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Nutrient acquisition and eucalyptus growth affected by humic acid
sources and concentrations

Aquisi¢ao de nutrientes e crescimento do eucalipto sob efeito de
fontes e concentracoes de acido humico

Everton Geraldo de Morais!”; Carlos Alberto Silva?; Sara Dantas Rosa!

Abstract

Humic acid (HA) can increase eucalyptus growth due to its biostimulant effect and improvement in
plant nutrient uptake. Magnitude of these stimuli varies according to the source, chemical composition,
presence of bioactive fragments, and concentration of HA. The aim of this study was to evaluate the
effect of HA sources and concentrations on dry matter, accumulation and uptake efficiency (UpE) of
nutrients for eucalyptus seedlings cultivated in nutrient solution. A randomized block experimental
design was adopted, with four replications, in a 3x4+1 factorial scheme, in which three sources of HA
(HA-L1 and HA-L2, derived from different commercial HA extracted from leonardite with 0.5 mol L"!
NaOH and 0.5 mol L' KOH, respectively, and HA-Com, which was extracted from compost with 0.5
mol L' KOH) were combined with four concentrations of C-HA (5, 10, 25, and 100 mg L") as well as a
control treatment in which eucalyptus was cultivated without HA. Eucalyptus seedlings were grown for
20 days, maintaining three plants per pot. At the end of the experiment, production of shoot dry matter
(SDM), root dry matter (RDM), and total dry matter (TDM); the Root: Shoot dry matter ratio; and the
accumulations of N, P, K, Ca, B, Cu, Fe, and Zn in the shoot and root were evaluated as well as the UpE
of these nutrients by the seedlings. Maximum production of SDM was reached at the concentrations of
14 and 13.5 mg L' of C-HA, for HA-L1 and HA-Com, respectively. The RDM increased with the use of
HA-Com, with optimal concentration of 55 mg L' of C-HA. Accumulation of Fe in the eucalyptus shoot
decreased in HA-treated pots, compromising Fe translocation from the root to the shoot. Regardless
of HA source used, Cu accumulation by plants diminishes as C-HA concentration increases. A greater
growth of eucalyptus at concentrations lower than 15 mg L' of C-HA occurs more through the stimulus
to shoot and root growth than due to greater acquisition and UpE of nutrients by plants. Use of high
concentrations of C-HA requires greater concentration of some micronutrients in the nutrient solution
tested.

Key words: Nutrient uptake. Bioactivity of humic fragments. Organic-metallic complexes. Uptake
efficiency of nutrients. Humic substances.

Resumo

O 4cido humico (AH) pode aumentar o crescimento do eucalipto devido a seu efeito bioestimulante
e aumento da absor¢do de nutrientes pelas plantas. A magnitude desses estimulos varia conforme a
fonte, composi¢do quimica, presenga de fragmentos bioativos e concentragdo de AH. Objetivou-
se, assim, avaliar o efeito de fontes e concentracdes de AH na massa seca, aquisi¢ao ¢ eficiéncia de
absorc¢ao (EAbs) de nutrientes por mudas de eucalipto cultivadas em solugdo nutritiva. O experimento
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foi realizado em delinecamento de blocos casualizados, com quatro repeti¢des, em esquema fatorial
3x4+1, sendo testadas trés fontes de AH (AH-L1 e AH-L2, derivados de diferentes produtos comerciais
de AH, tendo como material de extragdo leonardita, sendo extraidos com NaOH 0,5 mol L' ¢ KOH
0,5 mol L, respectivamente ¢ o0 AH-Com, que foi extraido de composto, com KOH 0,5 mol L"), que
foram combinadas com quatro concentragdes de C-AH (5, 10, 25 ¢ 100 mg L"), além de um tratamento
controle onde o cultivo do eucalipto foi feito sem aplicagdo de AH. Mudas de eucalipto foram cultivadas
durante 20 dias, mantendo-se trés plantas por vaso. Ao final do experimento, foram avaliados a producao
de massa seca da parte aérea (MSPA), raiz (MSR) e total (MST), relagdo de massa seca raiz/parte aérea
e os acumulos de N, P, K, Ca, B, Cu, Fe e Zn na parte aérea e raiz, além da EAbs desses nutrientes pelas
mudas de eucalipto. H4 maxima produgdo de MSPA para concentragdes de 14 e 13,5 mg L' de C-AH,
respectivamente, para AH-L1 e AH-Com. A MSR aumentou com o uso de AH de composto, sendo
maximo o crescimento de raiz para a concentragdo de 55 mg L' de C-AH. O acimulo de Fe na parte
aérea do eucalipto diminuiu com a aplicagao de AH, comprometendo a translocacdo do nutriente da
raiz para a parte aérea. Ha restri¢do severa no acimulo de Cu pelas plantas a medida que se aumenta a
concentragdo de C-AH, independentemente da fonte de AH utilizada. O maior crescimento do eucalipto
em concentragdes menores que 15 mg L' de C-AH ocorre mais pelo estimulo ao crescimento da parte
aérea e de raizes do que devido a maior aquisicdo e EAbs de nutrientes pelas plantas. O uso de altas
concentragdes de C-AH demanda maior concentragdo de alguns micronutrientes na solugdo nutritiva.

Palavras-chave: Absor¢io de nutrientes. Bioatividade de fragmentos hiimicos. Complexos organicos-

metalicos. Eficiéncia de absor¢do de nutrientes. Substancias himicas.

Introduction

Humic acid (HA) is currently classified as
structures  that
relatively high molecular weight, in the range
of 50,000 to 100,000 Daltons (STEVENSON,
1994). Supramolecular humic structures are due to
associations of relatively small and heterogeneous
humic fragments held together by low energy bonds
(PICCOLO, 2001). The effect of HA application
on plants has recently been researched and has
shown high potential for use (BALDOTTO et
al., 2016; ROSE et al., 2014). Humic acid action
occurs through direct action on plants, or indirectly,

supramolecular organic have

due to HA changes in the growth media, affecting
nutrient acquisition and plant growth (LYONS;
GENC, 2016). HA direct action on plants includes
an effect similar to the role played by auxins on
plants (DOBBSS et al., 2010; NARDI et al., 2016).
Besides, HA increases number of physiologically
active root (RIMA et al., 2011), and improves the
plasmatic membrane H*-ATPase activity (NARDI
et al., 2016). In addition, HA can stimulate nutrient
transporter activity (JINDO et al., 2016; TAVARES
et al., 2017; TOMASI et al., 2014). Indirect effects
are those associated with the ability of HA to change

the growth medium pH and electrical conductivity
(EC) and nutrient complexation, changing macro
and micro nutrients availability (LYONS; GENC,
2016; PINHEIRO et al., 2010). These effects on
nutrient acquisition are controlled by HA source
and concentration (ROSE et al., 2014).

Humic acid can be obtained from different
sources, such as peat, leonardite, lignite, and
composts, and from humified urban residues,
such as sewage sludge and composted garbage
(ROSE et al., 2014). All these HA sources include
materials that are differentiated in regard their
chemical composition, fractions molecular weight,
and bioactivity of humic fragments contained in
HA matrix, which makes it difficult to foresee the
agronomic efficiency as well as comparisons of
the action mechanisms of different HA sources
(GARCIA et al., 2016; LYONS; GENC, 2016;
ROSE et al, 2014). The structure, chemical
composition, and quantity and types of functional
groupings in the HA structure are key factors to
establish the relationship between the chemical and
physicochemical nature of the HA and its effects on
plants (GARCIA et al., 2016). According to Rose et
al. (2014), the source of HA modulates its effect on
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plants by changing pH, EC, nutrient concentrations,
presence of organic acids, molecular weight,
presence of hormones, and other substances that
play an important role in plant physiological and
biochemical processes, mainly those HA derived
from composted sources (MARTINEZ-BALMORI
et al., 2014; ROSE et al., 2014). The effect of
the HA source is dependent on the concentration
used, which affects nutrient acquisition by plants
(AZCONA et al., 2011), considered that compost-
derived HA are more chemically bioactive and
requires lower optimal concentrations to positively
affect plants (GARCiA et al., 2016; ROSE et al.,
2014).

The range of HA optimal concentrations that
ensure greater growth and accumulation of nutrients
in diverse plant species is from 5 to 300 mg L
of HA (CHEN; AVIAD, 1990), when including
experiments with plant cultivation of plants in
growth media with varied capacity to buffer, pH,
nutrients availability etc. According to Pinheiro et
al. (2010), for the eucalyptus seedlings growth in
nutrient solution, the optimal HA concentration is
around 5 mg L' C-HA. The optimal concentrations
of HA for optimum plant growth in nutrient solution
are lower compared to those rates required by plants
cultivated in soils. Nevertheless, in both situations,
the responses in plant growth are normally explained
by the quadratic mathematical models in which there
is an increase up to an optimal HA concentration,
followed by a decrease after that rate (ROSE et al.,
2014). HA sources and concentrations interact with
the plant species, controlling the magnitude of HA
effect on plant growth and nutrition acquisition;
the plant species is the main factor that modulates
the response to HA application (AGUIAR et al.,
2009; ROSE et al., 2014). Grasses and leguminous
are more responsive to HA application than woody
plants (ROSE etal., 2014). The potential response of
perennial crops do HA application is low; however,
this affirmation is not conclusive, due to the small
number of studies that evaluate HA application
effects on woody plants (ROSE et al., 2014),

especially for crops with high economic relevance
for Brazil such as eucalyptus.

The positive effect of HA can be either through
increased plant growth and greater uptake of
nutrients or due to greater efficiency in nutrient
acquisition (BILLARD et al.,, 2014). Due to
the difference between sources of HA currently
available, many aspects still need to be clarified,
especially the optimal concentration of HA, which
is specific for each source of HA used (ROSE et
al., 2014). HA can decrease (PINHEIRO et al.,
2010), increase (CANELLAS et al., 2015; EKINCI
et al., 2015; MELO et al., 2015; NARDI et al.,
2016), or even not change nutrient uptake by crops,
depending on the conditions and characteristics of
the growth medium where the plants are grown.
According to Pinheiro et al. (2010), increase in
HA concentration in nutrient solution drastically
reduced accumulation of Fe, Cu, and Zn; however,
for Mn, this effect was not so pronounced as for
Fe, Cu, Zn and B; depending on the source, Mn
accumulation improves when the concentration
of 10 mg L' C-HA is used. Application of HA
increasing macronutrient accumulation in plants
is shown in greater magnitude for N, P, K, and Ca
(AZCONAZetal.,2011; EKINCI etal., 2015; MELO
et al. 2015; TAVARES et al., 2017), whereas, for S
and Mg, this effect may be small or null (AZCONA
et al., 2011; PINHEIRO et al., 2010).

As the effect of HA may be related to the
influence of the humic material on physicochemical
aspects of the growth medium, as was reports by
soil (ROSE et al., 2014), cultivation in nutrient
solution allows the study of direct effect of HA
on growth and on nutrient acquisition by plants.
However, since nutrient solution is a medium that
is not highly buffered, the HA can form complexes
with nutrients of lower availability, especially with
metals, which would affect their acquisition by
plants (PINHEIRO et al., 2010). The main factor that
controls the bioavailability of the complexes formed
between nutrients and HA is their chemical stability
(BOGUTA; SOKOLOWSKA, 2016; NUZZO et
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al., 2013). Tomasi et al. (2014), in cucumber plants,
verified an increase in acquisition of Fe combined
with humic fractions extracted in water. However,
this HA bonding with metals might not be as stable
as is the case for some Cu and Fe organometallic
complexes (OMCs), considering high energy bonds
that are established between the organic ligand and
metals, which results in complexes of high chemical
stability (NUZZO et al., 2013; XU et al., 2016),
decreasing their acquisition by plants.

In this context, we hypothesized that: (i) The
HA extracted from compost is more effective in
increasing biomass production and accumulation
of nutrients than HA extracted from leonardite. (ii)
There is an optimal concentration of HA for optimum
growth of eucalyptus, and those concentrations over
the ideal threshold limit decrease eucalyptus dry
matter due to the low efficiency of plants in taking
up Cu and Fe in an environment with a strong offer
of organic ligands that immobilize these metals. (iii)
The increase in nutrient acquisition is more related
to greater production of biomass and plant growth
than to an increase in efficiency of eucalyptus in
using nutrients. Thus, the aim of this study was
to evaluate the effect of increasing concentrations
of HA from leonardite and from compost on the
nutrient acquisition and growth of eucalyptus
seedlings grown in nutrient solution.

Materials and Methods

The experiment was carried out in greenhouse
conditions at the Soil Organic Matter Research
Laboratory of the Federal University of Lavras,
Lavras, MG, Brazil, at 21°13’35”S and 44°
58’46”W and 900 m. AMSL. The region has a mean
annual temperature of 19-20 °C and mean annual
rainfall of 1486 mm. Eucalyptus clones of the

hybrid VM 01 (Eucalyptus urophylla x Eucalyptus
camaldulensis) were grown in nutrient solution.
One and three months eucalyptus clones old were
acquired from a commercial nursery located in
Nepomuceno municipality, MG state, Brazil; on
average, the plant height was 30 cm. Three sources
of HA were used: HA-L1 and HA-L2, derived
from different commercial HA products, since they
were extracted from leonardite with 0.5 mol L
NaOH and 0.5 mol L' KOH, respectively. The HA-
Com was extracted from a 150-day incubated and
humified compost. The compost used for extraction
of HA was formulated according to the conditions
described in Silva (2008), using 60% (v/v) coffee
husk, 30% chicken manure, and 10% biochar. After
composting, the compost was dried, ground and
characterized following the analytical protocols
described in Higashikawa et al. (2010). Nutrient
contents in the composts were: 315, 16.4, 15.5, 3.5,
49.2, 3.1, 5.0, 0.44, 0.31, and 1.55 g kg' of C, N,
P, K, Ca, Mg, Fe, Mn, Zn, and Na, respectively, as
well as 4.0, 27.7, and 60.3 mg kg! of S, B, and Cu,
respectively.

The
using 0.5 mol L' KOH solution, according to the
protocol recommended by the International Humic
Substances Society, described by Swift (1996).
HAs were characterized regarding their elemental

compost-derived HA was extracted

chemical composition (Table 1). Humic acids were
analyzed in an attenuated total reflectance Fourier
transform infrared (ATR-FTIR) machine, and the
spectra were generated considering the distribution
of chemical groups in the mid-infrared spectral
region of 4000 to 800 cm!, using a 2 cm! resolution
(Figure 1). The main chemical groups present in
the humic matrix were identified according to the
infrared (IR) spectral signature library described in
Stevenson (1994).
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Table 1. Chemical composition of the humic acids (HAs) used in the experiment.

C N P K Ca S Na Fe B Cu Mn /n
HA . )
L-1 332,8 7,5 0,21 3,9 5,6 4.5 71,4 11,9 12,5 45,7 18,9 25,3
Com 251,9 29,0 4,70 36,1 1,4 6,3 1,6 1,8 6,5 181,7 31,8 80,9
L-2 3549 5,3 0,05 41,6 1,4 2.8 32 2,7 41,6 7,6 21 76,3

L1: HA extracted from Leonardite with NaOH; Com: HA extracted from organic compost with KOH; L2: HA extracted from

Leonardite with KOH.

Figure 1. ATR-FTIR spectrum of the humic acid (HA) samples and the main organic chemical groups assignments
found in humified matrices. HA-L1: HA extracted from Leonardite with NaOH; HA-Com: HA extracted from organic
compost with KOH; HA-L2: HA extracted from Leonardite with KOH.
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A randomized block statistical design was used
with 4 replications in a 3x4+1 factorial scheme,
combining three sources of HA (HA-L1, HA-Com,
and HA-L2) with four concentrations of C-HA (5,
10, 25, and 100 mg L"), plus a control treatment
representing growth of plants only in nutrient
solution. Three plants were grown per pot with a
2.3 L capacity. The plants were first removed from
the seedling plugs they were in and, soon after, the
substrate adhering to the root was removed. This
was done manually, using deionized water, so as

not to compromise the root system. After this step,
the seedlings were transferred to trays containing
20 L nutrient solution adapted from Hoagland and
Arnon (1950), and allowed to adapt for 21 days
in this growth medium, with a gradual increase in
the strength of the nutrient solution every 7 days
(25, 50, and 100%). Following this adaptation
phase, eucalyptus seedlings were transferred to the
treatments and grown in a nutrient solution with the
following nutrient concentrations: 14, 196, 31, 235,
160, 49, 68, 5, 0.8, 1, 0.20, 0.05, and 0.01 mg L' of
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N-NH,",N-NO,, P, K, Ca, Mg, S, Fe, B, Mn, Zn, Cu,
and Mo, respectively. The salts used for formulation
of the nutrient solution were derived from analytical
grade reagents. After the addition of HA and their
concentrations in nutrient solution, the pH of the
growth medium was adjusted to 5.5 = 0.2, with
addition of 0.5 mol L' KOH or of 0.5 mol L' HCI
solutions. Aeration was constant and individualized
in each pot throughout the experimental period. The
growing seedlings were constantly aerated through
injection of air directly in the nutrient solution via
a system of secondary hoses connected to a main
line; the air contained in the main line came from an
electric air compressor.

After one day of cultivation, a 30-mL aliquot
of nutrient solution was collected from each
experimental pot for pH and electrical conductivity
(EC) determination. Plants were cultivated for 20
days, and the nutrient solution was renewed every
10 days. When the solution was exchanged, the
HA from different sources and their concentrations
were reapplied. In the interval between renewal of
the nutrient solution, the volume of each pot was
completed daily using deionized water. At the end
of the experiment, plants were harvested, washed
in distilled water, separated into root and shoot,
and, then, dried in a laboratory oven at 60° for 72
hours, until constant weight, in order to determine
shoot and root dry matter. In sequence, shoot and
root samples were ground separately and passed
through a sieve (1-mm) for determination of total
N content, using Kjeldahl method and sulfuric
acid to digest plant tissue (TEDESCO et al.,
1995). Contents of P, K, Ca, B, Cu, Fe, and Zn
were determined after digestion of biomass in a
nitric-perchloric acid solution at the proportion of
4:1 of these acids, respectively (MALAVOLTA et
al., 1997). The accumulation of each nutrient was
determined in both the root and the shoot using the
nutrient concentration in the plant tissue together
with its respective dry matter, according to equation
1. The absorption efficiency (UpE) of the nutrients
was also calculated based on the index proposed by

Bataglia et al. (1983) (Equation 2).

CN (mg pot') = DM x Nu (Eq. 1)
in which CN is the accumulated nutrient content
in the plant compartment analyzed (mg pot'); DM
is the dry matter production of the compartment
analyzed (g pot'), and Nu is the nutrient content in
the plant compartment analyzed (mg kg™!).

UpE (mg g')=CNT/RDM  (Eq.2)
in which UpE is the uptake efficiency, CNT is the
total accumulated content of the nutrient in the plant
(mg pot!), and RDM is the root dry matter (g pot™)

The data set was subjected to analysis of variance
(p<0.05), first testing the factorial against the control
treatment. HA sources and concentrations were
compared according to the absence or presence
of interaction between the factors studied. The
mean cluster test of Scott-Knott was used (p<0.05)
to differentiate the effect of HA sources on the
attributes evaluated. Regarding HA concentrations,
a regression models was adjusted to data set aiming
at to explain the variations in dry matter production,
nutrient acquisition, and nutrient uptake efficiency
over C-HA concentrations.

Results and Discussion
Nutrient solution

The application of HA increased the pH and
electrical conductivity (EC) of the nutrient solution
compared to cultivation in the HA-not treated
growth medium. The pH of the nutrient solution
was not affected by the concentrations of HA-Com.
However, for the HAs derived from leonardite
(HA-L1 and HA-L2), there was an increase in the
pH value with the increase in C-HA concentration
(Figure 2). Extraction of HA with strong bases, such
as KOH and NaOH, results in pH of humic extracts
in the alkaline range, which partially explains the
nutrient solution pH increase. HA have the ability
of interacting in different ways with metals through
ion exchange, chelate formation, organo-metallic
complexes, and through adsorption of the metal
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onto the HA matrix, with formation of hydroxides
(BOGUTA; SOKOLOWSKA, 2016). The increase
in pH by some HA sources tested, notably for those
derived from leonardite, reduced the availability
of nutrients, since, with the increase in pH, the
stability of the complex formed between HA and
the metal increases (BOGUTA; SOKOLOWSKA,
2016). One day after transferring the eucalyptus
plants to the pots with the treatments, a reduction in

pH of about one unit of the initial value established
in the control treatment was noted (Figure 2);
however, increase in the concentrations of C-HA
was able to buffer the growth medium pH against
sharp changes. This result shows the acidification
potential of the eucalyptus root in a medium that
is not well buffered for acidity as was noted for the
HA-not treated pots.

Figure 2. pH and electrical conductivity (EC) of the nutrient solution after one day of eucalyptus cultivation as a
function humic acid (HA) sources and concentrations. C-HA. HA-L1: HA extracted from Leonardite with NaOH;
HA-Com: HA extracted from organic compost with KOH; HA-L2: HA extracted from Leonardite with KOH.
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With the increase in the concentrations of C-HA,
there was an increase in EC, and the effect for
HA-Com on EC was the most pronounced (Figure
2). This increase in EC was related to the imput
and changes provoked by the HAs sources as the
C-HA concentrations is increased. In some cases,
changes in EC to values higher than the optimum
limit for eucalyptus decreased seedlings dry matter
production (PINHEIRO et al., 2010).

Dry matter production

Shoot dry matter (SDM) production increased up
to the concentration around of 14 mg L' C-HA (8.22
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g pot!) for the HA-L1 and HA-Com, followed by a
decline in dry matter for concentrations above the
already mentioned (Figure 3). SDM is not affected
by C-HA-L2 concentrations, though, at 5 mg L™
C-HA, SDM produced with HA-L2 is 20% higher
than biomasses reported for the other HA sources.
HA derived from compost increased production of
root dry matter (RDM) up to the concentration of
55 mg L' of C-HA (4.56 g pot ™), a marked different
response in relation to the other HA sources,
considering the pattern of response of plants to
high C-HA concentrations. For the HA-L1 source,
a decrease in RDM was verified at concentration
of C-HA was increased, and there was no change
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in RDM for the increasing concentrations of HA-
L2 (Figure 3). The magnitude of the increase in
production of SDM depends on the concentration
of HA applied (MELO et al., 2015; TAHIR et al.,

2011). Chen and Aviad (1990) reported an increase
in growth and nutrient accumulation in plants grown
in nutrient solution with humic substances (HS)
concentrations ranging from 5 to 300 mg L' HA.

Figure 3. Shoot dry matter (SDM), root dry matter (RDM), total dry matter (TDM) and Root:Shoot ratio dry matter
(Root:Shoot ratio) of eucalyptus seedlings treated with different humic acid (HA) sources and concentrations. Adjusted
regression models for HA-L1: HA extracted from Leonardite with NaOH; HA-Com: HA extracted from organic
compost with KOH; HA-L2: HA extracted from Leonardite with KOH; HA-M: mean of the three HA sources, effect

isolated of the concentration C-HA.
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The optimal concentration of HA can vary
among sources as a result of differences in the
chemical characteristics and bioactive fractions
of HS linked to HA matrix used as well as crop
response to HS rates undergoes variation among
plant species (AZCONA et al.,, 2011; ROSE et
al., 2014). According to Pinheiro et al. (2010),
use of HA concentrations in the range of 0 to
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150 mg L' C-HA improved growth and nutrient
acquisition by eucalyptus seedlings grown in
nutrient solution. The greatest seedlings SDM was
noted at low concentration of C-HA (3.8 mg L),
therefore, at C-HA concentrations lower than those
found in this work. In this study, low to medium
concentrations of C-HA stimulated the growth of
eucalyptus shoot. Increase of plant growth rely on
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HA source, considering that HA-Com provided a
greater stimulus to plants than the other HA sources.
Concentrations of C-HA derived from compost for
plentiful eucalyptus root were higher than those
required for root biomass production in pots with
HA derived from Leonardite.

Total dry matter (TDM) production was
influenced only by the concentration of HA,
regardless of the source applied, and the maximum
TDM production was obtained at the concentration
of 12.6 mg L' of C-HA, which was 6% higher
than the control TDM; eucalyptus seedling growth
decreased at higher concentrations than the
aforementioned (Figure 3). For the root:shoot dry
matter ratio (Root:Shoot ratio), it was not possible
to fit model to relate concentrations of C-HA with
Root:Shoot DM ratio (Figure 3). However, at the
highest concentration of HA, the source HA-
Com increased the Root:Shoot ratio by 19.7% as
compared to the other HA sources. For the HA-L2
source, there was no influence of the concentration
of C-HA applied, and the concentration of 5 mg L!
of C-HA for HA-L1 promoted a higher Root:Shoot
ratio, whereas the concentration of 10 mg L' of
C-HA decreased the Root:Shoot ratio for HA-Com.
The Root:Shoot ratio is plastic, regulated by the
source of HA and is dependent on the concentration
of HA used. An increase in root growth can lead to
reduction in TDM since photoassimilates that could
be used in the shoot are mobilized to maximize
growth and proliferation of the root system
(PINHEIRO et al., 2010). The stimulus in plant root
growth is related to the chemical characteristics of
HA, which, in counterpart, determine the optimal
concentration that promotes greater bioactivity of
its humic fragments. HA constituted of more labile
fractions have a lower optimal concentration and
have a greater effect on plant growth (GARCIA et
al., 2016). Definition of the optimal concentration
of HA is crucial since increase in Root:Shoot ratio
due to wrong definition of HA rate may hamper

eucalyptus growth. In a rich HA-growth media,
eucalyptus can translocate photoassimilates and
compounds that generate energy for the root, thus
compromising shoot development. Thus, it is
recommended that concentrations of C-HA not be
greater than 15 mg L in the nutrient solution to
avoid decreased in eucalyptus growth. For HA-Com,
it is important to emphasize that concentrations of
N and P accumulated in seedlings are greater than
amounts determined for the other sources. Thus,
extraction and use of HA of composts, among other
benefits, can improve N and P uptake by plants.

Nutrient accumulation

The accumulation of N and P in the shoot was
influenced only by the concentration of C-HA
(Figure 4), and maximum accumulation of N was
found for the concentration of 11.7 mg L' C-HA and
maximum accumulation of P for the concentration of
12.6 mg L' C-HA. In shoot, increases of 4.3% in N
and 14.7% in P were verified. There was an increase
in K accumulation in the shoot up to a concentration
of 13.5 mg L' C-HA, with later decline as C as
HA-L1 increased. The accumulation of K in the
shoot with the use of HA-Com and HA-L2 sources
was not influenced by the concentrations of C-HA
tested. The accumulation of N, P, and K in the root
decreased with over C-HA concentration for the
sources HA-L1 and HA-L2 (Figure 4). On contrary,
HA-Com increased accumulation of N, P, and K up
to the concentrations of 15.5, 23.1, and 33.5 mg L!
C-HA, respectively, followed by a decline of the
aforementioned nutrient uptake for concentrations
above the optimal levels already cited. The effect
of HA on nutrient acquisition by plants may be due
to the direct effects on plant growth (CANELLAS;
OLIVARES, 2014), or enhanced efficiency of
processes involved in the nutrient uptake (JINDO
et al., 2016).
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Figure 4. Accumulation of N, P, K and Ca in shoot and root of eucalyptus seedlings treated with different humic acid
(HA) sources and concentrations of C-HA. Adjusted regression models for HA-L1: HA extracted from Leonardite
with NaOH; HA-Com: HA extracted from organic compost with KOH; HA-L2: HA extracted from Leonardite with
KOH; HA-M: mean of the three HA sources, effect isolated of the concentration C-HA.
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The magnitude of HA bioactivity is regulated
by the concentration, chemical composition, and
nature of the organic ligands present in the humic
matrix (AGUIAR et al., 2009; AZCONA et al.,
2011; CANELLAS et al., 2015). HA derived from
organic materials may be more bioactive than those
derived from mineral sources like lignite, because
they contain organic acids, low molecular weight
soluble fractions, and hormones produced during
composting (ROSE et al.,, 2014), factors which
positively affect root proliferation and plant growth
(BALDOTTO, et al., 2016; DOBBSS et al., 2010;
MELO et al., 2015). Rose et al. (2014) reported
that the beneficial effect on growth of diverse
plant species from applications of increasing
concentrations of HA is described by quadratic
equations, with greater plant growth up to the optimal
concentration of HA and decline in growth for
concentrations above the threshold limit. Decrease
in plant growth treated with HS can be explained by
the formation of organo-metallic complexes of high
chemical stability, especially with micronutrients,
which limit plant growth and,
affect nutrient accumulation in eucalyptus shoot
(PINHEIRO et al., 2010). Concentrations of C-HA
up to 13.5 mg L' favor the accumulation of N, P,
and K in the shoot of eucalyptus (Figure 4), mainly
due to enhance eucalyptus growth than to improved
efficiency of plants in uptake and use nutrients at
low HA concentrations. Only HA-Com proved to
be effective in increasing N, P, and K accumulation
in the root, probably due to the positive effect of
compost-derived HA on root growth.

consequently,

Calcium accumulation in the shoot increased
with HA-Com up to the concentration of 13.6 mg
L' C-HA and in the root up to the concentration
of 17.4 mg L' C-HA, followed by decline for
HA concentrations greater than those considered
optimal (Figure 4). C added as HA-L2 increased
linearly the Ca accumulated in the shoot and root
for HA concentration up to 100 mg L' of C-HA.
On average, Ca increase 39.3% in the shoot and
46.1% in the root in plants treated with HA-L2 in

comparison to the other HA sources (Figure 4).
Ca together with P are the nutrient that strongly
limit eucalyptus growth (VIERA et al., 2015). The
association of Ca with HS gives rise to the Ca-
Actosol complex, which increased tomato yield
and Ca uptake (EKINCI et al., 2015). According
to Azcona et al. (2011), with the increase in HA
concentration, there was greater accumulation of Ca
in pepper plants which was regulated by to the source
of HA applied. In the HA-L2 matrix, there is more
aliphatic C (Figure 1) according to the ATR-FTIR
spectra. Thus, it could be inferred that structures of
aliphatic C can show high capacity to complex Ca,
optimizing acquisition of this nutrient by eucalyptus.
The increase in Ca storage in the root may be a
strategy to improve cultivation of eucalyptus under
conditions in which Ca supplying to seedlings is
sharply restricted. Plentiful availability of Ca could
enhance establishment of seedlings and initial
development of eucalyptus in the field, given the
role played by Ca in maintaining the permeability
of the root cell plasmatic membrane and the uptake
of other nutrients, an effect known as Viets (VIETS,
1944). In Brazil, the role played by Ca on plant
nutrition is magnified, taking into account the fact
that eucalyptus is commonly grown in fragile soils
with low fertility degree and reduced capacity to
supply Ca to young plants.

For HA-L1 and HA-Com, an increase was found
in B accumulation in the shoot as concentration of
C-HA increased to 11.7 mg L' for HA-L1 and 16.4
mg L' for HA-Com, followed by a decline in B
uptake for C-HA beyond the optimal concentration
(Figure 5). The same tendency and optimal
concentration were observed for B accumulation
in the root for HA-Com, though the HA-L2 C-HA
concentrations did not affected B accumulation in
the root. The different concentrations of C-HA did
not influence B accumulation in the shoot when
HA-L2 was used; however, in the root, there was
an increase in B accumulation with the increase in
C-HA concentration (Figure 5). Application of HA
in the nutrient solution increased B accumulation in
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the eucalyptus root in relation to the control. B has
the ability to form complexes with HS (B-Humate),
favoring its acquisition by plants (EKINCI et al.,
2015). Regarding B accumulation by eucalyptus
seedlings, the response to the C-HA concentrations
was HA source-dependent. In line with Pinheiro et
al. (2010), use of C-HA at the concentration of 18
mg L' increased B accumulate in eucalyptus shoot.
Improved accumulation of B by eucalyptus root can
increase B in the shoot, which improves B use in
metabolic processes and eucalyptus, optimizing its
growth. In Brazilian eucalyptus plantations, water
stress decrease B soil availability, reducing uptake
and B flux to shoot, an stimulus to plant increases
its demand for B (RAMOS et al., 2013). Increase
in B accumulated by plants due to application of
HA can be used in the field as a practice to improve
eucalyptus B nutrition, with the use of low HA
concentrations.

There was an isolated effect of sources and
concentrations of HA on accumulation of Cu in
shoot (Figure 5). The sources HA-L2 and HA-
Com increased acquisition of Cu by 12.7%, with
maximum accumulation of Cu for the concentration
of 9.8 mg L' of C-HA, followed by a decline in
Cu accumulated in shoot for HA concentrations
beyond the optimal level. The increase in the C-HA
concentration decreased Cu accumulation in the
root for HA-L1 and HA-L2. Both sources have
higher concentration of aromatic groups (aromatic
C) than HA derived from compost as shown in the
ATR-FTIR spectra (Figure 1). No influence of C-HA
concentrations on Cu accumulation was verified for
HA-Com; HA-Com exhibited greater accumulation
of Cu at the concentration of 25 and 100 mg L' of
C-HA. With the application of the concentrations of

25 and 100 mg L' of C-HA for the HA-Com source
(Figure 5), 0.02 and 0.07 mg L' of Cu were added
to the nutrient solution, showing the potential of
this source in supplying Cu to eucalyptus. Diverse
factors determine the formation of organo-metallic
complexes (OMCs). Capacity of these complexes in
supplying nutrients to plants depends on the bond
strength between ions and organic ligands present in
the HS, maximum capacity of metal complexation
by ligands, nutrient solution pH, ionic strength
of the growth medium, cations that compete for
the metal complexed in humic sites, and organic
ligand concentration in the humic fractions that are
effectively able to mobilize cations in the chelated
form (IGLESIAS et al., 2003).

HA has high affinity with Cu, forming highly
stable covalent type bonds and complexes less
prone to be cleaved and to supply Cu to seedlings
(XU et al., 2016). The chemical stability of the
Cu-complex formed is controlled by the presence
of phenolic and carboxylic groups in the HA
matrix (XU et al., 2016). Thus, eucalyptus growth
depends on the ability of OMC to release Cu to
eucalyptus plants (PINHEIRO et al., 2010). Cu has
high affinity for HA, and the increase in the HA
concentration applied decrease Cu acquisition and,
consequently, plant growth; however, depending
on the HA chemical composition, the type of HA
used can become a source of Cu for the plants, as
observed for HA-Com (Figure 5). In future trials,
it is necessary to check if the Cu-humic complex
supplied by the compost is responsible for the
enhanced acquisition of Cu by eucalyptus seedlings
or if the effect of greater uptake is associated with
greater supply of Cu, which is more concentrated
in the compost than in the leonardite-derived HAs.
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Figure 5. Accumulation of B, Cu, Fe and Zn in shoot and root of eucalyptus seedlings treated with different humic
acid (HA) sources and concentrations of C-HA. Adjusted regression models for HA-L1: HA extracted from Leonardite
with NaOH; HA-Com: HA extracted from organic compost with KOH; HA-L2: HA extracted from Leonardite with
KOH; HA-M: mean of the three HA sources, effect isolated of the concentration C-HA.
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The application of HA restricted Fe supply to
eucalyptus, reducing Fe accumulation by 61.6%
in the shoot and 21.3% by the root in relation to
the uptake by plants grown without HA application
(Figure 5). Atthe concentration of 5Smg L' C-HA, the
HA-Com increased Fe acquisition in relation to the
other sources, but with a decline of 24.4 % in relation
to the control. The accumulation of Fe in the root
increased at the concentration of 10.7 mg L' C-HA
for the source HA-Com; however, for HA-L1 and
HA-L2, with an increase in the HA concentration, a
reduction in Fe accumulation in the root was noted
(Figure 5). The stability of the complexes formed
between organic molecules and the Fe determine if
the OMC will act as a source or drain of the nutrient
to plants. Humic compounds with fragments of
lower molecular weight and OMCs with lower
chemical stability increase Fe acquisition by plants
(COLOMBO et al., 2014). According to Tomasi et
al. (2014), in cucumber plants treated with humic
fractions extracted with water, Fe acquisition was
increased, improving translocation of Fe from the
root to leaves. However, complexes formed between
Fe and HA may have high chemical stability, mainly
because most Fe is found in the trivalent form
(NUZZO et al., 2013), which can drastically reduce
its acquisition by plants. In this study, probably, the
high stability of complexes formed between HA
and Fe reduced acquisition of Fe in the eucalyptus
shoot and limited translocation of Fe from the root
to the shoot. Therefore, in nutrient solutions, it is
reasonable to suppose that the Fe concentration in
the nutrient solution should be increased, especially
when offer of organic ligands is abundant in high-
HA treated growth media.

Theapplication of HA decreased Zn accumulation
in the shoot by 14.5% in relation to cultivation of
eucalyptus only in nutrient solution (Figure 5).
There was an isolated effect of HA sources and
concentrations in Zn accumulation in the shoot
and root, and the concentration of 24 mg L' C-HA
resulted in greater accumulation of Zn in the shoot,

and 23 mg L' of C-HA resulted in greater Zn
accumulation in the root (Figure 5). The source HA-
L2 increased the accumulation of Zn in the shoot by
13%; however, it decreased the accumulation in the
root by 11.4% in relation to the other HA sources
studied (Figure 5). Biiyiikkeskin et al. (2015),
upon cultivating green beans in nutrient solution,
reported an increase in Zn accumulation from the
application of 10 mL L' HA for plants under Al
stress conditions. Rose et al. (2014) observed that,
in hydroponic studies, there is, initially, a growing
increase in bioavailability of metals, such as Zn, from
the application of HA. However, with an increase in
HA concentration, high stability OMCs are formed,
which reduce the bioavailability of Zn. The increase
in stability of OMCs between HA and Zn is favored
by low Zn concentrations in the cultivation medium
and an increase in the degree of humification of the
HA; this may come to a point that the stability is so
large that cleavage of OMCs is difficult (BOGUTA;
SOKOLOWSKA, 2016), restricting Zn uptake by
plants. The HA concentration was more effective in
increasing Zn accumulation by eucalyptus than the
source of HA applied. Concentrations of around 24
mg L' of C as HA extracted from compost were
effective in promoting greater Zn accumulation by
eucalyptus seedlings in comparison to control pots.
Above the HA optimal concentration, increase in
the supply of C-HA in nutrient solution may have
led to the formation of high stability complexes,
which, probably, affected Zn acquisition by plants.

Efficiency of nutrient uptake

There was no influence of sources and
concentrations of HA on uptake efficiency (UpE)
of N and K (Figure 6), but changes in P and UpE
were verified for the factors tested. The source HA-
L2 reduced the UpE of P by 9.1% compared to the
other HA sources (Figure 6). There was a decline
in Ca uptake efficiency with the increase in C-HA

concentration. The HS are able to optimize nutrient
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acquisition by plants, whether by stimulation of cell
transporters that increase P uptake (JINDO et al.,
2016), or stimulation of plasmatic membrane H'-
ATPase, generating an electrochemical difference
of protons between it and the outside medium
which increases nutrient uptake (CANELLAS
et al,, 2015), including N acquisition by plants
(TAVARES et al., 2017). HS acts stimulating the
number of physiologically active roots (RIMA et
al., 2011) and increase root growth (MELO et al.,
2015; ROSE et al., 2014), Such effects depends
on the HA concentration and properties (AGUIAR
et al., 2009). Lability of the compounds present
in the HA also regulates this effect, since sources
with more labile compounds have a greater effect
at lower HA concentrations (GARCIA et al., 2016).
Increased growth and accumulation of N, P, K, and
Ca (Figure 4) at optimal concentrations of C-HA
were due mainly to greater eucalyptus biomass
production (Figure 3), and slightly influenced by a
greater nutrient acquisition or UpE (Figure 6). Thus,
the definition of adequate C-HA concentration for
crops should focus on mainly in increasing seedlings
growth instead to stimulate nutrient acquisition.

There was a decline in the UpE of B, Fe, and
Zn with the increase in the concentration of HA,
regardless of the source used (Figure 6). Application
of HA, regardless of the source and concentration,
reduced UpE of Fe by 30.5% in relation to the
treatment without HA addition (Figure 6). For
Cu, only the influence of the source of HA was
noted, and HA-Com increased the UpE of Cu by
14.8% in relation to the other HA sources studied
(Figure 6), possibly because the compost-derived

HA had the highest Cu concentration (Table 1).
It is recognized that complexation between HA
and metals, forming high covalent energy bonds,
reduces the availability of some micronutrients,
which compromises their acquisition, decreasing
UpE, and this may come to the threshold levels
which induces the metal nutritional deficiencies
in cultivated plants (MOREIRA et al.,, 2016).
According to Elena et al. (2009), the application
of HA extracted from Leonardite stimulated the
activity of Fe (III) chelate-reductase, increasing
the efficiency of Fe acquisition, as well as favoring
greater accumulation of the nutrient in the plant
tissue. The humic fractions extracted with water
were more effective in increasing the utilization
of Fe (TOMASI et al., 2014), which, according
to the authors, occurs due to the formation of less
stable complexes between humic molecules and Fe.
However, in the present study, a sharp decrease in
UpE of Fe with the application of HA was observed;
since the HA used. Considering that in this work HA
was extracted with solutions highly concentrated in
K or Na, this could be one reason why pattern of
Fe acquisition was contrary to that observed for
humic fractions extracted with water. The increase
in the concentration of C-HA reduced acquisition
of micronutrients by eucalyptus, compromising use
efficiency of them, especially Fe. However, this
reduction is more pronounced at high concentrations
of C as HA (100 mg L' of C-HA). Nevertheless, low
concentrations of C-HA promoted greater growth
of the eucalyptus seedlings compared to not HA-
treated plants, even without increasing the UpE of
metallic micronutrients.
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Figure 6. Nutrient efficiency uptake of N, P, K, Ca, B, Cu, Fe e Zn of eucalyptus seedlings treated with different humic
acid (HA) sources and concentrations of C-HA. Adjusted regression models for HA-L1: HA extracted from Leonardite
with NaOH; HA-Com: HA extracted from organic compost with KOH; HA-L2: HA extracted from Leonardite with
KOH; HA-M: mean of the three HA sources, effect isolated of the concentration C-HA.
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Conclusions

Low concentrations of humic acid (HA), around
14 mg L' of C-HA, are necessary to increase
eucalyptus shoot dry matter from 6 to 18 %. HA
extracted from compost ensured greater growth
than HAs derived from Leonardite on both shoot
and root of eucalyptus seedlings. To optimize root
growth, the concentration of the compost-derived
HA is five times greater than the concentration
required for optimum seedlings shoot growth.

Regardless of the source and concentration
of C-HA used, there is a sharp reduction in the
amounts of Fe accumulated in shoot, reflecting the
difficulty of Fe in translocating from the root to
the eucalyptus leaf. As the C-HA concentration is
increased, Cu accumulated in eucalyptus is sharply
diminished. Thus, increase in the concentration
of HA means more organic ligands in the nutrient
solution, and, consequently, a limited supply of Fe
and Cu for eucalyptus seedlings.

The biostimulant effect of HA ensures greater
acquisition of nutrients by eucalyptus seedlings,
promoting greater growth and production of shoot
and root dry matter at low concentrations of C-HA,
but the HAs and their concentrations do not ensure
optimization of nutrient uptake efficiency by
eucalyptus seedlings.
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