Plantations in Response to Fertilizer Application

Productivity responses found in MGG, LAT and RRP to the N rate application might indicate
an impoverishment of these soils. MGG and LAT sites have been managed with eucalypt plantations
for more than 20 years. RRP was established in an area with previous Cerrado vegetation under low
soil fertility (Table 2). PLT was previously managed with agricultural crops, differently from the other
studied sites, and therefore, the productivity gains due to N fertilizer application were smaller.

A decrease in the responses (PG) to N fertilizer application, verified with age, was found in other
experiments with different rates of N [6]. N demand from fertilizer application decreases with age, due
to the canopy closure, internal cycling and intensification of the biogeochemical cycling, responsible
for the mineralization and availability of N and other nutrients found in soil organic matter [1,31].
The competition for water and light after canopy closure limits tree growth and productivity responses
to N fertilizer application [43]. As part of the chlorophyll structure responsible for photosynthesis [44],
N demand is closely related to LAI. After canopy closure and the intensification of biogeochemical
cycling, N demands tend to decrease in eucalypt stands. Other N input sources, such as deposition
through rainfall, can add 2–10 kg¨ha´1¨year´1 of N to the soil and contribute to the decrease in the
demand for nitrogen fertilizer application [31].

In LAT, no P fertilizer application responses were observed, due to the high P content present in
the soil, which was able to meet the stand demand (>8 mg¨ kg´1) [14] (Table 1). In the other sites, there
was a decrease in responses to the P rates applied throughout the stand development. Similar results
were found in experiments with different rates of P [45,46]. In plants, P plays a vital role as part of
the chemical structures of adenosine triphosphate (ATP). In the early stages of eucalypt growth, there
is an intensification of the metabolic process, in which ATP is required, for biomass production [8].
Therefore, higher demands and uptake of this nutrient are noticed. Decreasing responses to P fertilizer
application might be related to the root system development with stand age, exploring broader
volumes of soil, thus accessing larger amounts of P in the soil [47]. The competition by other limiting
factors, such as water and light, also influenced these results [1].

Planted forests in Brazil have their higher rates of current annual increment (CAI) between
three and four years old. After this period, the demand for water considerably increases, initiating
an intraspecific competition. Water is a regulator of forest production, and its limitation mitigates
responses to nutrient application, especially to P and N [38]. Regarding K, due to its effect on stomatal
regulation, forests with adequate K availability exposed to water stress tend to have lower productivity
losses [43]. Eucalypt plantation responses to K fertilizer application usually increase with stand age,
because of this relation between water use efficiency and K content in the leaves [1,8,17,48].

In soils with low exchangeable K availability, productivity gains for E. grandis reached 191% after
36 months and 230% after 84 months with the application of 116 kg¨ha´1 of K compared to a treatment
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without K fertilizer application, presenting an increase of responses with age [8,14]. Almeida [48]
found, in E. grandis stands, lower transpiration by leaf unit area for the treatments that received K
application compared to the control, with a water loss 30% lower. This author also found that the
amount of water required per kilogram of produced stem reduced from 500 L (control) to 248 L
(116 kg¨ha´1 of K) three years after planting.

RRP presented the highest response to K application, with relative gains greater than 130% at
60 months, comparing K0 and K125. This site presented sandy soil (91% sand); therefore, it retained
the smallest amounts of water, due to the water retention capacity associated with clayey soils. The
water balance calculated for this site also indicated the longer periods of soil water deficit and shorter
for water surplus (Table 1). Edaphoclimatic conditions, associated with the low K availability, were
crucial for the K fertilizer application responses found [8,17].

The lack of responses to K application in PLT is associated with the previous use of this site.
In the other three sites, the area had either been used for eucalypt plantations in previous rotations
(MGG and LAT) or presented a low fertility soil and no fertilizer application background. In PLT,
the experiment was conducted in an area previously used for agricultural crops, usually with higher
fertilizer demands and application. Thus, the residual effect of previous fertilizer application probably
provided larger amounts of K to plants, mitigating the fertilizer application effects. The previous
crops in this site had a shallow root system with smaller depths of soil exploration, which may have
contributed to a greater water accumulation at depths greater than 5 m, accessible only by species with
deeper root exploration of the soil, such as Eucalyptus [49]. The lowest soil water deficits found in this
site compared to the others is also considered responsible for the lack of responses to K application,
since there were no differences found comparing the treatments with and without rates of K, even
under higher water consumption conditions.

The hyperbolic models fit by response curves of P in MGG (24 months), PLT (24, 48 and 60 months)
and RRP (24 and 48 months) indicate decreasing increments with the increasing of P rates (Table 3).
The volume of wood to be obtained and the economic returns should be consider to determine the
optimal rate in these models.

The responses found with N application showed that the use of soil organic matter (SOM) alone
as an indicator to consider for N recommendation could limit the plantation productive potential.
The higher responses to N application were expected in PLT due to the lower SOM contents in
the soil layer of 0–20 cm; however, these were found in RRP (Figure 4). Both of the sites used the
E. urophylla ˆ grandis hybrid. MGG and LAT used an E. urophylla ˆ globulus hybrid, and higher yield
responses were found in LAT, which had higher SOM contents. Regarding the climatic variables, the
sites with higher responses to N application were those of higher values of mean water deficit in the
soil. RRP had an average water deficit of 173 mm (2009–2013), and LAT presented an average water
deficit of 118 mm (2010–2013). According to Stape et al. [50], the water supply is directly related to
the productive potential of a site, and at low soil water availability, trees tend to limit their growth
and provide greater amounts of carbohydrates to root formation; therefore, there is a reduction in the
aboveground biomass.

The contents of P in the soil were directly related to the yields found. RRP, the site with the
lowest values of P available in the soil, presented the highest gains in wood (with bark) volume to
P rate application. LAT, the site with the highest P content in the soil, had no responses to P fertilizer
application. The greatest demand for P in the early growth stages of the trees indicated the role of
phosphorus fertilizer application during the period in which the exploration of the soil by the root
system is still limited.

5. Conclusions

Long-term eucalypt sites are gradually responding to N. In these sites, productivity gains due
to N fertilizations are expected for the upcoming rotations. For P application, productivity gains
decreased with stand age, proving a greater demand for this nutrient in the early growth stages
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(until two years old) of eucalypt plantations. Demands for K arose according to stand age in three
sites. Differences in LAI and leaf nutrient contents according to the fertilizer rates were smaller
than productivity gains, for N, P and K fertilizer applications, limiting the use of these variables as
productivity indicators.
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